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Preface to the Series

Under the guidance of its founders Alan Boulton and Glen Baker, the Neuromethods series
by Humana Press has been very successful since the first volume appeared in 1985. In about
17 years, 37 volumes have been published. In 2006, Springer Science + Business Media
made a renewed commitment to this series. The new program will focus on methods that are
either unique to the nervous system and excitable cells or which need special consideration
to be applied to the neurosciences. The program will strike a balance between recent and
exciting developments like those concerning new animal models of disease, imaging, in vivo
methods, and more established techniques. These include immunocytochemistry and
electrophysiological technologies. New trainees in neurosciences still need a sound footing
in these older methods in order to apply a critical approach to their results. The careful
application of methods is probably the most important step in the process of scientific
inquiry. In the past, new methodologies led the way in developing new disciplines in the
biological and medical sciences. For example, Physiology emerged out of Anatomy in the
nineteenth century by harnessing newmethods based on the newly discovered phenomenon
of electricity. Nowadays, the relationships between disciplines and methods are more com-
plex. Methods are now widely shared between disciplines and research areas. New develop-
ments in electronic publishing also make it possible for scientists to download chapters or
protocols selectively within a very short time of encountering them. This new approach has
been taken into account in the design of individual volumes and chapters in this series.

Saskatoon, SK, Canada Wolfgang Walz
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About This Book

This volume provides an overview of the viral vectors and associated methods used to apply
chemogenetic and optogenetic tools to the study of neural circuits. The chapters in this
book are organized into three parts.

Part I covers the viral vectors that have been optimized for neuronal expression and the
methods for their production and quality control. Note that, despite being widely used in
the field, adeno-associated viruses (AAVs) are not covered here as their capsids are being
rapidly evolved and refined, and many are commercially available. Hence we encourage the
reader to search for recent review articles if they are considering using AAVs in their research
(e.g., Li, C. and R. J. Samulski,Nat Rev Genet (2020); Wang, D., et al.Nat Rev DrugDiscov
(2019)) and to purchase virus from commercial sources, such as Addgene (www.addgene.
org), the UNC vector core (www.med.unc.edu/genetherapy/vectorcore/), or the Penn
vector core (www.gtp.med.upenn.edu/core-laboratories-public/vector-core).

Part II provides information on vector modifications and applications. These include the
appropriate use of capsid selection and enhancer/promoter sequences for cell-type selective
expression, the use of transcriptomic analysis for neuron classification, methods for pathway-
specific targeting, and a description of the development of vectors for systemic delivery.

Part III provides practical advice for the delivery of viral vectors, and for the verification
of injection accuracy and monitoring of transgene expression.

Per the Neuromethods series style, all chapters include step-by-step detailed protocols
that can be easily followed, along with sections detailing tips and tricks for overcoming
common problems.
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Part I

Vectors Used in Systems Neuroscience Research



Chapter 1

Production, Testing, and Verification of Lentivirus
for Regional Targeting in the Old-World Monkey Brain

Walter Lerchner, Alyssa Luz-Ricca, Kiana Dash, Violette DerMinassian,
and Barry J. Richmond

Abstract

Genetic tools in the monkey brain are primarily applied through the injection of viral vectors in adult
animals, as germline modification is logistically challenging. There are several options for viruses and their
serotypes to transduce nonreplicating cells. In this chapter, we describe the salient characteristics of
lentivirus. The commonly used lentivirus pseudotyped with a vesicular stomatitis virus G (VSV-G) coat
protein appears to transduce all cell types equally and can be combined with various promoters/enhancers
to achieve specificity in cell type. The packaging capacity, up to 8 kb, is large enough to include regulatory
promoter/enhancer regions and/or multiple transgenes in the construct. It is also relatively easy to
produce high-titer and high-quality viruses in the large amounts required for treating large brain regions.
For retrograde transduction of projection neurons, we find that replacement of a plasmid encoding VSVG
with a plasmid encoding FuGE produces a lentivirus that expresses transgenes efficiently (see Chap. 2).
Here we detail our methods for producing, testing, and verifying lentivirus gene expression in the monkey
brain.

Key words Lentivirus, High-titer, Monkey, Retrograde, Amygdala, Packaging, Brain, Transgenic

1 Introduction

Recent advances in genetic methods for the inducible modulation
of specific neuron populations, such as chemogenetics [1], opto-
genetics [2], or RNAi [3], have the potential to build on a large
body of cognitive research in the monkey [4–6]. One of the chal-
lenges for use of genetic technologies in old-world monkeys is
targeting the desired neuron population [7]. In rodents, accurate
targeting is achieved with germline modification, sometimes in
combination with viral vectors (most commonly adeno-associated
virus (AAV)). For the monkey, introducing genetic material into
the germline, while theoretically possible, is impractical because of
the long generation times [8]. Instead, nonreplicating viruses are

Mark A. G. Eldridge and Adriana Galvan (eds.), Vectorology for Optogenetics and Chemogenetics,
Neuromethods, vol. 195, https://doi.org/10.1007/978-1-0716-2918-5_1,
© This is a U.S. government work and not under copyright protection in the U.S.; foreign copyright protection may apply 2023
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4 Walter Lerchner et al.

used to transduce the desired genetic material into cells of the
mature brain. AAV is the most commonly used virus. However,
AAV at times shows inconsistent expression [9] and has a substan-
tial variety of serotypes, many of which show idiosyncratic selectiv-
ity of expression [7], some of which might be caused by preexisting
or induced neutralizing antibodies [10]. Another problem is that
purification of AAV can be complex and expensive for an individual
research laboratory [11]. Some of these challenges have been alle-
viated by the increasing availability of commercial AAV constructs
(e.g., https://www.addgene.org). Nevertheless, many commer-
cially available AAVs have been optimized and/or tested in rodent
research and need to be verified for their effectiveness in the mon-
key brain. Finally, the capacity of AAV is only about 4 kb, which can
limit constructs to a single gene with a small regulatory element. To
try to ameliorate these problems, we have been using lentivirus
vectors to deliver genetic material. When we use the common
VSV-G capsid protein, we find that lentivirus vector injections
result in a large percentage of targeted neurons expressing the
desired gene at consistent expression levels [3, 12, 13]. In contrast
to AAV serotypes, lentivirus VSV-G does not seem to show tropism
in the brain [7]. The packing size of up to 8 kb permits the insertion
of multiple genetic elements [3] and/or longer regulatory pro-
moter regions [7]. Local injection results in dense local expression
and no evidence for transport outside the injected region
[3]. When we pseudotype lentivirus with the FuG-E capsid protein,
we, like others (Kato and Kobayashi 2020, see Chap. 2), find that it
results in efficient retrograde transduction of cortical projection
neurons. Lentivirus does have some limitations compared to AAV,
some of which we detail here. For example, virus particles are
approximately fivefold larger than those of AAV, resulting in slower
tissue spread and possibly tissue damage when injected too fast or at
large volumes per injection. While lentivirus has a higher packaging
capacity than AAV, it can become difficult to reach titers required
for sufficient gene expression as the size approaches the packaging
limit. Here, we present the details of our methods for production,
testing, and verification of lentivirus vectors with examples of tar-
geting the old-world monkey amygdala.

2 Lentivirus Production

One of the most important considerations in using lentivirus for
targeting old-world monkey brains is to produce a functional virus
with high enough infectious units per ml (iu/ml) to achieve suffi-
cient penetrance in the target region without killing neurons
through protein overexpression. We find an infectious titer of
2 × 109 iu/mL works well for receptor or reporter proteins
expressed by a neuron-specific promoter, such as human synapsin

https://www.addgene.org
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promoter fragment (hSyn). Lentivirus is relatively large, approxi-
mately fivefold the size of AAV particles (100 vs. 20 nm), and
VSV-G capsid protein results in good binding of viral particles to
native cell surface receptors, making the virus “sticky.” Both char-
acteristics lead to good transduction near the injection site, but it
means we need relatively large volumes of lentivirus to achieve
effective diffusion across the region of interest.

To determine the volume of virus needed to cover one demon-
strative brain region, the amygdala, we conducted a study in which
we compared four 20 μL virus injections into the left amygdala
expressing a chemogenetic receptor (Fig. 1a, top panel) with a
single injection of 80 μL of the same virus into the right amygdala
(Fig. 1a bottom panel). Both injection methods gave similar cover-
age across a region of approximately 4 mm3 (Fig. 1b). However,
the 80 μL injection resulted in a region in the center of the injection
where the NeuN antigen, which we used to identify neurons, was
no longer present, but where CFP was still identified in neurons
(Fig. 1c, red outline). The loss of NeuN immunoreactivity without
complete cell death could indicate damage to neurons in this
region, a finding seen before [14]. In addition, there was also a
small region of tissue damage that was somewhat larger than that
expected just from needle damage, in which neither NeuN nor CFP
was detected (Fig. 1c, red outline). Therefore, we now limit single
injections to 20 μL but place multiple injections along a track
and/or spread across different injection tracks when necessary to
increase the injection coverage. To cover the 300 mm3 of the
amygdala in one hemisphere, we estimate that it is necessary to
use a minimum of 300 μL of the virus. To arrive at this estimate, we
used the coverage that resulted from the four 20 μL injections in
our experiment to extrapolate the volume necessary to cover the
entirety of the amygdala. Such injections require large volumes of
high titer lentivirus. To achieve large volume production at high
titer and high purity, we adapted previously published lentivirus
production protocols [15, 16]. Our protocol works equally well for
lentivirus with the VSV-G capsid protein for anterograde transduc-
tion and the FuGE capsid protein for retrograde transduction
(Fig. 2). See the Method section 5.2 for details.

3 Lentivirus Titer Determination and Stability Testing

To determine the concentration of lentivirus particles in the virus
that we produce, we use at least one of two methods, depending on
the capsid protein of the virus. Our goal is to achieve a functional
titer for injections of 2 × 109 infectious units per ml (iu/mL) for
constructs encoding chemogenetic and optogenetic receptors. If
the titer is higher than this, we dilute the virus to 2 × 109 iu/mL
before injection. The following is an explanation of our titer deter-
mination for VSV-G and FuG-E lentivirus:
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Fig. 1 Establishing targeting parameters for hM4Di_CFP chemogenetic reporter expression in the amygdala.
(a) Comparative expression regions of either 4 × 20 μL injections in individual tracks at 1.5 mm separation in
the anterior-posterior and medial-lateral planes (top panel) or a single 80 μL injection (bottom panel),
measurements indicate the position of a section through the anterior to the posterior extent of the expression
region. Green: Antibody staining against the CFP portion of the hM4Di_CFP. Red: Antibody staining against the
neuronal marker NeuN. (b) Virtual overlay of fluorescent staining at 2000 μm on top of an adjacent section
stained enzymatically with DAB for CFP detection. Left hemisphere: 4 × 20 μL injection, Right hemisphere:
1 × 80 μL injection. The regions stained outside the fluorescent signal (in brown) indicate staining for axonal
fibers emanating from the neurons transduced by the lentivirus. (c) NeuN antigen was not detected in the
center of the 1 × 80 μL injection outlined in red. Top panel: green signal is the staining for CFP, red staining for
NeuN. Bottom panel: NeuN signal is absent in the region outlined in red, even though cells are expressing the
CFP reporter gene. The region outlined in white indicates cell damage where neither NeuN nor CFP is detected.
(For the method of staining, see Lerchner et al. [7]; for the method of injection, see Lerchner et al. [3])

1. Lentivirus with a VSV-G capsid protein efficiently transduces
293T cells. This makes it possible to test the virus for actual
infectivity quantitatively, that is, iu/ml; see detailed protocol
below. Theoretically, we can transduce 150,000 cells per well
with 2 μL of virus and let the cells grow to 1,000,000 (106)
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Fig. 2 Retrograde lentivirus expression in cortical neurons projecting to rostromedial Caudate. Left panel: FuG-
E-lentivirus expressing mCherry under the control of a synapsin promoter was injected into rostromedial
Caudate (rmCD). White square indicates the cortical region magnified in the right panel. Red signal is the
staining for mCherry, blue signal is the staining for NeuN. Right panel: magnified region of ventromedial
prefrontal cortex. mCherry is expressed in projection neurons, with a large number of layer five neurons
expressing mCherry—white arrow indicates the red fiber bundle of mCherry-expressing cells on the inner
cortical surface

cells before harvesting the DNA from these cells and compar-
ing the copy number of a lentiviral gene per cell to the copy
number of an endogenous gene (two copies per cell) via their
qPCR threshold cycle (CT). If the CT values for virus and
endogenous gene are equal, the infectious titer corresponds
to 106 iu/μL (2 × 106 copies of virus in 106 cells, transduced
with 2 μL of virus solution), or 109 iu/ml, the commonly used
way of referring to titer. However, when we used various dilu-
tions from 1:1 to 1:10,000 of lentivirus expressing a green
fluorescent protein to visualize cells to count transduced cells
and determine infectious units directly, we found that qPCR
titering underestimates the titer consistently. To adjust for this
underestimation, we now routinely transduce with 3 μL o
virus instead of 2 μL of virus and find that qPCR titering and
visualized counting corresponded for all dilutions. As methods
for titering can vary, we recommend calibrating qPCR titering
using a visual method.

2. Lentivirus with a FuG-E capsid protein does not efficiently
transduce 293T cells. Therefore, the previously described
in vitro cell culture method does not work for titer determina-
tion. Instead, we determine the particle titer directly from the
concentrated virus using the qPCR Lentivirus Titer Kit (ABM,
LV900). To be able to correlate particle titer directly with a
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functional titer, we always run samples alongside a VSV-G
lentivirus previously titered with the cell culture method. We
generally get a good correlation between our functional titers
and the numbers calculated from the ABM titer kit control
samples, which gives us confidence in the accuracy of the direct
titer method, as well as the infectious quality of the virus.

To show that the targeting of lentivirus into the brain is accu-
rate, we mix the MRI contrast agent MnCl2 with the virus and
conduct a post-op MRI. To test whether the addition of MnCl2
reduces the infectious titer of lentivirus, we conducted a study in
which we loaded virus with or without 10 mM MnCl2 into a
Hamilton syringe and expelled aliquots into wells of cultured cells
at timepoints from 5 min to 8 h, then used the previously described
method to determine the functional titer (Fig. 3). Suspension of
lentivirus with 10 mM MnCl2 [17] or addition of the MRI marker
gadolinium did not significantly affect titers between 1 and 8 h
(Fig. 3). However, we observed increased variability in infectious
titer over time with the addition of 10 mM MnCl2 (Fig. 3). This

Fig. 3 Lentivirus degradation at room temperature. The virus was loaded into a
Hamilton syringe. The viral sample at time 0 was pipetted directly into the
culture; all subsequent time points were dispensed from the Hamilton syringe. A
virus without the addition of an MRI contrast (blue), a virus with 10 mM MnCl2
(red), and a virus with 100 mM Gadolinium (green). Titers were normalized to
virus control samples which were transduced with a freshly thawed virus at an
effective titer of 2 × 109 iu/mL. For all samples, the titers stabilized after an
initial drop within the first 30 min. Four replicates were conducted for each time
point
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Fig. 4 Representative example of lentivirus injection into the amygdala. (a) Lentivirus expressing hM4Di_CFP
from a synapsin promoter was injected in multiple tracks with several 20 μL injections per track (a total of
15 × 20 μL injections). Locations of injection regions were visualized via MRI by hypersignal resulting from the
addition of 0.1 mM MnCl2 to the virus suspension [12]. (b) Upper panel. Section through the amygdala, stained
for CFP (green) and the neuronal marker NeuN (red). Lower panel: Example of cellular staining within a
medium penetrance expression region. (c) 3D reconstruction of the left amygdala. Red: regions in which at
least 50% of neurons expressed CFP. Outlines and reconstruction were performed using the Microbrightfield
(MBF) software Neurolucida 360

was possible because the addition caused the MnCl2 to precipitate
out of solution, creating needle blockage and more variability in the
dispensation of the virus. In current experiments, we avoid this
precipitation by adding no more than 1 mM of MnCl2 to the
virus mixture and ensuring that the lentivirus is at room tempera-
ture before adding theMnCl2. This technique has allowed us to use
MRI to confirm successful injections into multiple tracks, for exam-
ple, required for the injections covering the amygdala (Fig. 4).

4 Materials for Lentivirus Production

• Lenti-X 293T cells (Takara Bio, 632180).

• 75 cm2 flasks (Thermo Scientific,156499).

• 175 cm2 flasks (Thermo Scientific, 159910).

• Dulbecco’s Modified Eagle’s Medium (DMEM) (Lonza,
12-604F).

• Trypsin-EDTA (0.25%) (Corning, 25-053-CI).

• Fetal bovine serum (FBS) (Takara Bio, 631106).

• Sodium pyruvate (Corning, 25-000-CI).

• 0.22 μm filters (Corning, 430513).

• 500 mL sterile receiver bottle (Corning, 430282).

• 0.45 μm filters and 250 mL storage bottle (Corning, 430768).
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• Ultra culture serum-free medium (Lonza, 12-725F).

• Sodium butyrate (Sigma-Aldrich, B5887).

• psPAX2 (Addgene, #12260).

• pMD2G (Addgene, #12259) OR pCAGGS-FuG-E (Addgene,
#67509).

• pAdVantage vector (Promega, E1711).

• FuGENE 6 transfection reagent (Promega, E2691).

• 5 mL polystyrene round-bottom tubes (Falcon, 352058).

• 15 mL polystyrene conical tubes (Falcon, 352095).

• 50 mL polypropylene conical tubes (Falcon, 352098).

• 1× DPBS without Ca and Mg (Quality Biological, 114-057-
101).

• Sucrose (MP Biomedicals, 802536).

• Centrifuge tubes, polypropylene (Beckman Coulter, 358126).

• 24 well plates (Thermo Scientific, 142475).

• qPCR lentivirus titer kit (ABM, LV900).

• Quick-DNA MiniPrep kit (Zymo, D3024).

• iQ SYBR Green Supermix (Bio-Rad, 1708880).

• Lentivirus forward primer.

– 5′ – AAC CCA CTG CTT AAG CCT CA – 3′.

• Lentivirus reverse primer.

– 5′ – CGT CGA GAG AGC TCT GGT TT – 3’.

• Control (hVAR1) forward primer.

– 5′ – GCC CAT GAA CTT GCT CTC TC – 3’.

• Control (hVAR1) reverse primer.

– 5′ – ACC TGG GAC TTC ACC ACA TC – 3′.

4.1 Solutions • Cell culture medium (store at 4 °C).

– Prepare 500 mL of cell culture medium by combining
445 mL of DMEM, 50 mL of FBS, and 5 mL of 100 mM
sodium pyruvate; mix well and filter with a 0.22 μm filter.

• Virus production medium (store at 4 °C).

– Prepare 500 mL of virus production medium by combining
490 mL of Ultraculture serum-free medium, 5 mL of
100 mM sodium pyruvate, and 5 mL of 0.5 M sodium
butyrate; mix well and filter with a 0.22 μm filter.

• 20% sucrose solution (store at 4 °C).

– Add 1× DPBS to 10 g sucrose, to a total volume of 50 mL.
Mix thoroughly and filter with a 0.22 μm filter.
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5 Methods for Lentivirus Production

5.1 Cell Preparation Do not exceed 15 passages for cells that will be used in virus
production.

Prepare 293T cells (8.4 × 106 cells in 25 mL culture medium/
175 cm2 flask × 3 flasks). Grow at 37 °C, 5% CO2 for 72 h.

Allow cells to grow to nearly 100% confluence. Expand 293T
cells to four 175 cm2 flasks with 25 mL of fresh culture medium per
flask. Grow at 37 °C, 5% CO2 for 24 h.

5.2 Transfection and

Virus Collection

Day 1: Transfection
Cells must be close to 100% confluent prior to transfection.

The following protocol is for a single T175 flask. Repeat four times
to transfect cells in each T175 flask. See Table 1 for reagents to set
up the transfection mix.

Combine the following in a 5 mL polystyrene tube to make the
transfection plasmid mixture:

• Lentiviral gene plasmid

• psPAX2 helper plasmid

• pMD2G coat protein plasmid OR pCAGGS-FuG-E coat pro-
tein plasmid

• pAdVantage vector

• FuGENE 6 transfection reagent

• DMEM

Table 1
Reagents for transfection

Reagent Volume/amount

Lentiviral gene plasmid 22 μg

psPAX2 helper plasmid 15 μg

pMD2G coat protein plasmid
OR

pCAGGS-FuG-E coat protein plasmid

5 μg

pAdVantage vector 2 μg

FuGENE 6 transfection reagent 132 μL

DMEM Add to 4.5 mL
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Incubate the above mixture for 5 min at room temperature.
After 5 min, add the transfection plasmid mixture from the

5 mL tube to the 15 mL tube and mix gently. Incubate the mixture
at room temperature for 30 min.

Meanwhile, carefully aspirate the culture medium, without
removing cells, from each flask and replace it with 16 mL of fresh
culture medium. After the incubation period, add 4.5 mL of trans-
fection mixture to each flask and mix gently, avoiding disturbing
the cells.

Incubate at 37 °C for 24 h.

Day 2: Media Replacement
24 h after transfection, carefully aspirate the media and gently
replace it with 20 mL of virus production medium. Avoid disturb-
ing the cells. Incubate at 37 °C for 24 h.

Day 3: Virus Collection
Collect virus 46–48 h post-transfection.

Carefully remove the virus production media from each flask
and transfer it to a 50 mL conical tube. Note that cells are fragile
and not well-adhered at this point. Be careful not to disturb them
while collecting the virus production media from each flask. Cen-
trifuge the media at 1000 rpm for 5 min at room temperature. This
will pellet any cells that are suspended in the media. Meanwhile,
prewet a 0.45 μm filter with 2.5 mL of virus production medium.
Make sure the entire membrane is wet. Remove the supernatant
from the 50 mL conical tube and filter it through the 0.45 μm filter.
Immediately place the filtered supernatant on ice until the
next step.

Transfer the supernatant to a 30 mL ultracentrifuge conical
tube. Add 2 mL of 20% sucrose to the bottom of the tube by
placing the pipette tip at the bottom and very gently pipetting
out the solution. Be extremely careful not to introduce any bubbles
or disturb the solution. Gently add an additional 7 mL of virus
production media to the tube, or enough to ensure that the ultra-
centrifuge tube is filled nearly to the top, to prevent the tube from
collapsing in the ultracentrifuge. Add the media by placing the
pipette tip against the tube wall and releasing the media very slowly
to avoid disturbing the sucrose solution at the bottom. Prepare and
balance an appropriate number of blanks to ensure that each slot in
the ultracentrifuge is filled. Ultracentrifuge at 22,000 rpm for 2 h at
4 °C.

After centrifugation, carefully aspirate the supernatant, ensur-
ing that the pellet is not disturbed. Place the tube upside down on a
clean kimwipe or paper towel to allow it to dry for several minutes,
then remove any remaining droplets of liquid from the walls of the
tube using a Pasteur pipette.
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Place the tube on ice and add 50 μL of cold 1× PBS. Do not
resuspend. Leave the solution on ice for 1 h.

Resuspend the pellet in the cold PBS by gently pipetting the
solution up and down. Note: avoid introducing any bubbles in this
step. This can be made easier by cutting the pipette tip to create a
larger opening. Next, combine resuspensions that contain the same
virus and mix thoroughly. Aliquot 10 μL of virus per PCR tube.

Store at-20 °C for 1 h before transferring to-80 °C for long-
term storage.

6 Method for Lentivirus Titering

6.1 RT-PCR (for VSV-

G or FuG-E Lentivirus)

Prepare 1:10 and 1:100 virus dilutions on ice. Dilute using cold 1×
PBS, making sure to mix very thoroughly at each step.

Prepare 1:10 and 1:100 virus dilutions for a control virus of a
known titer.

Proceed with qPCR according to the kit specifications (ABM,
LV900). Add samples to a 96-well PCR plate on ice. Place an
adhesive cover on the plate and centrifuge at 300 × g for 30 s to
remove any bubbles.

Compare Ct values between the new virus and the known virus
to calculate the titer. If the Ct values of the undiluted virus sample
correspond to those of a standard sample of the previously titered
virus, then the titers are considered equivalent. Any divergence
multiplies or divides the titer by a factor of 2 per cycle as the PCR
product doubles with each cycle.

6.2 Transduction (for

VSV-G Lentivirus Only)

Prepare 1:10 and 1:100 virus dilutions on ice. Dilute using cold 1×
PBS, making sure to mix very thoroughly at each step.

In a 24-well plate, add 150,000 293T cells in 1 mL of cell
culture medium per well. Prepare enough wells to have the
following:

• 2 wells with the undiluted virus

• 2 wells with the 1:10 virus dilution

• 2 wells with the 1:100 virus dilution

• 2 wells without virus (controls)

Add 3 μL of virus per well. Do so by slowly pipetting the virus
into the center of the well, tapping the pipette tip gently against the
bottom of the well, and then pipetting up and down to expel all of
the viruses from the tip. After adding all virus samples, gently shake
the plate back and forth to distribute the virus throughout each
well. Incubate at 37 °C for 48 h.

After 48 h, aspirate the supernatant from each well and trypsi-
nize the cells with 200 μL of trypsin. Add 2 mL of cell culture
medium to each well and mix, then transfer each mixture to a
15 mL tube. Centrifuge at approximately 500 × g for 5 min.
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Table 2
qPCR reaction mixture

Reagent Volume Final concentration

Forward primer (20 μM) 0.5 μL 500 nM

Reverse primer (20 μM) 0.5 μL 500 nM

iQ SYBR Green supermix 10 μ 1×

Nuclease free water 7 μL –

gDNA (50 ng/μL) or NTC 2 μL 100 ng of gDNA

Total volume per reaction 20 μL

Table 3
qPCR cycling conditions

Step Temperature Time Cycles

Initial denaturation 95 °C 3 min 1

Denaturation 95 °
Annealing, extension,
and read fluorescence

62 °

Hold (optional) 4 °C

Aspirate the supernatant and proceed with the gDNA extraction
according to the kit instructions (Zymo, D3024).

After gDNA extraction, measure the concentration of each
sample. Dilute each sample to a concentration of 50 ng/μL.

Next, perform qPCR to determine the viral titer. See Table 2
for reagents to set up the qPCR reactions.

Each gDNA sample requires two different corresponding PCR
reactions: one reaction with lentivirus primers and one reaction
with control primers.

Add samples to a 96-well PCR plate on ice. Additionally,
include one well that has nuclease-free water instead of gDNA,
which will serve as the no template control (NTC). Place an adhe-
sive cover on the plate and centrifuge at 300 × g for 30 s to remove
any bubbles. Run the qPCR according to the conditions listed in
Table 3.

Compare Ct values between the lentivirus primer samples and
the control primer samples. If the Ct values of the undiluted virus
sample are identical to corresponding control samples, then the
titer is considered 109 iu/mL. Any divergence multiplies or divides
the titer by a factor of 2 per cycle as the PCR product doubles with
each cycle. For example, if the Ct value for the virus sample is one
cycle lower than the Ct value for the control primer sample, then
the titer for the virus sample is 2 × 109 iu/mL, our preferred value
for most applications.
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Chapter 2

HiRet/NeuRet Vectors: Lentiviral System for Highly Efficient
Gene Transfer Through Retrograde Axonal Transport

Kenta Kobayashi, Shigeki Kato, and Kazuto Kobayashi

Abstract

Lentiviral vectors are used for a wide range of research applications in the field of neuroscience. Notably,
lentiviral tropism can be manipulated by genetically engineering envelope glycoproteins that are essential
for vector transduction. The structural and functional analyses of specific neural pathways are crucial to
understanding the neural mechanisms underlying brain functions controlled through complex neural
circuits. Viral vectors that produce gene transfer via retrograde axonal transport offer a powerful tool for
the analysis of neural pathways. We have succeeded in developing novel types of lentiviral vectors for
retrograde gene transfer, named “highly efficient retrograde gene transfer” (HiRet) and “neuron-specific
retrograde gene transfer” (NeuRet) vectors, by pseudotyping human immunodeficiency virus type 1 with
fusion envelope glycoproteins composed of rabies virus glycoprotein segments and vesicular stomatitis virus
glycoprotein segments. HiRet/NeuRet vectors show highly efficient retrograde gene transfer in diverse
neural pathways in animal models. These vectors have been harnessed for the analysis of specific neural
pathways in combination with various genetic approaches for neuromodulation, including optogenetics
and chemogenetics. In this chapter, we describe experimental procedures for producing HiRet/NeuRet
vectors and injecting them into brain regions, as well as summarize points important to conduct the
experiments smoothly and effectively.

Key words Lentiviral vector, HiRet, NeuRet, Envelope fusion glycoprotein, Retrograde gene trans-
fer, Specific neural pathway

1 Introduction

A lentiviral vector, one of the major viral vectors used for neurosci-
ence research, possesses notable characteristics [1–8]: high infectiv-
ity in both dividing and non-dividing cells, long and stable gene
expression attributable to integration into host genomes, loading
capacity for large-sized transgenes, and low inflammatory potential.
Remarkably, lentiviral tropism can be manipulated by genetically
engineering envelope glycoproteins, which cover the surface of the
virion and are crucial for the virus entry into cells [9–12]. Among
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several kinds of lentiviral vectors, a human immunodeficiency virus
type 1 (HIV-1)-based lentiviral vector, in particular, has been
investigated in detail [13–15].

Brain functions are regulated through complex neural net-
works. In order to understand the neural mechanisms underlying
brain functions, we need to analyze the roles of the specific neural
pathways that form the networks. The viral vector system delivering
transgenes in the retrograde direction through axons to cell bodies
represents a potent tool for the labeling and functional analysis of
specific neural pathways. At present, various kinds of efficient retro-
grade viral vectors have been reported, that include lentiviral vector
[10–12], adeno-associated virus (AAV) vector [8, 16], rabies virus
vector [8, 17], canine adenovirus type-2 vector [8, 18], pseudora-
bies virus vector [8, 19], and herpes simplex virus type 1 vector
[8, 20]. Here, we focus on our newly developed HIV-1-based
retrograde lentiviral vectors, which we have termed highly efficient
retrograde gene transfer (HiRet) and neuron-specific retrograde
gene transfer (NeuRet) vectors. The HiRet/NeuRet vectors are
incorporated at the nerve terminals and then retrogradely trans-
ported to cell bodies; next, viral genomes are integrated into host
genomes via the reverse transcription reaction, resulting in stable
and long-lasting transgene expression (Fig. 1). These vectors are
pseudotyped with fusion envelope glycoproteins (FuGs) consisting
of rabies virus glycoprotein (RV-G) and vesicular stomatitis virus
glycoprotein (VSV-G) segments (see Fig. 2 for the structure of
FuGs) [10–12, 21–24], displaying a much higher efficiency of
retrograde gene transfer than the parent RV-G-pseudotyped vector
[10–12, 21–24]. The efficiency of the retrograde gene transfer of
HiRet/NeuRet vectors was summarized in our previous review
[12]. Particularly, these vectors exhibit markedly high efficiency of
retrograde transgene expression in the brains of not only rodents
but also non-human primates [24–26]. Each of the HiRet and
NeuRet vectors possesses a distinct transduction property; the
HiRet vector efficiently transduces dividing cells such as glial and
neural stem/progenitor cells, whereas the NeuRet vector scarcely
enters these dividing cells [10–12, 21–24]. Therefore, the NeuRet
vector is expected to result in less inflammation around the injec-
tion site in comparison to the HiRet vector.

HiRet/NeuRet vectors have been applied to the functional
analysis of specific neural pathways using optogenetics [27–31] or
chemogenetics [29, 32, 33]. The demand for these vectors in the
field of neuroscience will continue to expand. Therefore, it is
meaningful to present a detailed handling protocol of these vectors
to researchers who are trying to use the retrograde lentiviral system
for the analysis of neural functions.
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Fig. 1 Retrograde gene delivery into neurons by HiRet/NeuRet vectors. These vectors are internalized into
nerve terminals and then retrogradely transported along axons into the cell body. A viral RNA genome is
reverse-transcribed into a double-stranded DNA, which is then integrated into the host cell genome, resulting
in stable and long-lasting transgene expression

2 Materials

2.1 Production of

HiRet/NeuRet Vectors

The materials necessary for vector production are listed below.

• HEK293T cells (ATCC, CRL-3216).

• Primaria™ cell culture dish (Corning, 353803).

• Dulbecco’s Modified Eagle’s Medium (DMEM) (Sigma-
Aldrich, D5796-500ML).

• Fetal bovine serum (FBS) (Nichirei, 174012).

(Before use, inactivate FBS at 56 °C for 30 min in the water
bath. Store at -30 °C).

• Trypsin-EDTA (0.05%) (Gibco, 25300062).

• Penicillin-streptomycin (10,000 U/mL) (Gibco, 5140122).

• Distilled water (Gibco, 15230162).

• Cell culture medium (Store at 4 °C).



20 Kenta Kobayashi et al.

Fig. 2 Schematic representation of the structure of FuGs used for HiRet/NeuRet vectors. The HiRet vector is
pseudotyped with FuG-B or FuG-B2. FuG-B is the fusion protein of the extracellular and transmembrane
domains of RV-G derived from the challenge virus standard (CVS) and the cytoplasmic domain of VSV-G.
FuG-B2 is composed of the extracellular and transmembrane domains of Pasteur virus (PV) strain-derived
RV-G and the VSV-G cytoplasmic domain. The NeuRet vector is pseudotyped with FuG-C, FuG-E, or FuG-E
(P440E). FuG-C comprises the N-terminal domain of CVS-derived RV-G (439 amino acids) and the C-terminal
domain of VSV-G containing the extracellular (16 amino acids), transmembrane and cytoplasmic segments. In
FuG-E and FuG-E (P440E), the junction between RV-G and VSV-G is shifted from one amino acid to the
C-terminal direction. The 440th proline residue of the original FuG-E is changed to glutamate residue in FuG-E
(P440E)

Prepare by mixing 500 mL of DMEM, 56 mL of FBS, and
5 mL of penicillin-streptomycin.

• 10× HBSP stock solution (Store at -30 °C).

NaCl 40.9 g

HEPES 29.8 g

Na2HPO4-12H2O 1.35 g

KCl 1.9 g

Glucose 5.4 g
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Dilute with distilled water up to 500 mL, and filtrate with
0.45 μm filter (Millipore, SLHV033RB).

• 2× HBSP stock solution (Store at 4 °C).

Dilute 10×HBSP stock solution with distilled water. Adjust
pH to the range from 7.05 to 7.10 with 1 N NaOH.

• 2.5 M CaCl2 solution (Store at -30 °C)

Dilute 14.7 g of CaCl2-2H2O with distilled water up to
40 mL, and filtrate with a 0.45 μm filter.

• Sepharose Q FF ion-exchange chromatography column
(GE Healthcare, 28-9365-43).

• Polypropylene round-bottom tube (Falcon, 352053).

• Vivaspin 10 K MWCO filter (Sartorius, VS2002).

• NucleoSpin RNA virus kit (Clontech, 631235).

• Lenti-X qRT-PCR titration kit (Clontech, 631235).

2.2 Intracranial

Injection of HiRet/

NeuRet Vectors

The materials necessary for the vector injection are listed below.

• Set of surgical instruments: scissors, tweezers, forceps, clamp,
hemostatic supplies, anesthesia, and suture supplies.

• Stereotaxic instrument (Narishige, SR-5M-HT).

• Surgical stereomicroscope (Leica Microsystems, M320TC12).

• Infusion pump (Eicom, ESP-32).

• Dental drill (Minitor Co., Ltd., C10M).

• Microsyringe (Hamilton, 1801N).

• Glass capillary (Sutter, B100-75-10).

• Connecting tube (Eicom, JT-10-50).

• Mineral oil or Fluorinert (3M, C-3283).

• HiRet/NeuRet vectors (~1.0 × 1012 genome copies/mL).

3 Methods

3.1 Production of

HiRet/NeuRet Vectors

We herein describe the production protocol for viral vectors carry-
ing the gene encoding the enhanced green fluorescent protein
(EGFP).

Day 1 Prepare HEK293T cells (~3.0 × 106 cells/10 cm cell culture dish ×
18 dishes) 24 h before transfection.

Day 2 Mix four kinds of plasmids as follows:
pCAGkGP4.1R 108 μg
pCAG-RTR2 36 μg
pCAGGS-FuGs* 36 μg
pCL20C-MSCV-EGFP 180 μg
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Add 900 μL of 2.5 M CaCl2 to this plasmid mixture and dilute with
distilled water up to 9 mL. Add 9mL of 2×HBSP while vortexing
and incubate at room temperature for about 5–10 min (DNA
solution). Drop the DNA solution into a culture medium (1 mL
of DNA solution/dish) and incubate.

*The pCAGGS-FuG-B or -B2 plasmid is used to produce HiRet
vector [21, 29, 34]. The pCAGGS-FuG-C, -FuG-E, or -FuG-E
(P440E) plasmid is used to produce NeuRet vector [22–24, 35].

Day 3 After 18 h, remove the medium, wash with phosphate-buffered
saline (PBS), add 6 mL of fresh medium, and incubate.

Day 4 After 24 h, collect the medium, centrifuge at 1500 × g for 5 min, and
filtrate the supernatant with a 0.45 μm filter. Centrifuge the
filtrated medium at 6000 × g for 16–20 h.

Day 5 Remove the supernatant and suspend the pellet, including viral
particles, with 5 mL of PBS. Suspend gently to avoid foaming.
Purify viral vectors by using the following ion-exchange
chromatography method.

1. Apply 5 mL of the crude viral solution to a Sepharose Q FF
ion-exchange column attached to the AKTA prime plus chro-
matography apparatus system, and elute with a linear
0.0–1.5 M NaCl gradient. Collect 2 mL of eluate per polypro-
pylene round-bottom tube serially.

2. Monitor the UV curve shown by the absorbance at 280 nm,
and collect the peak fractions containing viral particles (gener-
ally, from fraction numbers 24–34).

3. Concentrate the purified viral vector solution by ultrafiltration
using a Vivaspin 10 K MWCO filter* to ~100 μL.

*Add 3 mL of 1% bovine serum albumin in PBS to the
Vivaspin filter and incubate for 1 h at room temperature before
use. Discard the blocking solution and wash it with PBS when
using the filter

4. Extract viral RNA from 5 μL of vector solution in accordance
with the manual attached to the NucleoSpin RNA virus kit.

5. Measure the copy number of the RNA genome in accordance
with the manual attached to the Lenti-X qRT-PCR titration kit.
The condition of quantitative real-time reverse transcription-
PCR is as follows: 42 °C for 20 min; 95 °C for 3 min; and
40 cycles each of 95 °C for 15 s and 60 °C for 30 s.

6. Dispense the vector solution into aliquots (~10 μL), and store
at -80 °C.

3.2 Intracranial

Injection of HiRet/

NeuRet Vectors

We here describe the protocol for HiRet/NeuRet vector injection
into the mouse brain. Male C57BL/6 J mice (8–12 weeks of age)
are used for the vector injection. Animal care and handling
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Fig. 3 A set of tools for injecting viral vectors into the brain. (1) Surgical stereomicroscope; (2) infusion pump;
(3) microsyringe; (4) connecting tube; (5) glass capillary; (6) nose fixing clamp; (7) auxiliary ear bar; and
(8) dental drill. Inset shows the intracranial injection of vector solution into the mouse brain under isoflurane
anesthesia

procedures are conducted in accordance with the guidelines estab-
lished by the Experimental Animal Center of Fukushima Medical
University. We make all efforts to minimize both the number of
animals used and their suffering. The injection apparatus and the
state of intracranial injection are shown in Fig. 3.

1. Anesthetize a mouse with 1.5% isoflurane, and place it in a
stereotaxic frame.

2. Fix the anesthetized mouse horizontally and firmly to a stereo-
taxic instrument with the auxiliary ear bar and nose fixing
clamp.

3. Expose the skull by making an incision in the scalp, remove the
periosteum with the swab, and dry well.

4. Mark the position on the skull surface, which is determined by
the anteroposterior and mediolateral coordinates of a target
brain region from the bregma, with a sterile surgical marker.
The area of the marked position should be determined accord-
ing to the size of the target region. Refer to the mouse brain
atlas [36] for the coordinates.

5. Make a hole in the marked position using a dental drill, being
careful to avoid hemorrhaging.
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6. Remove the dura mater carefully with tweezers under a surgical
stereomicroscope, exposing the brain surface.

7. Connect a glass capillary to a connecting tube, and subse-
quently attach the tube to the microsyringe. The tip diameter
of the glass capillary is about 50 μm.

8. Fill the glass capillary with mineral oil or Fluorinert, withdraw
from the vial the necessary amount of the HiRet/NeuRet
vector solution into the capillary, and then connect the micro-
syringe to the infusion pump. The volume of the vector solu-
tion should be optimized according to the size of the target
region.

9. Lower the glass capillary by using a stereotaxic instrument into
the target brain region estimated by the dorsoventral coordi-
nate from the dura through the hole made in the skull, and
inject the vector solution at a rate of 0.05–0.1 μL/min.

10. Wait for 5–10 min after injection, and then pull out the capil-
lary slowly to prevent backflow of the solution.

11. Stop any bleeding, suture the scalp, and keep the animal warm
until complete anesthetic recovery takes place.

12. Three to 4 weeks after the vector injection, the transgene
expression reaches the maximum level.

4 Notes

In this section, we discuss some points that, based on our experi-
ence, are important to ensure that experiments using HiRet/
NeuRet vectors are conducted smoothly and efficiently.

When the lentiviral payload exceeds 8 kb, the packaging effi-
ciency of viral vectors appears to be decreased by an extensive
amount. Therefore, we recommend that transgenes should be
designed to be no larger than 8 kb. The yield of lentiviral vectors
is also dependent on transfection efficiency in HEK293T cells. In
cases of low yield, we regularly change to a new batch of cells and
prepare a fresh 2× HBSP solution. It is important to accurately
adjust the pH of the 2× HBSP solution to within the range of
7.05–7.10. In addition, lentiviral vectors can be directly concen-
trated by ultracentrifugation of the filtrated culture medium
[37]. Injection of viral vectors prepared by this simple technique
frequently causes damage to the brain tissue because this vector
solution is contaminated with cell debris. Thus, HiRet/NeuRet
vectors should be purified using ion-exchange chromatography
before the concentration process is started. Generally, lentiviral
vectors are known to be stable for at least 6 months when stored
at -80 °C (see: https://en.vectorbuilder.com/products-services/
service/lentivirus-packaging.html). On the other hand, our

https://en.vectorbuilder.com/products-services/service/lentivirus-packaging.html
https://en.vectorbuilder.com/products-services/service/lentivirus-packaging.html
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preliminary storage experiments show that HiRet/NeuRet vectors
are stable for 1 month at -80 °C, but the functional titer is
decreased to approximately 70% in 2 months. Therefore, we rec-
ommend that these vectors are used at the latest 1 month after the
storage. In addition, repeated freezing and thawing should be
avoided.

In order to inject vectors into the correct site, it is necessary to
carefully and accurately adjust the injection coordinates. Examining
previous literature is important to verify the pathway connections
prior to the viral injection. Subsequently, it is recommended to
confirm the neural connection between two brain regions by
using neural tracers such as biotinylated dextran amine (for antero-
grade labeling) and cholera toxin B subunit (for retrograde label-
ing). When HiRet/NeuRet vectors encoding the EGFP gene are
injected into a brain region, the transgene is expressed in neurons
projecting to the injection site through retrograde gene transfer.
Transgene products are transported through axons in the antero-
grade direction into the nerve terminal regions. Therefore, we can
verify the injection site by detecting EGFP fluorescence or
immuno-positive signals localized in the nerve terminals. Retro-
grade gene expression is usually observed in projecting brain
regions 3–4 weeks after local injection of HiRet/NeuRet vectors
into the brain. Because lentiviral genomes are integrated into host
genomes, the transgene expression remains stable as long as host
cells exist. In cases where gene expression level is low, the use of
specific gene promoters may improve the expression degree. In
addition, to enhance the cell specificity of retrograde gene transfer,
the use of the HiRet/NeuRet vector system in combination with
the Cre-dependent conditional gene expression method is effective
[29, 35].

Because the retrograde gene transfer efficiency of HiRet/
NeuRet vectors depends on the neural pathway, it is necessary to
assess whether these vectors work well in the neural pathway of
interest before starting experiments. In rodents, HiRet/NeuRet
vectors show the high efficiency of retrograde gene transfer in
various neural pathways, such as the corticostriatal and thalamos-
triatal pathways, but display only modest efficiency, for example, in
the nigrostriatal pathway [21, 22]. On the other hand, these vec-
tors convey transgenes in a retrograde direction with high efficiency
in the nigrostriatal pathway of non-human primates [21, 22, 24–
26]. These findings indicate that the efficiency of retrograde gene
transfer of HiRet/NeuRet vectors is also dependent on animal
species.

Finally, HiRet/NeuRet vectors have been applied not only to
optogenetics [27–31] and chemogenetics [29, 32, 33] but also to
other experimental techniques; immunotoxin-mediated cell target-
ing [29, 34, 38], conditional suppression of signaling cascade [35],
and reversible synaptic transmission blockade [39–44]. HiRet/
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NeuRet vectors will provide a more powerful tool for the detailed
analysis of neural functions in the future. We expect the HiRet/
NeuRet vector system to be more widely disseminated via this
chapter and will significantly contribute to advancements in the
field of neuroscience.
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Chapter 3

Generation of High-Titer Defective HSV-1 Amplicon Vectors

Rachael Neve

Abstract

Strategies for gene delivery into neurons, either to study the molecular biology of brain function or for gene
therapy, must utilize vectors that persist stably in postmitotic cells and that can be targeted both spatially
and temporally in the nervous system in vivo. Herpes simplex virus type 1 (HSV-1) possesses multiple
features that make it an ideal vector for genetic intervention in the nervous system. In particular, it accepts
large molecules of exogenous DNA; it infects nondividing cells from a wide range of hosts with high
efficiency; it enables the strong expression of foreign genes; it is episomal and thereby does not cause
integration effects; its infection of postmitotic cells is stable; and its particles can be concentrated to
relatively high titers. Here, we describe the considerations involved in the preparation and use of a herpes
simplex virus type 1 (HSV-1) amplicon as a vector for gene transfer into neurons both in vitro and in vivo.

Key words HSV-1, Amplicon vector, In vivo, Virus vector, Packaging, Helper virus, Replication
incompetent, Brain, Transduction, dl1.2, 2–2 cells, Sucrose gradient, High titer

1 Introduction

There are two types of replication-deficient herpes simplex virus
type 1 (HSV-1) vectors: vectors in which the foreign DNA of
interest is cloned into the viral genome itself and those that are
comprised of a plasmid (amplicon) carrying minimal HSV-1
sequences that allow it to be packaged into virus particles with the
aid of a helper virus [1]. A number of genes within the wild-type
HSV genome are dispensable for its growth in cells in vitro. Roiz-
mann and his colleagues capitalized on this finding to create recom-
binant HSV-1 viruses that could be used as vectors for gene transfer
into cells [2]. This type of genetically engineered genomic vector,
with modifications, has been used by multiple investigators. Its
chief disadvantage is that it has not been possible to generate,
using this methodology, the high titers needed for the study of
behavioral changes following its in vivo injection into the brains of
animals.

Mark A. G. Eldridge and Adriana Galvan (eds.), Vectorology for Optogenetics and Chemogenetics,
Neuromethods, vol. 195, https://doi.org/10.1007/978-1-0716-2918-5_3,
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The idea of the amplicon vector originated during the charac-
terization of defective HSV-1 particles that arose and interfered
with HSV-1 stocks passaged at high multiplicities of infection
(MOI) [1, 3]. Analysis of the genomes of these defective HSV-1
particles revealed that they retained only a minimal subset of DNA
sequences from the wild-type genome. These sequences included
an origin of DNA replication and a cleavage/packaging site
[1, 3]. It was discovered that incorporation of these two sequences
into a plasmid (the “amplicon”) conferred on the plasmid the
ability to be replicated and packaged into virus particles when it
was transfected into a cell that was super-infected with a “helper
virus,” which supplied HSV replication and virion assembly func-
tions in trans. The plasmid sequences that were packaged into virus
particles consisted predominantly of 150 kb concatemers of the
original plasmid [1, 3–5].

The chief advantages of this amplicon vector type are that
cloning manipulations are relatively easy due to the small size of
the plasmid (5–10 kb) and that titers up to 3 logs higher than those
achieved with genomic vectors are routinely obtained. The essential
HSV sequences on the amplicon include an origin of DNA replica-
tion (oriS) and the packaging “a” sequence. Regulation of the
expression of the recombinant gene can be accomplished with
HSVor cellular promoters. Because HSV-1-based amplicon vectors
contain only a small proportion of the viral genome, their packag-
ing into virus particles requires the participation of additional
HSV-1 genes that are expressed in trans. These genes are expressed
by replication-defective mutants of HSV-1 (helper viruses), as
described in this unit. Members of the HSV-1 vector community
continue to try to develop helper-free packaging protocols, under
the impression that the helper virus present in the amplicon preps
might interfere with subsequent manipulations or be toxic (e.g., see
Ref. [6]). However, the publication of more than 250 papers over
25 years of using amplicon vectors in the brain with the appropriate
controls have established that helper virus does not interfere with
subsequent experiments in the brain, nor is it toxic. During the
initial use of amplicon vectors in vivo, amplicon vectors sometimes
caused limited toxicity due to the carryover of cell debris and
accompanying toxins during the packaging process. However,
improvements in the amplicon packaging procedure were quickly
instituted, eliminating any lingering toxicity in the preparations of
amplicon viruses. Moreover, continued research in this laboratory
has resulted in the development of HSV vector backbones that can
be used for infection at the site of injection (Fig. 1), for retrograde
circuit-based studies and monosynaptic labeling (Fig. 2, e.g., see
Refs. [7, 8]), and for expression in zebrafish (Fig. 3, e.g., see Ref.
[9]). It can express large genes (up to about 15 kb) and is also an
optimal vector for CRISPR manipulations [10].
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Fig. 1 Map of p1005-GW, the prototypical short-term HSV from which all other ST HSVs are derived

2 Basic Protocol 1

Basic Protocol 1 describes the generation of helper virus stocks.
Preparation of recombinant amplicon vector particles by transfec-
tion of amplicon and superinfection of helper virus into cells, and
harvesting of packaged particles, is delineated in Basic Protocol
2. Thorough characterization of each amplicon viral vector stock
involves measuring (1) the helper virus plaque-forming units per
milliliter (pfu/mL) on 2–2 cells and (2) the amplicon stock infec-
tious units per ml (iu/mL) on PC12 cells. The Support Protocols
detail methods for determining titers of helper virus by plaque assay
and of amplicon stocks by vector assay.

NOTE: All incubations are performed in a humidified 37 °C,
10% CO2 incubator unless otherwise specified. All other proce-
dures are performed in a laminar flow hood to maintain sterility.
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Fig. 2 Map of hEF1a LT HSV, a prototypical retrograde HSV from which all other retrograde HSVs and
monosynaptic labeling HSVs are derived

2.1 Preparation of

Helper Virus Stocks

Seed stocks of individual plaque-purified virus isolates are gener-
ated. These seed stocks are stored at -70 °C and are subsequently
used for inoculation of large-scale helper virus preparations.

2.1.1 Materials Adherent 2–2 cells (Vero cells containing IE2 (ICP) gene and
promotor [10], maintained in supplemented DMEM/
10% FBS.

D-PBS with Ca+2/Mg+2, hereafter referred to as D-PBS.

Ca+2/Mg+2-free (CMF) D-PBS.

TrypLE Express (Life Technologies).

Supplemented DMEM (Corning 10-017-CM) containing 2%, 5%,
or 10% (v/v) FBS (Seradigm) and 1% penicillin +
streptomysin).
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Fig. 3 Map of TB-5XUAS E1b v2.0, a prototypical zebra fish HSV from which all other zebra fish vectors are
derived

5dl1.2 helper virus stock (HSV-1 (KOS) strain with a partial dele-
tion in IE2 (ICP27) [11].

Plaque agarose (see recipe).

Laminar flow hood.

60 and 100 mm tissue culture plates.

Cell lifters.

15 mL polypropylene conical tube with a plug seal.

Dry ice/ethanol bath.

15 mL polystyrene conical tubes.

Cup-type sonicator, e.g., Misonix.
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2.1.2 Make a Plaque

Plate

1. Passage 2–2 cells by trypsinization by first removing the
medium in which the cells are maintained (DMEM/10%
FBS) and washing the plate(s) twice with CMF-DPBS.

2. Apply a thin layer of TrypLE Express and incubate for 10 min
at 37 °C.

2–2 cells are highly adherent and difficult to get off the dish, so
patience is needed.

3. Count cells with a hemocytometer and seed a 60 mm tissue
culture plate with 1 × 106 cells in 5 mL supplemented DMEM/
10% FBS. Culture overnight in a humidified 37 °C incubator
with 10% CO2.

4. Remove 3 mL medium from the culture and add an amount of
5dl1.2 helper virus stock that will give well-separated plaques
(~50 pfu/plate). Allow the virus to adsorb at 37 °C for
≥90 min, but <6 h.

5. Remove medium and overlay cells with 3 mL plaque agarose
that is no warmer than 40 °C. Allow the agarose to solidify
completely, return the plate to the 37 °C incubator, and incu-
bate overnight.

6. The next day, add 2 mL supplemented DMEM/2% FBS on top
of the agarose. Incubate overnight at 37 °C.

7. The following day, remove the medium and replace it with
another 2 mL supplemented DMEM/2% FBS.

2.1.3 Make a Seed Stock 8. One to three days after infection (step 4), prepare several
60 mm plates of uninfected 2–2 cells as in steps 1–3.

9. The following day (2–4 days after infection, when plaques are
visible), pick a single plaque from the agarose-overlaid plate
using a pipette tip to stab through the agar and into the cells
and eject the plug into the medium of one 6 mm plate of
uninfected cells. Repeat with remaining uninfected plates. Cul-
ture plates at 37 °C until >95% of the cells show cytopathic
effects (CPE).

It is advisable to pick several different plaques to ensure that at
least one isolate has the appropriate phenotype for the virus
(i.e., that it has not undergone spontaneous mutation).

Cells should show CPE after 1 or 2 days depending on the amount
of virus obtained from the plaque. The cells should round up
but remain adherent.

10. Harvest cells by scraping them into the mediumwith a cell lifter
and transferring them, with the medium, to 15 mL polypro-
pylene conical tubes with plug seals (one tube/plate).

The preparation can be stored for up to several days at ≤-70 °C
at this stage.
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11. Freeze/thaw three times using a dry ice/ethanol bath and a
37 °C water bath, being careful to minimize the time the cells
are thawed at 37 °C.

As a rule, it takes about 10 min to freeze the stock and
10–15 min for each thaw.

12. Transfer thawed cells to 15 mL polystyrene conical tubes and
sonicate for 2 min in a cup-type sonicator (power setting
6, 50% duty cycle, 1-s cycles) to disrupt the cells and release
the virus.

13. Immediately centrifuge 5 min at low speed (1000 × g in a
refrigerated or room temperature benchtop centrifuge) to
pellet cell debris but not virus particles.

14. Transfer each supernatant to a fresh screw-cap tube for virus
storage. Measure virus titer (see Subheading 2) and store at
≤-70 °C to use as seed stock for future viral preparations.

Seed stocks prepared as outlined here usually have titers of
0.5–1 × 107 pfu/ml and can be stored for several years or
more at ≤-70 °C.

2.1.4 Amplify the Seed

Stock

15. Seed four 100 mm tissue culture plates with 2 × 106 2–2 cells
per plate in 10 mL supplemented DMEM/10% FBS and
incubated 1 day at 37 °C.

16. Change medium to 10 mL supplemented DMEM/2% FBS
and added 50 μL of seed stock virus. Incubate at 37 °C.

The 2–2 cells should reach a density of 0.5–2 × 107 cells/plate by
the second day.

The cells should be infected at a multiplicity of infection
(MOI) ≤ 0.1. At high MOI, spontaneously arising defective
viruses are able to grow and interfere with virus replication,
resulting in lower pfu/mL.

17. Harvest the cells (see steps 10–14) when they have rounded
up but still remain adherent. Measure virus titer (see Subhead-
ing 3) and store virus in aliquots at ≤-80 °C.

Helper stocks prepared as outlined here usually have titers of
~1 × 108 pfu/mL and can be stored for several years or more.

3 Support Protocol 1

3.1 Titration of

Helper Virus by Plaque

Assay

Plaque assays should be performed on all amplicon virus stocks
because the vector/helper ratio is an important indicator of the
quality of the stock. A vector/helper ratio of 1:1 is desired. This
procedure uses crystal violet to count plaques grown on 2–2 cells.
The plaques will be clear against a stained background.
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3.1.1 Additional

Materials (also See

Subheading 2)

Plaque-fixing solution: 5% (v/v) methanol/10% (v/v) acetic acid
(store at room temperature)

Crystal violet stain (see recipe)
Dissecting microscope

1. Plate 2–2 cells in 60 mm tissue culture plates (1 × 106 per plate)
in 5 mL supplemented DMEM/10% FBS (see Subheading 2,
steps 1–3) and grow for 1 day in a humidified 37 °C, 10% CO2

incubator. Prepare one plate for each dilution of virus stock to
be titered using a series of tenfold dilutions up to 107.

2. Infect cells by removing 3 mL medium from each plate and
adding up to 100 μL of the appropriate virus dilution. Allow
the virus to adsorb at 37 °C for ≥90 min, but <6 h.

3. Remove medium and overlay cells with 3 mL plaque agarose
that is no warmer than 40 °C. Allow the agar to solidify
completely, return plates to the 37 °C incubator, and incubate
overnight.

4. Add 2 mL supplemented DMEM/2% FBS on top of the aga-
rose and incubate overnight.

5. The next day, replace the medium with another 2 mL supple-
mented DMEM/2% FBS and incubate overnight.

6. Three days after infection, examine the plates under a micro-
scope for plaques. If they are too small to reveal clear holes in
the cell monolayer, leave the plates for another day before
staining.

7. Remove medium and fix cells with 3 mL plaque-fixing solution
for ≥15 min.

8. Remove the plaque-fixing solution and discard agarose with a
quick wrist flick (into a disposal container).

9. Add 1 mL crystal violet stain and leave for 5 min.

10. Remove stain, wash the plate with 1 mL water, decant, and
allow it to air dry.

The stain can be reused.

11. Count the number of plaques and use the dilution factor of the
virus stock to calculate the virus plaque-forming titer in
pfu/mL.

Plaques should be macroscopically visible as holes, but it is advis-
able to use a microscope to avoid any plaques.

4 Basic Protocol 2

4.1 Packaging

Amplicon into Virus

Particles

Host cells are transfected with the recombinant HSV-1 amplicon
vector. They are then superinfected with helper virus to provide the
HSV-1 gene products in trans that are required for packaging the
amplicon into virus particles. The resultant virus population is a
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mixture of helper virus and amplicon particles. This mixture is
passaged three times on 2–2 cells. Because the amplicon is packaged
as tandemly repeated concatamers, each amplicon virus particle has
multiple replication origins. The amplicon viruses, therefore, have a
selective growth advantage over the helper viruses, which have a
single origin of replication, and the ratio of amplicon to helper virus
increases with each passage.

After the third passage (P3), the virus is purified and concen-
trated, first by banding it on a sucrose step gradient to separate it
from cellular debris and then by pelleting the virus from the band
and resuspending it in a small volume.

4.1.1 Materials Adherent 2–2 cells maintained in supplemented DMEM/10% FBS.

Supplemented DMEM (see recipe) containing 5% or 10% (v/v)
FBS, room temperature and prewarmed to 37 origins C.

Seradigm FBS.

D-PBS, prewarmed to 37 °C.

CMF-D-PBS.

D-PBS with calcium and magnesium.

TrypLE Express (Life Technologies).

≥50 ng/μL DNA for transfection, purified with a Qiagen column
or its equivalent and resuspended in TE (10 mM Tris–HCl,
1 mM EDTA).

Opti-MEM (Life Technologies), prewarmed to 37 °C.

Plus Reagent (Life Technologies).

LipofectAMINE 2000 (Life Technologies).

5dl1.2 helper virus amplified from seed stock (see Subheading 2).

Defined fetal bovine serum (Seradigm—no substitutes).

10%, 30%, and 60% (w/v) sucrose solutions (see recipe).

Laminar flow hood.

60 mm, 100 mm, and 150 mm tissue culture plates.

Cell lifters.

Samco 232-1S fine tipped transfer pipettes.

1 M solution HEPES, pH 7.3 (USB).

Dry ice/ethanol bath.

15 and 50 mL polypropylene conical tubes.

Cup-type sonicator.

Ultra-Clear 25 × 89 mm (SW28) and 14 × 89 mm (SW41) tubes.

SW28 and SW41 (or SW40) ultracentrifuge rotors, or their
equivalent.

18-G needles.
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3 mL syringes.

Additional reagents and equipment for counting cells with a hemo-
cytometer and for measuring virus titer (see Subheading 4).

Important: use lubricant-free microfuge tubes for the entire proce-
dure. I use Costar 3207 tubes.

4.1.2 Prepare 2–2 Cells 1. Maintain 2–2 cells at 37 °C in a humidified, 10% CO2 incuba-
tor in supplemented DMEM/10% FBS. Passage by trypsiniza-
tion with TrypLE (see Subheading 2, steps 1–3), being careful
not to allow the cells to grow beyond confluence. When a fresh
aliquot of cells is thawed, passage at least two times before the
cells are plated for transfection.

If the cells grow beyond confluence, they become suboptimal for
transfection and infection by virus and should be discarded.

Large numbers of cells are needed throughout the packaging
procedure. To minimize the number of plates used, it is
helpful to maintain the stock cells in 150 mm plates. If
0.5–1 × 106 cells are passaged per plate, it will be 3–4 days
before they become confluent.

2. Two days before transfection, plate 2–2 cells at 3 × 105 per
60 mm tissue culture plate in 5 mL supplemented DMEM/
10% FBS (one plate of cells per DNA construct).

See the “packaging schedule” at the end of the chapter to help plan
which steps to carry out each day.

The goal is to have 80% confluent cells for transfection. It is
helpful to plate three sets of plates, one with 2.5 × 105 cells
per plate, one with 3 × 105 cells per plate, and one with
3.5 × 105 cells per plate, to ensure that the correct density of
cells is achieved.

4.1.3 Transfect Cells 3. Dilute 2 μg of ≥50 ng/μL DNA in 250 μL of room tempera-
ture Opti-MEM in a sterile 1.5 mL microcentrifuge tube (one
tube per plate—i.e., per DNA construct) at room temperature.

4. Add 8 μL of Plus Reagent to each tube, andmix by flicking with
the fingers. Leave the mixture at room temperature for 15 min,
no longer.

5. Dilute 12 μL LipofectAMINE 2000 in 250 μL room tempera-
ture Opti-MEM in a second tube (one per plate), let it sit for
5 min, and then add it to the 250 μL DNA/Plus Reagent
mixture in the first tube. Leave the DNA/LipofectAMINE
2000 mixture for 20–45 min at room temperature to allow
liposomes to form.

6. Remove medium from the plates, wash once with 2 mL pre-
warmed (37 °C) Opti-MEM, remove wash, and replace with
another 2 mL Opti-MEM.
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7. Add the ~500 μL DNA/LipofectAMINE mixture to the cells
dropwise and evenly over the whole plate. Incubate for 5–7 h at
37 °C.

8. Wash cells three times with 2 mL prewarmed 37 °C D-PBS.

NOTE:D-PBS used to wash cells should contain Ca2+ and Mg2+.
Calcium- and magnesium-free DPBS (CMF-DPBS) is used
only when cells are washed prior to trypsinization (see step 1).
This wash step is necessary to remove all residual lipofectA-
MINE, which will otherwise inhibit the replication of the
virus the following day.

9. Replace D-PBS with 5 mL prewarmed, supplemented
DMEM/10% FBS and incubate cells 15–17 h at 37 °C.

4.1.4 Superinfect and

Harvest Transfected Cells

(P0) by Osmotic Lysis

10. Remove medium from plates and add 5 mL prewarmed, sup-
plemented DMEM/5% FBS.

11. Add 1 × 106 pfu of 5dl1.2 helper virus seed stock and incubate
at 37 °C until 95% of the cells show cytopathic effects (CPE)
and have rounded up (~26–30 h).

12. Remove the medium from each plate to a 15 mL conical
polypropylene tube. Add 1 mL 0.1× D-PBS to the cells on
the plate and leave for 2 min for the cells to swell.

13. Use a Samco 232-1S fine-tipped transfer pipet with a built-in
bulb to collect the lysate and transfer it to the tube containing
the medium. Add 100 μL of 10× CMF DPBS to each tube to
restore ionic strength.

The optimum MOI for superinfection by helper virus following
transfection is between 0.2 and 0.6.

The harvested cells can be stored at -80 °C at this stage for at
least several days.

14. Centrifuge cells 5 min at low speed (1350 × g) in a refrigerated
or room temperature benchtop centrifuge to pellet cell debris
but not virus particles. Collect supernatant.

The P0 supernatant can be used immediately for the P1 infection
(step 16) or stored at -80 °C for at least several days.

4.1.5 Amplify Virus Stock

(P1)

15. Two days before P1 infection, plate fresh 2–2 cells at 5 × 105

cells per 60 mm tissue culture plate in 5 mL supplemented
DMEM/10% FBS. Incubate at 37 °C.

16. Two days later, replace the medium with 4 mL DMEM/5%
FBS and add ~4 mL of the P0 supernatant. Incubate at 37 °C
until the cells show 95% CPE (~21–24 h).

17. Harvest and process cells (P1) as in steps 12–14.
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The P1 virus stocks can be frozen at this point, but it is preferable
to proceed immediately to the P2 infection so as not to disrupt
the flow of the packaging procedure.

4.1.6 Amplify Virus Stock

(P2)

18. Plate fresh 2–2 cells: 1.2 × 106 per 100 mm dish in 10 in 10 mL
DMEM + 10% FBS (two dishes per sample). Incubate them at
37°C for 2 days.

19. Two days later, replace the medium on the 2–2 cells with
6.0 mL DMEM + 5% FBS per dish, and add 4 mL P1 superna-
tant per dish. Incubate the cells overnight at 37 °C.

20. Harvest the P2 viruses when they show 95% CPE (about
21–24 h). Remove the medium from each pair of plates to a
50 mL tube, trying to avoid transferring cells. Add 2 mL of
0.1×DPBS to the cells on each plate and leave it on the cells at
room temperature for at least 2 min. Use a Samco 232-1S
transfer pipette to collect the lysate and transfer it to the tube
containing the medium. Add 400 μL CMF 10× DPBS to
restore the ionic strength of the medium .

CMF 10× DPBS is used because, unlike CMF 10× DPBS, 10×
DPBS that contains Ca+2 and Mg+2 has an acid pH when
diluted and will kill the pH-sensitive viruses.

The P2 virus stocks can be frozen at this point, but it is preferable
to proceed immediately to the P3 infection so as not to disrupt
the flow of the packaging procedure.

4.1.7 Amplify Virus Stock

(P3)

21. Plate fresh 2–2 cells: 1.2 × 106 per 100 mm dish in 10 mL
DMEM + 10% FBS (6 dishes per sample). Incubate the cells at
37 °C for 2 days.

22. Two days later, replace the medium on the 2–2 cells with
6.0 mL DMEM + 5% FBS per dish, and add 4 mL P2 superna-
tant per dish. Incubate the cells overnight at 37 °C.

23. Harvest the P3 viruses when they show 95% CPE (about
21–24 h). Scrape up the cells with a cell lifter and transfer the
cells and medium to two 50 mL polypropylene conical tubes
per sample (30 ml/tube). Add 1.5 mL 1MHEPES, pH 7.3, to
each tube, screw on the cap, and mix by turning the tubes
upside down once.

The HEPES buffers the lysates from becoming acidic during the
subsequent freeze-thaw cycles and thereby optimizes the reten-
tion of viral titer.

24. Freeze-thaw the cells three times using a dry ice/ethanol bath
and a 37 °C water bath. Minimize the time that they are in the
37 °C water bath.
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25. Following the third freeze of the cells, the crude cell lysates may
be stored at ≤-70 °C until they are ready to be processed by
sucrose gradient centrifugation.

4.1.8 Purify and

Concentrate the Virus

26. Transfer the crude cell lysates to 50 mL polystyrene tubes (very
important) and sonicate them for 2 min in a cup sonicator
(power setting 6, 50% duty cycle, 1 s cycles).

Optional: first, sonicate the lysates for 1 min in the 50 mL poly-
propylene tubes they are originally in. This doubles the final
titer.

27. Transfer the sonicated lysates back to polypropylene tubes.

This is necessary because polystyrene tubes will crack during the
subsequent spin.

28. Centrifuge the lysates at 1800 × g for 10 min to make a very
firm cell debris pellet.

29. Prepare sucrose step gradients in 40 mL (25 × 89 mm) ultra-
clear SW28 centrifuge tubes at room temperature by layering
the following sucrose solutions into the tube (starting at the
bottom): 6 mL 60% sucrose in D-PBS, 7 mL 30% sucrose in
DPBS, and 3 mL 10% sucrose in D-PBS. Three tubes are
needed for each virus sample.

30. Load 20 mL crude virus onto the gradient and spin 1 h at
112,000 × g (SW28 rotor, 25 K rpm) at 15 °C.

31. Immobilize each tube in a clamp on a ring stand and place it in
front of a black background. The virus will appear as a milky,
sharp band at the 30%/60% interface, while debris will collect
in a diffuse band close to the 10%/30% interface.

32. Using a 3 mL syringe with an 18-G needle attached, pierce the
tube underneath the band, with the beveled edge of the needle
pointed upward. Slowly pull the band into the syringe in a
volume of 2 mL. Transfer this to an 11.5 mL (14 × 89 mm)
polypropylene SW41 tube and discard the remainder.

The viruses stick to ultra-clear tubes when they are pelleted in
them. Up to 90% of the virus is lost if ultra-clear rather than
propylene SW41 tubes are used to spin it down.

33. Dilute the virus in each tube with 9.5 mL D-PBS and gently
mix the contents of each tube by pipetting it up and down.

34. Centrifuge at 125,000 × g (SW41 or SW40, 26 K rpm, 15 °C)
for 40 min. Carefully aspirate the supernatant.

35. For ST (short-term viruses, add 60 μL D-PBS 10% sucrose +
25 mm HEPES to the opalescent pellet in each tube, and
resuspend the pellet by shaking it in a rack on a platform shaker
at 4 °C overnight. For retrograde viruses, add 60 μL to each
tube, and for viruses expressing the rabies coat protein, add
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20 μL to each tube. Very briefly triturate the virus the following
day before dispensing it into aliquots in prelubricated micro-
fuge tubes and storing it at -80 °C or lower.

The ST viruses will yield a titer of ~1.5 × 108 i.u/mL, the
retrograde viruses a titer of ~1 × 109 i.u./mL, and the viruses
expressing rabies a titer of ~5 × 109 i.u./mL.

The HEPES in the sucrose, with prelubricated microfuge tubes,
prevents the viruses from sticking to the tubes when the virus
stocks are thawed and then refrozen.

Stocks are stable indefinitely at -80 °C

It is very difficult to resuspend if the virus is triturated without
an overnight incubation in the buffer. Moreover, the mechan-
ical disruption necessary to resuspend the virus under these
conditions will greatly decrease the viability of the virus.
Therefore, slow resuspension overnight at 4 °C
recommended.

To determine virus titer, see Subheading 5.

5 Support Protocol 2

5.1 Titration of

Amplicon Virus by

AMPLICON Vector

Assay

Infectious amplicon virus is titered in this procedure. An immuno-
cytochemical assay can be used to detect transgenes, or the virus
can be visualized by co-expression of a fluorescent protein. PC12
cells are used for vector assays because they are round and easy to
distinguish as single cells when positive for expression. Expression is
usually quite high in this cell line, though it will vary with different
proteins. Use your favorite immunostaining protocol.

5.1.1 Materials 20 μg/mL poly-D-lysine solution.

PC12 cells.

DMEM/10% HS/5% FBS: Supplemented DMEM (see recipe)
without G418, containing 10% (v/v) horse serum and 5%
(v/v) FBS.

Amplicon stock to be measured (see Subheading 4).

PBS with and without 10 mM EDTA.

TBS (Tris-buffered saline).

4% (w/v) paraformaldehyde solution.

Laminar flow hood.

24-well tissue culture plates.

21-G needle.

Dissecting microscope.

Additional reagents and equipment for counting cells with a
hemocytometer.
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5.1.2 Infect and Fix Cells 1. Add 500 μL of 20 μg/mL poly-D-lysine solution to each well of
a 24-well tissue culture plate and incubate ≥5 min at room
temperature to coat. Aspirate completely before using.

Poly-D-lysine is used to ensure that the PC12 cells adhere to the
culture surface.

2. Harvest PC12 cells by trypsinization (see Subheading 2, steps
1–3) and pass through a 21-G needle to dissociate aggregates.

3. Count cells with a hemocytometer and seed them in the coated
24-well plate at 3 × 105/well in 500 μL DMEM/10% HS/5%
FBS. Prepare four wells for each amplicon stock to be titered.
Incubate overnight in a humidified 37 °C, 10% CO2 incubator.

4. The next day, change the medium, and add 0, 0.5, 1, 2, and
5 μL amplicon stock to the four wells. Incubate at 37 °C
overnight.

The uninfected well acts as a negative control for background
staining.

5. The following day, wash cells once with 500 μL PBS and fix
with 500 μL of 4% paraformaldehyde solution for ≥15 min at
room temperature.

If the paraformaldehyde is old (e.g., >7 days), or if the cells are
not fixed for a sufficient period of time, the cells will collapse
and shrink, causing background staining problems.

6. Wash cells once with 500 μL TBS (for immunocytochemistry).

Phosphate inhibits alkaline phosphatase. This is a critical issue if
using the antibody–alkaline phosphatase (AP) staining
procedure.

For immunocytochemical staining, use your favorite immunos-
taining protocol.

5.1.3 Record and

Analyze Data

1. Estimate the percentage of stained cells in one or more of the
wells infected for each amplicon stock, and use this information
to extrapolate the titer of the stock. For example, if 20% of the
cells in a well infected with 2 μL of the virus are stained, and if it
is assumed that each stained cell represents one infectious unit of
the virus, then it can be inferred that the 2 μL of virus contained
6 × 104 (20% of 3 × 105 cells plated/well) infectious units. Thus,
the titer of the stock would be 3 × 104 iu/μL or 3 × 107 iu/mL.

5.2 Reagents and

Solutions

Use deionized, distilled water in all recipes and protocol steps.

5.2.1 Alkaline

Phosphatase (AP) Buffer

100 mM Tris–HCl·Cl, pH 8.5.

150 mM NaCl.

5 mM MgCl2.

Store up to 1 year at room temperature.
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5.2.2 AP Substrate

Solution

Prepare a 50 mg/mL 5-bromo-4-chloro-3-indoyl phosphate
(BCIP) solution by dissolving one tablet (Sigma B-0274) in
0.5 mL 100% dimethylformamide. Prepare fresh.

Prepare a 10 mg/mL nitroblue tetrazoleum (NBT) solution by
dissolving one tablet (Sigma N-5514) in 1 ml of water. Prepare
fresh.

Make AP substrate solution by adding 330 μL NBT solution to
10 mL AP buffer (see recipe). Mix and then add 33 μL BCIP
solution. Prepare fresh.

5.2.3 Crystal Violet Stain Prepare a solution containing 0.5% (w/v) crystal violet and 0.2%
(w/v) sodium acetate. Adjust the pH to 3.6 with acetic acid
before bringing it to the final volume. Filter through 1 MM
Whatman paper and store for up to several months at room
temperature.

The stain can be reused several times.

5.2.4 Dulbecco’s

Modified Essential

Medium, Supplemented

Dulbecco’s modified essential medium (DMEM) (e.g., Corning cat.
no. 10-017-CM) contains:

1% (w/v) penicillin/streptomycin.

4 mM glutamine.

500 μg/mL G418 (neomycin analog, optional).

Store up to 2 months at 4 °C.

It is not necessary to maintain the cells in the presence of G418 at
all times. The authors have grown the cells without selective
pressure for at least short periods of time with good results.
Because G418 may affect cellular metabolism in ways other
than conferring G418 resistance, and because it is expensive,
the author often includes it in the medium only for the first
two passages of the cells after they are thawed, after which the
cells can be maintained without G418 for the remainder of
the packaging procedure.

It is important to note that this packaging procedure has been
optimized using Seradigm FBS. When another FBS is used,
the timing of the procedure changes significantly (e.g., fol-
lowing transfection and superinfection, the cells do not show
CPE for up to 48 h). Therefore, it is essential to use Seradigm
FBS throughout the packaging procedure.

5.2.5 Dulbecco’s

Phosphate-Buffered Saline

(D-PBS)

D-PBS and CMF-D-PBS are commercially available. For the pack-
aging procedure, especially, commercial D-PBS is strongly recom-
mended to ensure the utmost purity.
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5.2.6 Paraformaldehyde

Solution, 4% (W/V)

Add 20 g paraformaldehyde to 300mLH2O and heat to 55–60 °C.
Slowly add 1 M NaOH dropwise over ~10 min until the
solution becomes clear, then cool the solution to room tem-
perature. Use pH paper to check that the pH is 7.0–7.5 (add
more NaOH if necessary). Add 100 mL of 0.5 M sodium
phosphate buffer, pH 7.0, and then add water to a final volume
of 500 mL (final 0.1 M phosphate; final pH 7.0–7.5). Store up
to 1 week at 4 °C.

CAUTION: Paraformaldehyde is toxic, and the preparation pro-
cess involving heating results in considerable vaporization,
which increases the hazard. It is essential to use appropriate
safety procedures, such as working in a fume hood.

5.2.7 Plaque Agarose Prepare supplemented DMEM that is double-strength (2×), and
place it and a bottle of FBS into a 42 °C water bath. Prepare a
solution of molten 2% (w/v) tissue culture-grade agarose (e.g.,
SeaPlaque, FMC Bioproducts) in water and place it into the
42 °C water bath. Allow temperatures to equilibrate. Mix
reagents together at a ratio of 25:25:1 agarose/2× DMEM/
FBS. Prepare fresh, remove just before required, and use when
the temperature is <40 °C.

5.2.8 Poly-D-Lysine

Solution, 20 μg/mL

Prepare a 1 mg/mL stock solution of poly-D-lysine (mol.
wt. 70,000–150,000; Sigma) in water. Filter sterilize and
store up to a year or more at -20 °C. Dilute to 20 μg/mL in
water immediately prior to use.

5.2.9 Sucrose Solution,

60%, 30%, and 10% (W/V)

Place 100 mL of a 10× stock solution of CMF D-PBS into a 1 L
beaker. Add water to 750 mL. Then add 600 g sucrose, mix,
and add water to 1 L. Add 0.45mL of 2MMgCl2 and 0.25mL
CaCl2, for a final concentration 0f 0.1 g/L of each. Adjust pH
to 7.3–7.4 with 1 M NaOH. Filter the sucrose through a
0.45 μm unit. Make 30% and 10% solutions by diluting the
60% sucrose with D-PBS with calcium and magnesium. Store
up to 1 year at 4 °C. Warm the solutions to room temperature

Filtration of the sucrose solution is very slow; be patient.

6 Commentary

6.1 Background

Information

HSV-1 vector systems were historically limited by their cytotoxicity
and relatively low titers. Despite the fact that replication-
incompetent helper viruses cannot progress through the lytic
cycle in normal cells, cytotoxicity from toxins in the raw cellular
lysates could occur. An HSV-1 packaging protocol designed to
minimize cytotoxicity and optimize the ratio of vector to helper
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virus is presented in this unit. Viruses produced using this protocol
are not toxic [12–14], and a vector/helper virus ratio of 1:1 is
obtained.

The key features of this protocol are the use of an improved
helper virus/host cell combination, the utilization of LipofectA-
MINE 2000 and Plus Reagent (Life Technologies) rather than
calcium phosphate for transfection, and the purification and con-
centration of virus particles away from cellular debris following
generation of the crude viral lysate. IE2 (ICP27) deletion mutants,
particularly the 5dl1.2 helper virus/2–2 host cell combination used
in the present protocol, have been shown to be more effective in the
packaging procedure than other helper viruses/host cell combina-
tions [13] and virtually never generate wild-type HSV-1. (This
author has done thousands of preparations using this helper/virus
combination for over 27 years and has never detected wild type
virus). Transfection of vector DNA was found to be more efficient
and reproducible using LipofectAMINE rather than the calcium
phosphate method [15]. Finally, the purification of the virus away
from cellular debris on discontinuous sucrose gradients and con-
centration by ultracentrifugation (as described in this unit) elimi-
nated cytotoxicity and increased the titers of the virus stocks.

6.2 Critical

Parameters and

Troubleshooting

Different helper viruses and the appropriate complementary cell
lines may be used. The authors have used two systems not described
in this unit: the IE 3 deletion mutant d120 grown on E5 cells and
the IE 3 deletion mutant D30EBA grown on RR1 cells [15]. How-
ever, packaging with either of these two systems usually yields titers
~tenfold lower than when the 5dl1.2/2–2 system is used. The
vector/helper ratio is also consistently lower using the IE 3 deletion
mutants than when the IE 2 mutant 5dl1.2 is used. These differ-
ences are likely related to differential efficiency of growth of the
different mutants since packaging with wild-type HSV-1 yields very
high vector/helper ratios.

6.2.1 Choosing the Right

Helper Virus and Host Cell

Combination

6.2.2 Optimizing

Transfection and Infection

Efficiencies

Precise knowledge of the growth state of the cells is crucial for
ensuring good efficiencies of transfection and infection. This fact
cannot be overemphasized. As a guideline, do not split the cells
2 days a row. The cells should be washed at least twice with Ca+2-
and Mg+2-free DPBS (CMF-DPBS) before they are treated with
TrypLE for 10min.Maintain the cells at 37 °C in a humidified, 10%
CO2 incubator in supplemented DMEM with 10% (v/v) FBS.
When a fresh aliquot of cells is thawed, it should be passaged at
least two times before the cells are plated for transfection. Be careful
always to keep the cells from growing past confluence; if the cells
grow past confluence, they become suboptimal for transfection and
for infection by virus and should be discarded.

High transfection efficiency is important to obtain good vector
titers. Cells should be 80% confluent when they are transfected.
Transfection with LipofectAMINE 2000 and Plus Reagent results
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in higher packaging efficiencies than with other reagents such as
Lipofectin or calcium phosphate. DNA quality is another important
variable. The DNA used for the transfection must be prepared by
Qiagen columns or their equivalent. The final titer of the vector
virus depends directly on the efficiency of the initial transfection.

As a control for transfection efficiency, always package a sample
of HSV expressing a fluorescent protein so that you can simply
visualize fluorescence in live cells. At the time of the P0 harvest,
following transfection, and following superinfection with a helper
virus, the lysate may be titered for vector on PC12 cells. Do not
continue with preparations that have titers <104 iu/mL.

6.2.3 Optimizing the

Packaging Procedure

The freeze/thaw cycles of the viral lysates must be done in poly-
propylene tubes, as polystyrene tubes will crack, and the resultant
direct contact of the lysate with CO2 will lower the pH of the
medium and make the virus inviable. However, the lysates must
be transferred to polystyrene tubes for the sonication because cup
sonicators are ineffective on samples in polypropylene vessels.

Maintain sterile technique throughout the packaging
procedure.

6.2.4 Maintaining Virus

Viability

Virus particles are thermolabile. Up to 50% loss in titer can be
expected after storage of unpurified virus at -70 °C for 1 year,
although only ~10–20% loss in titer is seen after 1 year for sucrose
gradient-purified virus. Storage of the virus at -80 °C or lower will
prevent complete loss of titer over time. Concentrated virus in
high-protein solutions has higher stability. After one thawing and
refreezing of the virus stored at 80 °C, less than 10% loss can be
expected, depending on the size of the aliquot, ambient tempera-
ture, and other factors. Thaw the virus rapidly in a 37 °Cwater bath
and refreeze in a dry ice/ethanol bath. As a rule, do not thaw and
refreeze a given aliquot of the virus more than four times.

6.3 Anticipated

Results

Thorough characterization of the viral vector stock involves mea-
suring infectious vector units per milliliter (iu/mL) on PC12 cells
(see Subheading 5), as well as measuring helper plaque-forming
units per milliliter (pfu/mL) on 2–2 cells (see Subheading 3). The
best viral stocks have a vector titer of 2–5 × 108 iu/mL and a
vector/helper virus ratio of 1:1.

6.4 Time

Considerations

After each infection, the time that must elapse to achieve cytopathic
effects in 95% of the cells (95% CPE) is variable, usually ranging
from 21 to 24 h. It is critical to monitor the cells at all times and to
resist the temptation to harvest the virus prematurely. Vector titers
of 5 × 108 iu/mL and a vector/helper ratio of 1:1 can be obtained
only if care is taken throughout the procedure to infect and harvest
the cells at the appropriate times. The cells should be just confluent
when they are infected and should show 95% CPE when they are
harvested.
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If performed without interruption, the packaging procedure
can be performed in as few as 9 days from plating for transfection to
obtaining sucrose gradient-purified virus (see Subheading 6.5
below). Because of the necessity of maintaining large numbers of
confluent cells for the successive passages of the virus during the
packaging procedure, it is logistically easiest to move through the
procedure without breaks. However, if the procedure must be
performed in stages, the crude virus lysates may be stored at ≤-
70 °C after any or all of the virus harvests without affecting the final
yield of the virus.

6.5 Packaging

Schedule

Two days before transfection:

– Plate packaging cells at 3 × 105 per 60 mm tissue culture
plate (P0).

–

Day 1:

Perform transfections.

– Plate packaging cells at 5 × 105 per 60 mm tissue culture plate
for P1 infection.

–

Day 2:

Perform superinfection with a helper virus.

– Plate packaging cells at 1.2 × 106 per 100 mm tissue culture
plate (2 plates per sample) for P2 infection.

–

Day 3:

Harvest P0.

– Infect P1.

– Plate packaging cells at 1.2 × 106 per 100 mm tissue culture
plate (6 plates per sample) for P3 infection.

–

Day 4:

Harvest P1 by osmotic lysis.

– Infect P2.

–

Day 5:

Harvest P2 by osmotic lysis.

– Infect P3.

–

Day 6:

Harvest P3 by scraping up cells.
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Chapter 4

Generation and Application of Engineered Rabies Viral
Vectors for Neural Circuit Research

Masahiro Yamaguchi, Moe Iwata, Riki Kamaguchi,
and Fumitaka Osakada

Abstract

To understand how the brain functions, it is essential to reveal how neural circuits in the brain give rise to
perception, cognition, and behavior. Neural circuits in the brain operate over a vast range of spatiotemporal
and computational scales, from high-level circuits that integrate information across multiple regions of the
brain to microcircuits that perform simple input/output transformations within a specialized brain struc-
ture. Because naturally occurring rabies viruses (RABV) have a unique property in their ability to spread
trans-synaptically between neurons in the retrograde direction, they are extremely valuable for elucidating
neural circuits. Genetic modifications of RABV restrict target cell types and control trans-synaptic viral
spread, allowing cell-type-specific monosynaptic circuit tracing in the brain. The monosynaptic circuit
tracing system is based on the conditional expression of EnvA/TVA-targeting systems for directing the
initial infection of G-deleted RABV vectors (RABVΔG) to particular cell types and complementation of
RABV glycoprotein (RABV-G) in trans for trans-synaptically labeling directly connected, presynaptic
neurons with RABVΔG. Herein, we introduce a step-by-step protocol for generating RABVΔG to study
the circuit structure and function of normal and diseased brains.

Key words G-deleted rabies viral vectors, Trans-synaptic tracing system, Neural circuit, Brain

1 Introduction

1.1 History of

Neuroanatomy

One of the major goals of neuroscience is to understand how the
brain works to generate perception, cognition, and behavior. Neu-
ral circuits comprise networks of specific cell types that interact via
long-range projections and local connections in precise patterns to
perform computations responsible for perception, cognition, and
behavior [1–3]. Therefore, unveiling the structure and function of
neural circuits is pivotal to understanding how a normal brain
functions and how a diseased brain malfunctions. Historically,
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neuroscientists have employed anatomical studies to map neuronal
connections between areas using anterograde and retrograde
chemical tracers, revealing macroscale-wiring diagrams of the
brain [4]. Those anatomical studies combined with electrophysio-
logical recordings and lesion studies have contributed to our under-
standing of a global overview of the brain circuit architecture and
function, including area function and information processing path-
ways. However, such conventional tracers did not have sufficient
resolution to reveal neuronal connectivity at the level of cell types.

1.2 Application of G-

Deleted Rabies Virus

(RABVΔG) for Neural
Circuit Tracing

Wild-type rabies viruses (RABV) are beneficial for studying neural
circuits because the vectors spread trans-synaptically between neu-
rons, exclusively in the retrograde direction, making it possible to
map neuronal connections in the brain [4–6] (Figs. 1a and 2a).
Rabies glycoprotein (RABV-G) is essential for viral packaging and
trans-synaptic spread [7, 8]. Therefore, deleting the RABV-G gene
from the rabies viral genome allows both trans-synaptic spread
control and target-specific infection [9–11] (Figs. 1b, c and 2a).
The RABVΔG cannot spread following the initial infection unless
an alternative source of RABV-G is present (Fig. 1b). However,
supplying the missing RABV-G in trans in cells infected with
RABVΔG permits the generation of new viral particles and

A B

TVA RABV-GUnpseudotyped RABV�G EnvA-pseudotyped RABV�G

Fig. 1 Scheme of RABVΔG tracing. (a) Polysynaptic viral spread of wild-type rabies virus (RABV) in the nervous
system. RABV particles display RABV-G on their surface, allowing them to infect presynaptic nerve terminals
via receptors for RABV-G in the retrograde direction (red). RABV has broad tropism and can infect various
neuronal types across mammalian species. (b) Deleting the RABV-G gene from the rabies viral genome
eliminates trans-synaptic spread and endows the pseudotyping, allowing targeting of a particular cell subset
using the EnvA/TVA system. EnvA-pseudotyped RABVΔG infects only TVA-expressing cells in mammals
(yellow) because mammalian cells do not endogenously express TVA. (c) Monosynaptically restricted labeling
of presynaptic networks of a particular cell subset with RABVΔG. When EnvA-pseudotyped RABVΔG infects
neurons expressing TVA and RABV-G (yellow), transcomplementation with RABV-G allows RABVΔG to trans-
synaptically spread to their presynaptic neurons (red)
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Fig. 2 Genomes of rabies viruses and RABVΔG vectors. (a) The genomes of wild-
type and G-deleted rabies viruses. RABV is a non-segmented negative-stranded
RNA virus belonging to the family Rhabdoviridae. The virion structure is a bullet-
shaped particle, approximately 100–430 nm long and 45–100 nm in diameter.
The rabies viral genome comprises single-stranded, linear, negative-sense RNA,
11–12 kb long. The five viral proteins N, P, M, G, and L are encoded in the
genome in the order of 3′-N-P-M-G-L-5′. Additionally, two foreign genes can be
inserted into the RABVΔG genomic vectors. N nucleoprotein, P phosphoprotein,
M matrix protein, G glycoprotein, L large protein. (b) Map of the RABVΔG vector
pSAD-B19ΔG-F3. One or two foreign genes can be inserted into the RABVΔG
genomic vectors. Red and purple boxes indicate transcription start and stop
sequences, respectively. Further information on pSAD-B19ΔG-F3 is provided in
a previous publication by Osakada et al

subsequent infection of monosynaptic input cells directly
connected to the initially infected neurons (Fig. ). RABVΔG
can be pseudotyped with non-native envelope proteins to alter its
tropism. For selectively targeting desired cell types in mammals,
RABVΔG can be pseudotyped with an envelope protein from the
avian sarcoma leukosis viruses, EnvA, which specifically binds to the
avian-specific receptor TVA [ , ]. Targeted expression of TVA in
desired cell types allows specific infection with EnvA-pseudotyped
RABVΔG (EnvA-RABVΔG) (Fig. ). Using a combination of
RABV-G and TVA, complementation of RABV-G in trans in
TVA-expressing neurons enables the trans-synaptic spread of
RABVΔG to directly connect neurons presynaptic to the TVA-
and RABV-G-expressing neurons (Fig. ). For multiplex1c

1b

109

1c

. [11]
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RABVΔG tracing, RABVΔG pseudotyped with oEnvA, oEnvB, or
oEnvE, engineered envelope proteins derived from the avian sar-
coma leukosis viruses, can be used for targeting discrete cell popu-
lations expressing oTVA, oTVB, or oTVE in the mammalian brain,
respectively [12]. Using the RABVΔG tracing along with molecu-
lar tools, such as calcium/voltage sensors, neurotransmitter/neu-
romodulator sensors, optogenetic channels, or chemogenetic
receptors, makes it possible to monitor and manipulate the activ-
ities of connectionally defined neuronal populations and relate
neuronal connectivity to function [11, 13–16].

1.3 Overview and

Rationale of Protocols

The development of methods for constructing genetically altered
negative-strand RNA viruses de novo from cDNA has allowed the
production of recombinant RABVΔG [7, 10–12, 17] (Fig. 2b).
The SAD-B19 strain of RABV has been widely used as recombinant
RABVΔG for neuroscience research [9–11]. For virus recovery
from DNA plasmids (Subheading 3.1), the full-length positive-
sense RNA of the viral genome is transcribed from a RABV geno-
mic plasmid by T7 polymerase [10, 11] (Fig. 2b and step 1 in
Fig. 3). The 5′ and 3′ ends of the viral genome are processed by
ribozymes. Deleting the G gene from the viral genome causes the
inability to spread between neurons in the nervous system6. For
virus production in vitro (Subheadings 3.1 and 3.2), RABV-G-
expressing cells, namely B7GG cells, are used to propagate and
generate RABVΔG particles coated with RABV-G by trans-
complementation (steps 2 and 3 in Fig. 3). RABVΔG can be
pseudotyped to produce particles with non-native envelope pro-
teins and to alter its tropism. RABVΔG pseudotyped with oEnvA,
oEnvB, or oEnvE specifically infects cells expressing oTVA, oTVB,
or oTVE, respectively [12]. For in vitro generation of pseudotyped
RABVΔG (Subheading 3.3), BHK cells expressing EnvA are used
to grow RABVΔG coated with EnvA by replacement of the enve-
lope (step 4 in Fig. 3). Herein we describe a protocol for generating
EnvA-RABVΔG in BHK-EnvA cells. The protocol is applicable for
pseudotyping with oEnvB or oEnvE [12]. For in vivo injection
(Subheading 3.4), unpseudotyped RABVΔG and EnvA-RABVΔG
are concentrated by ultracentrifugation (step 5 in Fig. 3). Notably,
the efficiency and purity of pseudotyped RABVΔG rely on the skills
of experimenters. The viral titer and purity need to be determined
for every viral preparation (Subheading 3.5 and step 6 in Fig. 3).
Measurement of infectious titers on cells, but not genomic titers by
qPCR, is required because qPCR cannot distinguish pseudotyped
RABVΔG from unpseudotyped RABVΔG that might be present in
contaminated preparations. The preparation of pseudotyped
RABVΔG contaminated with unpseudotyped RABVΔG will lead
to a non-selective infection and should be discarded.
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Step 1 : Construction of RABV�G genomic plasmids

Step 2 : Recovery of RABV�G from DNA plasmids

Step 3 : Amplification of RABV�G

Step 4 : Pseudotyping of RABV�G with EnvA

Step 5 : Concentration of viruses

Step 6 : Titration of viruses

Transfect B7GG cells with RABV�G
genomic and helper (N, P, L, G) plasmids.
Collect supernatant containing viral particles.

Apply supernatant of 
unpseudotyped RABV�G to B7GG cells.
Collect supernatant containing RABV�G.

Apply supernatant of 
unpseudotyped RABV�G to BHK-EnvA cells.
Collect supernatant containing EnvA-RABV�G.

Spin down supernatant from Step 3 or 4 
by ultracentrifugation.

Infect HEK-293T cells and HEK-TVA cells
with serially diluted viruses.
Measure viral titer (infectious units/mL).

B7GG cells: BHK-21 cells expressing T7 polymerase and RABV-G. 

BHK-EnvA cells: BHK-21 cells expressing EnvA. 

Insert transgenes in pSAD-B19�G-F3 vector.

B7GG cells: BHK-21 cells expressing T7 polymerase and RABV-G. 

Fig. 3 Overview of production procedures. The generation of RABVΔG consists of six steps as follows: the
construction of rabies viral genome, recovery of RABVΔG from plasmids (Subheading 3.1), amplification of
RABVΔG in B7GG cells (Subheading 3.2), pseudotyping of RABVΔG in BHK-EnvA cells (Subheading 3.3), the
concentration of RABVΔG (Subheading 3.4), and titration of viruses (Subheading 3.5)
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2 Materials

Cells

B7GG cells: BHK-21 cells expressing T7 RNA polymerase, RABV-
G, and histone-tagged GFP.

BHK-EnvA cells: BHK-21 cells expressing oEnvA, a chimeric enve-
lope protein consisting of extracellular and transmembrane
domains of EnvA fused to the cytoplasmic domain of RABV-G.

HEK293T cells: ATCC, cat. no. CRL-11268. These cells are used
to titer unpseudotyped RABVΔG.

HEK293T-TVA800 cells: HEK293T-TVA800 cells are derived
from HEK293T cells and express TVA. These cells are used to
titer EnvA-RABVΔG.

Plasmids

pSADΔG-F3 (Addgene, ID. 32634).

pcDNA-SADB19N (Addgene, ID. 32630).

pcDNA-SADB19P (Addgene, ID. 32631).

pcDNA-SADB19L (Addgene, ID. 32632).

pcDNA-SADB19G (Addgene, ID. 32633).

Reagents

Fetal bovine serum (FBS; Sigma, cat. no. F7524): heat inactivation
was carried out at 56 °C for 30 min, and FBS was divided into
aliquots and stored at -20 °C for up to 1 year.

IMPORTANT: We recommend testing several lots beforehand and
using the best lot. Generate viruses with several lots of FBS,
compare their viral titers between lots, and select the best lot
with the highest viral titer.

DMEM (Wako, cat. no. 043-30085).

Dulbecco’s PBS, no calcium, no magnesium (PBS; Wako, cat.
no. 045-29795).

0.25% Trypsin-EDTA (Wako, cat. no. 201-16945): divided into
aliquots and stored at -20 °C for up to 1 year.

Hank’s balanced salt solution, no calcium, no magnesium, without
phenol red (HBSS, Wako, cat. no. 085-09355)

Lipofectamine 2000 (Thermo, cat. no. 11668-019)

20% Sucrose/HBSS: Mix 10 g of sucrose with 5 mL of 10× HBSS,
adjust the total volume to 50 mL with distilled water and
sterilize the solution by passing it through a 0.22 μm filter.
The solution can be stored at 4 °C for several months.
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Supplies

Plastic disposable pipettes (5, 10, 25, and 50 mL) (Thermo Scien-
tific Nunc, cat. nos. 170355N, 170356N, 170357N, and
170358N, respectively).

Tubes (15 and 50 mL) (Thermo Scientific Nunc, cat. nos. 339650
and 339652, respectively).

Cryo vial (5 mL outer screw) (Simport, cat. no. T308-5A).

Culture dish (100 and 150 mm) (Thermo, cat. nos. 150466 and
150468).

24-well culture plate (Thermo Scientific, cat. no. 142475).

Vacuum filtration system (Steri filter unit with cap, Durapore low
protein binding, 0.45 μm pore size, 250 mL) (Millipore, cat.
no. S2HVU02RE).

Centrifuge tube, large (Beckman, cat. no. 326823).

Centrifuge tube, small (Beckman, cat. no. 326819).

Equipment

Biological safety cabinet (Panasonic, Thermo, or equivalent).

Incubators (37 °C and 5% CO2 and 35 °C and 3% CO2) for cell
culture (Panasonic, Thermo, or equivalent).

Water bath.

Fluorescence microscope for cell culture (Zeiss, Nikon, or
equivalent).

Centrifuge (Tomy, Kubota, or equivalent).

Ultracentrifuge (Beckman, cat. no. Optima XE-90).

Rotor with buckets (Beckman, cat. no. SW28).

Rotor with buckets (Beckman, cat. no. SW55).

Culture Medium

10% FBS-containing DMEM (DMEM/10% FBS): add 50 mL of
FBS to 450 mL of DMEM and store at 4 °C for up to 3 weeks.

1% FBS-containing DMEM (DMEM/1% FBS): add 5 mL of FBS
to 495 mL of DMEM and store at 4 °C for up to 3 weeks.

3 Step-by-Step Protocols for RABVΔG Production

3.1 Recovery of

RABVΔG from cDNA

(1) Day 0 (seeding of B7GG cells)

1. Prepare a confluent culture of B7GG cells in a 100mm dish
(typically in the evening).
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IMPORTANT: Use a sterile technique for cell culture.
Replace pipettes every time to avoid cross-contamination.
Do not allow the cells to remain without media for more
than a few minutes. Carefully label all dishes, tubes, and
bottles. To avoid cross-contamination between viruses, do
not handle multiple viral preps at a time.

IMPORTANT: Create frozen stocks of B7GG cells at
low passage.

2. Aspirate the medium from the dish using a Pasteur pipette
and wash the dish with 10 mL of PBS prewarmed to 37 °C.

3. Add 5 mL of prewarmed 0.25% trypsin-EDTA and incu-
bate the dish at 37 °C for 3 min.

4. Confirm that the cells are detached from the dish by
tapping the dish; then, add 5 mL of DMEM, dissociate
the cells by pipetting, and collect the cell suspension in a
50 mL conical tube.

5. To collect the remaining cells from the dish, apply an
additional 5 mL of DMEM/10% FBS, and transfer the
cell suspension into the 50 mL tube.

6. Centrifuge the 50 mL tube for 3 min at 174 × g
(1000 rpm).

7. Aspirate the supernatant carefully, apply 10 mL of pre-
warmed DMEM/10% FBS, and dissociate the suspension
into single cells by pipetting.

8. Count the cell number using a hemocytometer and calcu-
late the cell density of the suspension. Then, prepare cell
suspension at 3.3 × 105 cells/mL using DMEM/10% FBS.

9. Apply 10 mL of the cell suspension onto a new 100 mm
dish. Then, incubate the dish at 5% CO2 and 37 °C. This
day is defined as day 0 of the Subheading 3.1.

IMPORTANT: Low confluency at the time of trans-
fection results in poor cell survival and low transfection
efficiency. Higher confluency (approximately 80%) is desir-
able for viral recovery.

(2) Day 1 (transfection; preferably performed in the morning)

1. Aspirate the medium from the dish of B7GG cells seeded
on day 0, add 6 mL of prewarmed FBS-free DMEM, and
return the dish to the incubator. Prepare two 50 mL tubes
(tubes A and B) and add 1.25 mL of prewarmed OPTI-
MEM to each of them.

2. Prepare the transfection mixes as follows: add 30 μg o
pSADΔG-DsRed, 15 μg of pcDNA-SADB19N, 7.5 μg of
pcDNA-SAD-B19P, 7.5 μg of pcDNA-SADB19L, and



5 μg of pcDNA-SADB19G to 1.25 mL of OPTI-MEM of
tube A. Add 112.5 μL of lipofectamine 2000 to 1.25 mL of
OPTI-MEM of tube B.
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3. Vortex each tube four times for 3 s and let both tubes stand
at room temperature for 5 min.

4. Add the contents of tube A to tube B; then, vortex tube
A + B five times for 3 s, and let tube A + B stand at room
temperature for 15 min.

5. Add 2.5 mL of the transfection mix (tube A + B) evenly in a
dropwise manner onto the 100 mm dish of B7GG cells
prepared at step 1. Incubate the dish at 37 °C in 5% CO2.

6. Six hours later, aspirate the medium, wash the dish with
10 mL of prewarmed PBS, and add 10 mL of DMEM/
10% FBS. Then, incubate the dish at 37 °C in 5% CO2.

IMPORTANT: Examine cell conditions and fluores-
cent protein expression under a fluorescence microscope
daily to assess infection efficiency and viral spread.

(3) Day 2

1. Remove the medium from the 100 mm dish of B7GG cells
transfected on day 1 and add 5 mL of PBS prewarmed at
37 °C.

IMPORTANT: Do not aspirate the medium contain-
ing viruses because there is a possibility of aerosol spread.

2. Remove the PBS and add 2 mL of prewarmed 0.25%
trypsin-EDTA. Incubate the dish at 37 °C for 3 min.

3. Detach the cells from the dish by tapping, add 1 mL of
DMEM/10% FBS prewarmed at 37 °C, dissociate the cells
into single cells by pipetting them, and collect the cell
suspension in a 50 mL conical tube.

4. Add 2 ml of DMEM/10%FBS to collect the remaining
cells and transfer the media to the 50 mL conical tube.

5. Centrifuge the tube at 174 × g (1000 rpm) for 3 min.

6. Remove the supernatant, apply 1 mL of DMEM/10% FBS,
and resuspend the pellet by pipetting.

7. Add 23 mL of DMEM/10% FBS to the tube and plate the
24 mL of cell suspension in a new 150 mm dish. Incubate
the dish at 5% CO2 and 37 °C after gently shaking the dish
to make the cell distribution uniform.

(4) Day 3 (changing the medium)

1. Remove the supernatant from the 150 mm dish of B7GG
cells, add 24 mL of new DMEM/1% FBS prewarmed at
37 °C, and incubate at 35 °C in 3% CO2 (Fig. 4a).
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Fig. 4 Recovery of RABVΔG-DsRed from DNA plasmid. (a–d) Photomicrographs represent typical examples of
recovery of RABVΔG-DsRed in B7GG cells on day 3 (a), day 4 (b), day 6 (c), day 7 (d), and day 11 (e). Scale bar:
200 μm
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(5) Day 4

1. Examine cell conditions and fluorescent protein expression
under a fluorescence microscope (Fig. 4b).

(6) Day 5 (addition of medium)

1. Add 4 mL of prewarmed DMEM/1% FBS into the dish
(totally 28 mL of media in the dish) and incubate at 35 °C
in 3% CO2 for 2 days.

(7) Day 6

1. Examine cell conditions and fluorescent protein expression
under a fluorescence microscope (Fig. 4c).

(8) Day 7 (the first collection of virus supernatant and change
medium)

1. Collect the supernatant from the 150 mm dish in a 50 mL
tube and add 24 mL of fresh prewarmed DMEM/1% FBS
to the 150 mm dish. Incubate the dish at 35 °C in 3% CO2

(Fig. 4d).

2. Centrifuge the collected virus supernatant at 694 × g
(2000 rpm) for 10 min.

3. After centrifugation, collect about 28 mL of the superna-
tant carefully into a new 50 mL tube. Store the harvested
virus supernatant at 4 °C.

(9) Day 9 (addition of medium)

1. Add 4 mL of fresh DMEM/1% FBS to the 150 mm dish
and incubate at 35 °C in 3% CO2.

(10) Day 11 (the second collection of virus supernatant)

1. Collect the second supernatant from the 150 mm dish in a
50 mL tube and centrifuge at 694 × g (2000 rpm) for
10 min (Fig. 4e).

2. After centrifugation, carefully collect the supernatant into a
new 50 mL tube. Store the harvested supernatant at 4 °C.

3.2 Amplification of

RABVΔG
<Amplification-1>

(1) Day 0 (seeding of B7GG cells)

1. Seed B7GG cells onto three 150 mm dishes at 8.0 × 102

cells/mm2. This day is defined as day 0 of 3.2.
Amplification-1 section.

(2) Day 1 (viral infection of B7GG cells)

1. Prepare three 150 mm dishes of 60–70% confluent B7GG
cells (typically in the morning) on day 1. Aspirate the
medium from the dish and add 3 mL of fresh DMEM/
10% FBS prewarmed at 37 °C.



62 Masahiro Yamaguchi et al.

2. Mix the first and second supernatant (collected at Sub-
heading 3.1, Recovery steps) and split the mixed superna-
tant into three parts; apply ~16 mL of the mixture to each
150 mm dish.

3. Maintain the dishes under a fully humidified atmosphere at
35 °C in 3% CO2 for 6 h.

4. Six hours later (typically in the evening), remove culture
media from the three dishes using a pipette and add 24 mL
of prewarmed DMEM/1% FBS to each dish. Incubate the
dishes at 35 °C in 3% CO2.

(3) Day 2

1. Examine cell conditions and fluorescent protein expression
under a fluorescence microscope to assess the initial infec-
tion efficiency (Fig. 5a).

(4) Day 3 (addition of medium)

1. Add 4 mL of fresh DMEM/1% FBS to each of the three
150 mm dishes of B7GG cells infected on day 1 (Fig. 5b).
Incubate the dishes at 35 °C in 3% CO2.

Fig. 5 Amplification of RABVΔG-DsRed. (a–d) Photomicrographs represent typical examples of amplification
of RABVΔG-DsRed in B7GG cells on day 2 (a), day 3 (b), day 5 (c), and day 7 (d). Scale bar: 200 μm
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(5) Day 5 (the first collection of virus supernatant and addition of
medium)

1. Collect the supernatant from the three 150 mm dishes into
two 50 mL tubes.

2. Add 24 mL of fresh DMEM/1% FBS prewarmed at 37 °C
to each of the three 150 mm dishes (Fig. 5c). Incubate the
three dishes at 35 °C in 3% CO2.

3. Centrifuge the collected virus supernatant at 694 × g
(2000 rpm) for 10 min.

4. After centrifugation, carefully collect supernatant into two
new 50 mL tubes and discard pellets. Store the harvested
supernatant at 4 °C.

(6) Day 7 (the second collection of virus supernatant)

1. Collect supernatant from the three 150 mm dishes of
B7GG cells in two 50 mL tubes (Fig. 5d).

2. Centrifuge the collected supernatant at 694 × g
(2000 rpm) for 10 min.

IMPORTANT: Almost all cells must express DsRed
for reaching an adequate titer.

3. After centrifugation, carefully collect the supernatant into
two new 50 mL tubes and discard pellets. Store the har-
vested supernatant at 4 °C.

<Amplification-2>

(1) Day 0 (seeding of B7GG cells)

1. Seed B7GG cells at 8.0 × 102 cells/mm2 onto ten 150 mm
dishes. This day is defined as day 0 of 3.2. Amplification-
2 section.

(2) Day 1 (viral infection of B7GG cells)

1. Prepare ten 150 mm dishes of 60–70% confluent B7GG
cells (typically in the morning) on day 0. Aspirate the
medium from the dishes and add 3 mL of fresh DMEM/
10% FBS prewarmed at 37 °C to each dish.

2. Mix the first and second supernatant (collected at Sub-
heading 3.2, Amplification-1 step), split the mixed super-
natant into three parts, and apply ~16 mL of the mixture to
each 150 mm dish. Maintain the dishes under a humidified
atmosphere at 35 °C in 3% CO2 for 6 h.

3. Six hours later, remove the medium from the ten dishes
and add 24 mL of prewarmed DMEM/1% FBS to
each dish. Incubate the dishes at 35 °C in 3% CO2 for
3 days.
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(3) Day 2

Examine cell conditions and fluorescent protein expression
under a fluorescence microscope to assess the initial infec-
tion efficiency.

(4) Day 4 (addition of medium)

1. Add 4 mL of fresh DMEM/1% FBS to the ten 150 mm
dishes of B7GG cells infected on day 1. Incubate the dishes
at 35 °C in 3% CO2.

(5) Day 6 (collection of the virus supernatant)

1. Collect the ten 150 mm dishes of B7GG cells, which were
added to medium on day 4, and split them into five 50 mL
tubes.

IMPORTANT: Almost all cells must express DsRed to
reach an adequate high titer.

2. Centrifuge the collected virus supernatant at 694 × g
(2000 rpm) for 10 min.

3. After centrifugation, collect the supernatant carefully and
filter the supernatant using a 0.45 μm filter.

4. Move to Subheading 3.3 for pseudotyping RABVΔG with
EnvA or to Subheading 3.4 for concentrating supernatant
containing unpseudotyped RABVΔG.

IMPORTANT: Make frozen stocks of the viral super-
natant (4.5 mL/cryotube) and record their amplification
number; also, store at -80 °C. Amplify RABVΔG using
the frozen stocks of viral supernatant by applying 4.5 mL of
the frozen stock to a 150 mm dish of B7GG cells.
RABVΔG is amplified in B7GG cells so that viral recovery
from the plasmid DNA every time is not required. It is ideal
for creating low-passage frozen stocks to avoid mutation
accumulation in the rabies viral genome.

3.3 Pseudotyping of

RABVΔG with EnvA

(1) Day 0 (seeding of BHK-EnvA cells)

1. Prepare three confluent 150 mm dishes of BHK-EnvA cells
to prepare ten 150 mm dishes of BHK-EnvA cells at
8.0 × 102 cells/mm2 that will be at a 60% confluence the
next day (typically in the morning). This day is defined as
day 0 of Subheading 3.3.

(2) Day 1 (viral infection of BHK-EnvA cells)

1. Prepare ten 150 mm dishes of 60–70% confluent
BHK-EnvA cells (typically in the morning) on day 1 and
aspirate the medium from the ten dishes of BHK-EnvA
cells with a Pasteur pipette. Then, add 3 mL of fresh
DMEM/10% FBS prewarmed at 37 °C.
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2. Add 20 mL of the unpseudotyped RABVΔG prewarmed at
37 °C (collected at Subheading 3.2, Amplification-2 steps)
into each dish. Maintain the dishes under a humidified
atmosphere at 35 °C in 3% CO2 for 6 h.

IMPORTANT: The recommended amount for initial
infection efficiency is an MOI of 0.9–1.0.

3. Six hours later, remove the medium from the five dishes.
IMPORTANT: To protect the cells from unwanted

stress, divide eight dishes into two parts and change the
media from five dishes at a time. Repeat the procedure for
the remaining five dishes later.

4. Add 20 mL of PBS prewarmed at 37 °C into each of the
five dishes and wash the dishes to remove unpseudotyped
virus added to the dishes.

IMPORTANT: Washing with PBS, trypsinization, and
subsequent centrifugation to remove unnecessary unpseu-
dotyped RABVΔG viral particles are critical steps to obtain
high-purity EnvA-RABVΔG preparations.

5. Add 20 mL of PBS prewarmed at 37 °C into each dish and
wash the dishes to remove unpseudotyped virus added to
the dishes.

6. Remove PBS, add 4.5 mL of 0.25% trypsin-EDTA pre-
warmed at 37 °C, and incubate the dishes at 37 °C for
3 min.

7. Confirm that the cells are detached from the dish by
tapping the dish; then, add 4 mL of DMEM/10% FBS,
dissociate the cells by pipetting, and collect the cell suspen-
sion in a 50 mL conical tube (about 40 mL).

8. To collect the remaining cells on the dishes, apply 7 mL of
the medium to the first dish; transfer the cell suspension to
the second, third, fourth, and fifth dish. Then, transfer the
cell suspension to the 50 mL tube (about 50 mL of cell
suspension in total).

9. Centrifuge the 50 mL tube for 3 min at 174 × g
(1000 rpm).

10. Remove the supernatant of the 50 mL tube, resuspend
with 10 mL of DMEM/10% FBS, and centrifuge the
50 mL tube for 3 min at 174 × g (1000 rpm).

11. During centrifugation, apply 18 mL of fresh DMEM/10%
FBS to five new 150 mm dishes.

12. Remove the supernatant of the 50 mL tube, resuspend
with 10 mL of DMEM/10% FBS, and split the cell suspen-
sion into five parts to add 62 mL to the five 150 mm dishes
(20 mL of media per dish in total). Maintain the five dishes
under a humidified atmosphere at 37 °C in 5% CO2.
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Fig. 6 Pseudotyping of RABVΔG-DsRed. (a–d) Photomicrographs represent typical examples of pseudotyping
of RABVΔG-DsRed in BHK-EnvA cells on day 2 (a), day 3 (b), day 4 (c), and day 6 (d). Scale bar: 200 μm

13. Perform Procedures 3–12 in Subheading 3.3 (2) for the
remaining five dishes to finally obtain ten 150 mm dishes
of virus-infected BHK-EnvA cells in total.

(3) Day 2 (changing the medium)

1. Remove the medium from five dishes of virus-infected
BHK-EnvA cells. Add 24 mL of fresh DMEM/10% FBS
prewarmed at 37 °C (Fig. 6a). Maintain the dishes under a
humidified atmosphere at 35 °C in 3% CO2.

IMPORTANT: Do not change the media from all
10 dishes at a time to avoid drying of cultured cells on
dishes. Instead, change the media from approximately five
dishes at a time.

2. Repeat Procedure 1 for the remaining five dishes of virus-
infected BHK-EnvA cells.

(4) Day 3

1. Examine cell conditions and fluorescent protein expression
under a fluorescence microscope to assess the initial infec-
tion efficiency (Fig. 6b).
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(5) Day 4 (addition of medium)

1. Add 4 mL of fresh DMEM/10% FBS to the ten 150 mm
dishes of BHK-EnvA cells (Fig. 6c). Incubate at 35 °C in
3% CO2.

(6) Day 6 (collection of the virus supernatant)

1. Collect the supernatant from the ten 150 mm dishes of
BHK-EnvA cells and split them into five 50 mL tubes
(Fig. 6d).

2. Centrifuge the collected virus supernatant at 694 × g
(2000 rpm) for 10 min.

3. After centrifugation, collect the supernatant carefully and
filter the supernatant using a 0.45 μm filter.

4. Move to Subheading 3.4.

3.4 Concentration of

the Viral Supernatant

1. For the first centrifugation, use the Beckman SW28 rotor.

2. Place six centrifuge tubes in six buckets of the SW28 rotor,
apply 37 mL of the supernatant to each centrifuge tube, and
cover the six buckets loosely with caps.

3. Weigh each bucket with the tube and cap on and balance them
to approximately 0.01 g by adding the viral supernatant with a
P200 micropipette in a biosafety cabinet.

IMPORTANT: Be sure to balance all buckets; failure to
balance the buckets will lead to equipment damage.

IMPORTANT: Make frozen stocks of the remaining viral
supernatant (4.5 mL/cryotube) stored at -80 °C and record
their amplification number. Next, amplify RABVΔG using the
frozen stocks of the viral supernatant. RABVΔG is amplified in
B7GG cells to avoid viral recovery from the plasmid DNA every
time. It is ideal for creating low-passage frozen stocks to avoid
mutation accumulation in the rabies viral genome.

4. Place the buckets on the rotor and load the rotor on the
ultracentrifuge; then, spin at 70,000 × g (19,400 rpm) for 2 h
at 4 °C.

5. After centrifugation, move the buckets back to the biosafety
cabinet, open the caps, and pull out the tubes. Remove the
supernatant gently by decantation.

6. Resuspend each pellet in 300 μL of HBSS and collect all the
virus suspensions into a tube.

7. For the second centrifugation, use the Beckman SW55 rotor.

8. Insert two round-bottomed tubes into the tube buckets.

9. Place 2.5 mL of 20% sucrose/HBSS in the round-bottomed
tube of the bucket and apply the virus suspension gently onto
the sucrose cushion. Rinse the tubes with 200 μL of HBSS to
recover any remaining virus and transfer the suspension to the
sucrose cushion again.
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10. Weigh each bucket with the tube and cap on. Prepare a proper
counterbalance containing HBSS and balance them to approx-
imately 0.01 g by adjusting with HBSS using a P200 micropi-
pette in a biosafety cabinet.

IMPORTANT: Be sure to balance the buckets; failure to
balance the buckets will lead to equipment damage.

11. Place the buckets on the rotor and load the rotor on the
ultracentrifuge; then, spin the suspension at 50,000 × g
(21,000 rpm) for 2 h at 4 °C.

12. After centrifugation, move the centrifuged tubes back to the
hood and gently remove the supernatant by decantation.

13. Resuspend the viral pellets in 100 μL of HBSS, wrap the top of
the tubes in parafilm, and store for 30–60 min at 4 °C.

14. Gently pipette the viral suspension, aliquot the virus (i.e.,
4 μL/tube), and freeze them at -80 °C for future use.

3.5 Titration of Virus (1) Day 0 (seeding of cells)

1. Prepare cell suspension of HEK293T and HEK293T-TVA
cells at 3.0 × 105 cells/mL. Apply 500 μL of the cell
suspension to each well of a 24-well plate. Incubate the
plate at 37 °C in 5% CO2.

In the case of EnvA-pseudotyped RABVΔG, prepare
both HEK293T and HEK293T-TVA cells to check their
viral titer and purity.

(2) Day 1 (infecting HEK293T or HEK293T-TVA cells with
serially diluted viral concentrates)

1. Make a tenfold serial dilution of the viral concentration
from a dilution of 10-3–10-9 in duplicates or triplicates.

IMPORTANT: Change the tips before every dilution.

2. Add 250 μL of each viral dilution to wells gently.

3. Incubate the plate at 35 °C in 3% CO2 for 2 days.

(3) Day 3 (counting the number of infected cells)

1. Observe fluorescent protein-expressing cells using a fluo-
rescence microscope.

IMPORTANT: If EnvA-pseudotyped RABVΔG
infects HEK293T cells, the EnvA-pseudotyped RABVΔG
prep is suspected to be contaminated with unpseudotyped
RABVΔG and should not be used for circuit mapping.

2. Find wells containing the lowest number of fluorescent
protein-expressing cells in the series of wells and count
the number of fluorescent protein-expressing cells in the
well. Calculate the average from duplicates or triplicates.
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3. Calculate the infectious titer using the following formula.

ctious units=mL= no:of cells ×4× dilution factor :Infe

For example, if the number of DsRed+ cells is 12, 27, and 30 in
the 10-8 wells, the average of DsRed+ cells is 23 cells per well, and
its dilution factor is 108. The titer of this RABVΔG-DsRed prep
becomes 23 × 4 × 108 = 9.2 × 109 (infectious units/mL).

4 Conclusion

The RABVΔG production protocol that we introduced here typi-
cally yields RABVΔG-DsRed at an infectious titer of 1.0 × 109–
1.5 × 1010 and EnvA-RABVΔG-DxRed at a titer of 5.0 × 107–
2.0 × 109 [10–12, 18]. EnvA-pseudotyped RABVΔG can target
particular neuronal subsets, such as genetically defined cell types,
projection-based cell types, or even a single neuron for circuit
tracing [9, 12, 13, 19–21]. Trans-complementation with RABV-
G allows trans-synaptic labeling of presynaptic neurons of the target
cells with RABVΔG in a brain-wide manner. Notably, genetically
identified cell types can be reproducibly targeted by different
research groups using cell-type-specific Cre/Flp/tTA mouse lines
to identify their direct monosynaptic inputs [20]. Such RABVΔG-
based methods for elucidating neuronal connectivity across the
whole brain at the resolution of cell types or single neurons will
advance our understanding of neural circuit organization. The
conjunction of such methods with imaging and electrophysiology
in living animals can reveal direct correlations between circuit
structure and function and allow perturbation of connectionally
defined neural populations by optogenetics and chemogenetics
[11, 13, 14].

Neurons are diverse and can be classified into many subtypes,
each of which plays a distinct role in brain function. Although cell
morphology and electrophysiological properties have been used for
cell type classification criteria, recent advances in single-cell RNA
sequencing technology have proposed transcriptome-based taxon-
omy of cell types [22, 23]. For cell-type-specific circuit mapping
with RABVΔG, Cre-expressing mouse lines are the most powerful
way to reproducibly access genetically defined cell types to restrict
RABV-G and TVA expression [20]. Many Cre driver lines are
available for targeting neurotransmitter-defined neurons [24–27]
(ChAT-Cre, DR1-Cre, DR2-Cre, Sert-Cre, DAT-Cre, VGAT-Cre,
and VGLUT2-Cre), inhibitory neuron subtypes [28]
(parvalbumin-Cre, somatostatin-Cre, and vasoactive intestinal
peptide-Cre), cortical layer-specific neurons [29] (Sepw1-Cre,
Nr5a1-Cre, Tlx3-Cre, and Ntsr1-Cre), and hippocampal
subdomain-specific neurons [30] (Dox10-Cre and Map3k15-
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Cre). There are many strategies to deliver the RABV-G and TVA
genes in Cre-expressing cells of these transgenic mouse lines. When
designing experiments, we should consider the amount of RABV-G
and the leak expression of TVA in starter cells to guarantee the
efficiency and specificity of rabies viral tracing. Higher expression
levels of RABV-G in starter cells can label more presynaptic cells.
Even undetectable, low levels of TVA can lead to viral infection and
a reduction in the specificity of viral tracing because of the high
sensitivity of TVA. Using helper viral vectors, particularly AAVs, is
the most convenient way to deliver the RABV-G and TVA genes for
trans-synaptic labeling and a marker gene for labeling starter cells.
However, AAVs have limitations in expressing transgenes in num-
ber and size. The helper AAVs provide many strategies in the trans-
synaptic labeling of RABVΔG to detect starter cells and their
presynaptic cells. One needs to choose an optimal strategy depend-
ing on the goal of the experiments. Here we introduced five major
strategies focusing on their pros and cons (Table 1).

Table 1
Advantages and limitations of helper AAVs for transsynaptic RABVG tracing. Each strategy has its
advantages and limitations in detecting and quantifying starter cells and labeling the efficiency of
presynaptic cells

Quantitativity
of starter
cells

Labeling
efficiency of
presynaptic
cells

1 AAV-FLEX-XFP-2A-TVA-2A-RABV-G
or
AAV-FLEX-TVA-XFP-2A-RABV-G

High Low Wall et al.
[20, 25];
Suzuki et al.
[12]

2 AAV-FLEX-TVA-XFP + AAV-FLEX-
RABV-G

Low High Miyamichi et al.
[32]; Ogawa
et al. [26]

3 AAV-FLEX-TVA-XFP + AAV-FLEX-
H2B-XFP-2A-RABV-G

Medium Medium Faget et al. [27]

4 AAV-FLEX-TVA-2A-XFP-2A-RABV-
G + AAV-FLEX-RABV-G

or
AAV-FLEX-TVA-XFP-2A-RABV-

G + AAV-FLEX-RABV-G

High High Szőnyi et al.
[33]

5 Use mouse lines expressing TVA,
RABV-G, and XFP from a gene locus
of the mouse genome

High Depend on a
marker gene
locus
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1. Introduce all RABV-G, TVA, and marker genes (e.g., GFP)
from a single helper viral vector [12, 19, 24]. This approach is
the most straightforward. It allows a clear detection of
GFP-positive starter cells expressing RABV-G and TVA with
low efficiency in labeling their presynaptic cells. Furthermore,
this clear labeling of starter cells as RABVΔG-infected GFP+
cells is suitable for quantification through trans-synaptic
labeling.

2. Use two helper viral vectors; one helper viral vector introduces
RABV-G alone in starter cells under strong promoters, such as
the CAG promoter, making it possible to maximize trans-
synaptic labeling efficiency. The other introduces both TVA
and a marker gene (e.g., mCherry) [31, 32]. This approach
using two helper viral vectors provides the highest efficiency in
the trans-synaptic labeling but not 100% co-expression of
RABV-G and TVA. A fraction of mCherry-positive cells
become RABVΔG-infected RABV-G-expressing cells which
are starter cells. Because RABV-G-expressing cells do not
have any reporter, detection and quantification of starter cells
by this approach are ambiguous.

3. Use two helper viral vectors. Introducing RABV-G and
reporter fluorescence (e.g., GFP) under a strong promoter,
such as the CAG promoter, in a helper viral vector to starter
cells makes it possible to reliably label starter cells with reporter
fluorescence and express a moderate level of RABV-G for trans-
synaptic labeling [27]. Both TVA and a marker gene (e.g.,
mCherry) are introduced using another helper viral vector.
This approach using two helper viral vectors does not give
100% co-infection. Starter cells can be defined as RABVΔG-
infected GFP- and mCherry-expressing cells, making the
detection of starter cells unambiguous, although trans-synaptic
labeling efficiency by this approach is not as high as in 2.

4. Use two helper viral vectors (Fig. 7a). Injecting a helper viral
vector expressing all RABV-G, TVA, and a marker gene (e.g.,
GFP) (the same vector in 1), along with another vector expres-
sing RABV-G alone for boost expression of RABV-G (the same
vector in 2), is versatile, allowing efficient trans-synaptic label-
ing and clear detection of starter cells expressing RABV-G,
TVA, and the marker gene [33]. The expression level of
RABV-G varies between starter cells depending on the
co-infection efficiency with two helper viral vectors. Therefore,
it is challenging to confirm which starter cells are co-infected
with two viral vectors. However, starter cells are unambigu-
ously labeled as RABVΔG-infected GFP-expressing cells
(Fig. 7b). Furthermore, a higher number of presynaptic
cells is labeled due to the high expression level of RABV-G
(Fig. 7c, d).
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Fig. 7 In vivo tracing of EnvA-RABVΔG-DsRed. (a) Schematic illustration of the virus injection for monosynap-
tic RABVΔG tracing. Two helper AAVs were injected into the V1 of Tlx3-Cre mice in which the cortico-cortical
layer 5 neurons specifically express Cre. Three weeks post-injection of the AAVs, EnvA-RABVΔG-DsRed was
injected into the same location as the AAV injection. (b) YFP-positive cells in the V1 express TVA and
oG. “Starter cells” express YFP and DsRed, as indicated by arrowheads. (c, d) Presynaptic cells express
DsRed in the cortical (c) and subcortical areas, such as LGN (d). Scale bar: 100 μm

5. Use transgenic mouse lines that conditionally express RABV-
G, TVA, and a marker gene in target cell populations
Cre-dependently. However, the level of RABV-G expression
and specificity of TVA expression vary depending on how the
RABV-G and TVA are expressed, such as in a gene locus.
Furthermore, the level of RABV-G expression from the
mouse genome is not as high as the viral vectors. In contrast,
the specificity of TVA expression from the mouse genome is
higher than the viral vectors.
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AAV expression after viral delivery takes 2–3 weeks to reach
maximum expression of transgenes. Therefore, EnvA-RABVΔG
should be injected 2–3 weeks after the injection of helper AAVs.
The EnvA-RABVΔG infects TVA-expressing starter cells and then
replicates and spreads to their presynaptic cells in the presence of
RABV-G (oG: a RABV-G variant that allows efficient labeling of
presynaptic neurons [34]) 7–10 days after the EnvA-RABVΔG
injection. Notably, each strategy has its pros and cons, which is
due to a trade-off between the ability to label starter neurons
unambiguously and to spread across synapses efficiently.

Herein, we introduced a typical example of RABVΔG circuit
tracing using helper AAVs (Fig. 7a–d). To map presynaptic net-
works of cortico-cortical projection neurons of layer 5 in V1, we
used a Tlx3-Cre mouse line in which the cortico-cortical layer
5 neurons are labeled with Cre. We injected a mixture of
AAV-CBh-DIO-oTVA-EYFP-P2A-oG and AAV-CAG-FLEX-oG
(see Table 1, Strategy #4) into the primary visual cortex (V1) of
the Tlx3-Cre mice. After sufficient time for viral transduction and
protein expression from the AAVs (typically 3 weeks), we injected
EnvA-RABVΔG-DsRed in the exact location of the AAV injection
of the V1. Ten days later, we perfused the mice and prepared brain
slices for anatomical analysis. Postsynaptic “starter” neurons were
labeled as cells positive for both YFP and DsRed, while their
presynaptic neurons were cells positive for DsRed only (Fig. 7b).
The longer we waited after the EnvA-RABVΔG-DsRed injection,
the more presynaptic neurons were labeled. However, RABVΔG-
infected starter cells die 12–14 days after infection.

In summary, RABVΔG trans-complementation allows efficient
labeling of presynaptic neurons that are directly connected to
starter cells (e.g., a specific cell type and single neuron) expressing
oG and TVA in a brain-wide manner. Injection of unpseudotyped
RABVΔG will retrogradely label long-range projection neurons
from the injection site. Furthermore, RABVΔG tracing can be
combined with functional assays to monitor or manipulate neural
activity, such as optical imaging, electrophysiology, optogenetics,
and chemogenetics [11, 13–16]. These approaches outlined here
are adaptable to even non-transgenic mammalian species, including
ferrets and monkeys.
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Chapter 5

Quality Control for Adeno-Associated Viral Vector
Production

Ina Ersing, Meghan Rego, Chen Wang, Yijun Zhang, Kate Harten DeMaio,
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Abstract

Adeno-associated viral vectors (AAV) are frequently used by neuroscientists to deliver tools, such as
biosensors and optogenetic and chemogenetic actuators, in vivo. Despite its widespread use, AAV vector
characterization and quality control can vary between labs and viral vector cores, leading to variable results
and irreproducibility. This protocol describes some of the characterization and quality control assays
necessary to confirm an AAV vector’s titer, genomic identity, serotype, and purity.

Key words Adeno-associated viral vectors, Quality control, rAAV, AAV, Viral vectors

1 Introduction

Recombinant adeno-associated virus (rAAV) vectors are increas-
ingly popular gene delivery tools for use in research and therapeu-
tically. They are relatively easily produced in a well-equipped lab or
production facility, but before in vivo use, rAAV vectors should be
extensively characterized to ensure proper dosing, vector genome
integrity, and purity. The concentration of an rAAV vector is typi-
cally reported as a physical titer of the total viral particles present
and does not take into account the presence of defective particles.
The physical titer is frequently measured via quantitative polymer-
ase chain reaction (qPCR) and reported as vector genomes per
milliliter (VG/mL) or genome copies per milliliter (GC/mL)
with values relative to a plasmid standard. Viral production facilities
frequently design qPCR titration assays with primers and/or
probes that target commonly occurring regions of the transfer
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plasmid such as promoters, polyadenylation signals, the Wood-
chuck Hepatitis Virus Posttranscriptional Regulatory Element
(WPRE), or the inverted terminal repeats (ITRs) [1]. By targeting
common elements, once validated, the same assay can be used to
titer multiple rAAV vectors in parallel. Production facilities using
this method should validate the assay with an rAAV vector of
known titer before use. Once validated, this rAAV reference virus
should be included as a control in all titrations to confirm consis-
tency across runs.

Recently, a droplet digital PCR-based titration (ddPCR)
method was developed for rAAV vectors [2]. Unlike qPCR,
ddPCR does not rely on a standard curve and provides an absolute
measurement. In contrast, qPCR results vary depending on the
specific plasmid used and the overall quality of the standard prepa-
ration leading to variation across run, users, and labs. In an analysis
of replicate samples, ddPCR was determined to have a lower coeffi-
cient of variation and, therefore, a higher precision as compared to
qPCR [3]. ddPCR is also less prone to PCR inhibitions than qPCR.
This resistance to PCR inhibition is thought to be due to the
partitioning reaction that occurs in ddPCR [4]. In ddPCR, a single
droplet with minor to moderate PCR inhibition will still be read as
positive, whereas in a minor to moderately inhibited qPCR more
cycles are required to reach a signal above the threshold, causing
underreported titers. Moreover, ddPCR is the superior titration
method for self-complementary rAAV (scAAV) vector templates as
it does not have the same self-annealing issues observed with
qPCR. Previous studies have shown that the kinetics of ITR hairpin
structure formation in the scAAV genome outcompetes those of
primer and probe binding, impairing PCR efficiency and resulting
in underreported titers [5, 6]. Though ddPCR is gaining popular-
ity, especially among viral vector cores, qPCR is still the most
commonly used titration assay.

In addition to the physical titer, some users may wish to deter-
mine the specific infectivity of the vector. The specific infectivity is
the ratio of physical-to-infectious particles and assesses the presence
of defective viral particles. The physical titer is measured by qPCR
or ddPCR as described above, while a functional or infectious titer
is determined using cell-based transduction assays. Stable cell lines
are co-transduced with the rAAV vector and wild-type adenovirus,
and transduced cells can be detected by a variety of methods such as
flow cytometry or microscopy to detect fluorescent reporters, cel-
lular staining to detect reporter enzyme expressions such as
β-galactosidase, or PCR to detect of the gene of interest in target
cells [7, 8]. Of note, transduction efficiencies often vary between
cell lines and tissues; therefore, the functional titer determined in a
cell-based assay may not transfer precisely to an in vivo system.
Specific infectivity is not routinely measured for rAAV vectors
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used in basic research but is critical in determining dosing regimens
for clinical use in order to minimize adverse immune responses [8].

Production facilities or laboratories that produce a number of
different rAAV vectors should confirm the identity and serotype of
the vector. The identity of the vector can be easily confirmed via
PCR of the genomic DNA with primers targeting critical regions
such as promoter elements or the genes of interest. PCR products
can be analyzed on a gel to confirm size or sent for Sanger sequenc-
ing for a more thorough analysis. For labs producing recombinase-
dependent vectors, it is recommended that they include additional
reactions with primers inside and outside of the recombination sites
to detect the presence of recombinase-independent recombination
events. For a deeper analysis of vector genome integrity, labs may
consider next-generation sequencing (NGS). In addition to
sequence confirmation of the vector’s genome, NGS has been
used to detect contaminants, confirm serotypes, and measure
recombination rates in rAAV vectors [9–12].

The serotype of an rAAV vector will determine its tropism or
tissue specificity. It is therefore critical that production facilities
routinely working with a number of different capsids confirm that
the correct capsid was used for each vector. Serotype confirmation
can be done in a number of ways. Historically, western blotting and
mass spectrophotometry were used, but these methods have some
limitations. Western blotting relies on antibodies that tend to cross-
react due to the high homology between some serotypes, while
mass spectrophotometry is capsid-specific but costly and labor-
intensive.

One of the simplest methods for serotype confirmation is
AAV-ID, a thermostability-based approach that uses melting tem-
perature to differentiate between serotypes [13]. AAV-ID is fast
and can be easily incorporated into most laboratories as it does not
require specialized reagents or equipment. Of note, some serotypes
naturally have similar melting temperatures and cannot be easily
distinguished using this method. Moreover, the formulation buffer
and purity of the vector will also affect the melting temperature.
Recently, open-access Python software was developed to determine
serotypes from NGS data [9]. The software takes advantage of the
small amount of capsid plasmid DNA naturally packaged into the
viral vector and probes NGS reads for serotype-specific, user-
defined seed sequences. This software is open-access and available
at GitHub in Addgene’s Open Toolkit https://addgene.github.io/
openbio/ .

Much like specific infectivity, rAAV vector purity affects trans-
duction efficiency but in a serotype and tissue-specific manner
[14]. Common impurities include packaging cell proteins and
residual plasmid or host cell DNA and can be routinely detected
by most labs. Overall DNA impurities can be estimated using
spectrophotometry by subtracting the known OD260 and

https://addgene.github.io/openbio/
https://addgene.github.io/openbio/
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OD280 contributed by the vector from the overall OD260 and
OD280 values [14]. To measure specific DNA contamination,
qPCR with primers and probes targeting specific genes or genetic
elements of interest from the plasmid or host cells can be used.

Protein impurities are easily observed following SDS-PAGE
and protein staining of the rAAV vector. In a pure rAAV vector,
only three bands corresponding to the VP1, VP2, and VP3 capsid
proteins should be visible. Additional bands in the stain suggest
packaging cell protein contamination during vector purification.

The presence of endotoxins in viral vector preparations can also
impact downstream applications. Endotoxins arise from the lipid A
portion of bacterial lipopolysaccharides and can be introduced to
the viral vector through low-quality plasmid DNA or bacterial
contamination. The Limulus polyphemus amebocyte lysate turbidi-
metric assay detects endotoxin using a reagent derived from horse-
shoe crab blood that coagulates upon exposure to endotoxins.
Even low activities of endotoxin can elicit an immune response
underscoring the need for endotoxin screening before rAAV vector
use in vivo [15].

rAAV vector contamination by microorganisms such as bacte-
ria, yeast, or fungi should also be ruled out. To confirm sterility,
production facilities can inoculate microbial growth media such as
Fluid Thioglycollate Medium or Soybean-Casein Digest Medium
with the rAAV vector and check for microbial growth after 2 weeks
of cultivation. Production facilities may also consider checking
vectors for mycoplasma contamination. Mycoplasma is a common
tissue culture contaminant and can be difficult to detect during
routine cell culture work. There are several methods to detect
mycoplasma, including PCR-based assays targeting the 16S
rRNA, luciferase-based assays that detect mycoplasma-specific
enzymes and mycoplasma-specific indicator cell lines [16–
18]. Mycoplasma contamination of producer cell lines can be diffi-
cult to treat, and it is recommended that viral production facilities
routinely screen their cell lines before rAAV vector production.

The following protocol outlines some of the more widely used
methods of characterizing rAAV vectors and assessing their purity
and sterility (Fig. 1). Many of the methods described can be mod-
ified for other types of vectors, such as lentivirus or adenovirus
[19]. The specific methods chosen do not require specialized lab
equipment and can be easily applied to most laboratories and core
facilities. However, they do not encompass an exhaustive list, and
production facilities may prefer additional or alternative tests to
meet their specific needs. It is worth noting that the efficiency of
rAAV mediated in vivo transduction depends on numerous factors,
including animal species, strain, age, viral delivery route, and tar-
geting cell types. Differences in construct design, the transgene of
interest, and the vector serotype make it difficult to directly predict
an rAAV’s performance in vivo. In addition to the assays described
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Quantification

Identity

Purity

Functional testing

Physical titer Infectious titer
Quantitative PCR

Droplet Digital PCR
Cell Infectivity Assay

Genome Serotype
Identity PCR

Sanger Sequencing
Next-generation sequencing

Mass Spectrometry
Immunoblotting

AAV-ID
Next-generation sequencing

Microorganisms Endotoxin Host cell proteins
Sterility testing

Mycoplasma detection
LAL Assay Protein staining

In vitro In vivo
Cell based expression assays Animal dosing

Fig. 1 Overview of the rAAV quality control workflow and assays. rAAV quality control consists of four general
categories: quantification, identity confirmation, purity, and functional testing. A number of assays are
possible for each category, and the choice of the assay will depend on the specific needs of the lab

in this chapter, for a specific experimental paradigm, we recom-
mend that rAAV users design preliminary in vivo dosing experi-
ments to determine the optimal dose before they begin any large-
scale animal experiments.

2 Materials

2.1 Titration by

Quantitative PCR

• PowerUp SYBRGreenMasterMix or alternative universal SYBR
master mix containing a high-quality DNA polymerase and a
blend of dTTP/dUTP, protect from light (Thermo Fisher Sci-
entific, A25776).

• Plasmid for the standard curve (containing ITRs or gene of
interest).

• Yeast tRNA (Thermo Fisher Scientific, AM7119).

• 100 μM forward and reverse primer (targeting ITRs or gene of
interest).

• AAV reference vector preparation, avoid multiple freeze-thaws,
prepare individual aliquots for one-time use.

• RNase-free DNase, keep on ice (Agilent Technologies,
ST600031).

• DNase buffer (10×) (Thermo Fisher Scientific, B43).
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• Nuclease-free water (Thermo Fisher Scientific, R0582).

• Microcentrifuge tubes (Neptune, 3745.X).

• 96 well optical plate (Bio-Rad, HSP9601).

• 96 well plate for dilutions (Bio-Rad, MLL9601).

• Plate sealing, adhesive film (Bio-Rad, MSB1001).

• Reagent reservoirs (VWR, 89094-662).

2.2 Confirmation of

Packaged AAV

Genome by Identity

PCR

• Platinum Hot Start PCR 2× Master Mix, thaw on ice (Thermo
Fisher Scientific, 13000013).

• 10 μM forward and reverse primers (IDT).

• Nuclease-free water (Thermo Fisher Scientific, R0582).

• PCR tubes (VWR, 89096-722).

• Microcentrifuge tubes (Neptune, 3745.X).

• Phosphate-buffered saline, 1× without calcium and magnesium
(PBS) (Corning, 21-040-CV).

• Agarose (Bio-Rad, 1613101).

• Gel loading dye (New England Biolabs, J62157).

2.3 Serotype

Determination via

Melting Temperature

(AAV-ID)

• 96-well plate (Bio-Rad, HSP9601).

• Microseal (Bio-Rad, MSB1001).

• SYPRO Orange 5000×, protect from light (Thermo Fisher
Scientific, S6651).

• Phosphate-buffered saline, 1× with calcium and magnesium
(Corning, 21-030-CV).

• Lysozyme solution, 0.25 mg/mL (Sigma Aldrich, L6876).

2.4 Vector Purity by

SDS-PAGE and Silver

Staining

• 4–12% NuPage Novex bis-tris mini gel, 1 mm thick, 10-well
(Thermo Fisher Scientific, NP0321BOX).

• 20× MOPS SDS running buffer (Thermo Fisher Scientific,
NP0001).

• 4× NuPage sample buffer (Thermo Fisher Scientific, NP0007).

• 10× NuPage sample reducing agent (Thermo Fisher Scientific,
NP0009).

• PageRuler Plus Prestained protein ladder, optional (Thermo
Fisher Scientific, 26619).

• Glacial acetic acid, corrosive to the skin and eyes; handle with
extreme care (VWR, BDH3092-500 mL).

• Methanol, highly flammable and toxic, handle in a fume hood
(VWR, BDH1135-1LP).

• Microcentrifuge tubes (Neptune, 3745.X).

• Gel loading tips (Neptune, 2016).
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• 250 mL sterile bottles (Corning, 430281).

• SilverXpress silver staining kit, some contents are corrosive,
handle with extreme care (Thermo Fisher Scientific, LC6100).

– Solutions for silver staining (prepared freshly, according to kit
instructions).

Fixing solution: 90 mL deionized water + 100 mL methanol
+ 20 mL glacial acetic acid.

Sensitizing solution: 105 mL deionized water + 100 mL
methanol + 5 mL sensitizer (component of SilverXPress
kit).

Staining solution: 5 mL stainer A (component of SilverXPress
kit) + 5 mL stainer B (component of SilverXPress
kit) + 90 mL deionized water.

Developing solution: 5 mL developer (component of Sil-
verXPress kit) + 95 mL deionized water.

Stopper solution: 5 mL stopper solution (a component of
SilverXPress kit) directly added to staining solution when
protein bands show sufficient intensity.

• ImageJ or alternative imaging software.

2.5 Limulus

Amebocyte Lysate

Chromogenic

Endotoxin Test

• Pierce Chromogenic Endotoxin Quant Kit (Thermo Fisher Sci-
entific, A39552).

• St

–

op reagent.

Glacial acetic acid, corrosive to the skin and eyes; handle with
extreme care (VWR, BDH3092-500 mL): 25% v/v glacial
acetic acid in water.

• Disposable sterile microplates (Corning, 9018).

• Reagent reservoirs (VWR, 89094-662).

• Disposable, endotoxin-free glass dilution tubes (Lonza, N207).

2.6 In vitro Sterility

and Expression Assay

• Media, e.g., DMEM high glucose (Corning, 10-013-CV).

• HI-FBS (Seradigm, 89510-196).

• GlutaGRO, liquid 200 mM solution (with 8.5 g/L NaCl)
(Corning, 25-015-CI).

• Flat-bottom 96-well tissue culture treated plate
(Corning, 3596).

• 15 mL conical tubes (VWR, 21008-216).

• Microcentrifuge tubes (Neptune, 3745.X).

• 0.4% Trypan blue Solution (Thermo Fisher Scientific, T10282).

• Countess cell counting chamber slides (Thermo Fisher Scien-
tific, C10228) (alternatively can use a hemocytometer).
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3 Methods

3.1 Titration by

Quantitative PCR

A qPCR titration assay with primers and/or probes targeting
regions of the transfer plasmid or the ITRs and SYBR green detec-
tion is commonly used to determine the physical titer of rAAV
preparations. All values are calculated relative to a plasmid standard.

1. Prepare plasmid standards for quantitative PCR titration.

(a) Use purified plasmid DNA that contains the ITR
sequence or your sequence of interest that you can target.

(b) Linearize your selected plasmid by restriction digest. Ver-
ify your digest by running a sample on a 1% agarose gel.

(c) Calculate the plasmid concentration in molecules/μL.
Concentration (molecules/μL) = (DNA conc (μg/μ
L) × 10E-06 gram/MW (g/mol)) × 6.023E+23 mole-
cules/mole.

(d) Prepare plasmid DNA standard by diluting your linearized
plasmid to 2E+09 molecules/μL in nuclease-free water
with 4 μg/mL carrier RNA for stabilization. Store in
small aliquots at -20 °C.

(e) Use one aliquot to prepare tenfold serial dilutions that
range from 2E+02 to 2E+08 molecules/μL for your
qPCR standard curve for each qPCR assay.

2. Titration of viral vector genome titer by qPCR.

(a) Prepare seven tenfold serial dilutions of plasmid standard
stock (see Subheading 3.1, step 1d).

(b) Thaw rAAV preparation of interest and rAAV reference
vector preparation and keep on ice.

(c) Digest all purified rAAV samples (including the rAAV
reference sample) with DNase to eliminate any contam-
inating plasmid DNA carried over from the production
process. Set up digests by mixing 5 μL vector sample with
39 μL deionized water, 5 μL 10× DNase buffer, and 1 μL
DNase.

(d) Gently mix and incubate for 30 min at 37 °C.

(e) Heat inactivate for 15 min at 75 °C.

(f) Dilute DNase-treated rAAV sample and rAAV reference
sample according to the dilution scheme in Table 1.

(i) If your sample is expected to have a titer <1E+12
GC/mL, use dilutions 3–6 to load onto your qPCR
plate.

(ii) If your sample is expected to have a titer >3E+13
GC/mL, use dilutions 4–7 to load onto your qPCR
plate.
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Table 1
Dilution series for AAV titration by qPCR

Volume of
nuclease-free
water (μL)

Dilution 1 5 μL AAV stock 45 μ 1 × 10×

Dilution 2 5 μL dilution 1 95 μ 2 × 200×

Dilution 3 20 μL dilution 2 80 μ 5× 1000×

Dilution 4 20 μL dilution 3 80 μ 5× 5000×

Dilution 5 20 μL dilution 4 80 μ 5× 25,000×

Dilution 6 20 μL dilution 5 80 μ 5× 125,000×

Dilution 7 20 μL dilution 6 80 μ 5× 625,000×

Table 2
Example of a qPCR plate setup

A 1.00E+09 1.00E+08 1.00E+07 1.00E+06 1.00E+05 1.00E+04 1.00E+03 NTC
B

C AAV reference Sample 3
D

E Sample 1 Sample 4
F

G Sample 2 Sample 5
H

Plasmid standards are loaded in duplicate. The tenfold diluted plasmid standard ranges from 2E+02 to 2E+08molecules/
μL. For each standard, 5 μL are loaded for a range of 1E+03 to 1E+09 total molecules. For the AAV reference sample and

all other AAV samples, four dilutions each are loaded in duplicate. A no template control (NTC) is included on the plate

(g) Prepare a master mix of 10 μL 2× Universal SYBR Master
Mix, 0.15 μL 100 μM forward primer, 0.15 μL 100uM
reverse primer, and 4.7 μL of nuclease-free water per
reaction. Mix well.

(h) Set up and load the 96-well plate (Table 2).

(i) Load 5 μL of each standard in duplicate.

(ii) Load 5 μL of each sample in duplicate.

(iii) Include a no template control (NTC = master mix +
water).

(iv) Add 15 μL of master mix per well and mix well by
pipetting back and forth.
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(v) Seal your 96-well plate with adhesive film.

(vi) Centrifuge plate at 3000 rpm for 2 min.

(vii) Run your qPCR instrument with the following proto-
col using SYBR detection: 98 °C, 3 min; 98 °C, 15 s;
58 °C, 30 s; read plate/repeat 39× from step 3/melt
curve.

3.

(a)

qPCR data analysis.

Perform data analysis using your instrument’s software.
Determine the physical titer of your sample based on your
standard curve and your sample dilutions.

(i) Set the program settings to an appropriate baseline to
ensure that small amounts of background signal
detected in initial PCR cycles will be removed.

(ii) Check your standard curve (Fig. 2a) and ensure that
your linear correlation coefficient, R2, is ~1, and your
amplification efficiency is ~100%. Confirm that there is
an appropriate difference in cycle threshold (Ct) values
between each dilution of your standard curve
(Fig. 2b).

Fig. 2 (a) Example of plasmid standard curve with R2 = 0.999, E = 100.3%, slope = -3.316 and
y-int = 35.280. (b) Example of amplification plots obtained from a plasmid standard curve. Each curve
represents a standard dilution. (c) Example of melt curve analysis with a single peak
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(iii) Make sure that a single peak is seen in your melt curve
analysis (Fig. 2c). The existence of a second peak could
indicate the presence of primer dimers and impact the
Ct values of your samples.

(iv) Exclude any duplicates with a difference >0.5 in Ct
value.

(v) Ensure that the Ct values for your NTCs are higher
than any plasmid standard or sample Ct values on the
plate.

(vi) You should observe differences in Ct values that make
sense for your dilutions (~3.3 difference Ct for a ten-
fold dilution is appropriate).

3.2 Confirmation of

Packaged AAV

Genome by Identity

PCR

Amplification of the packaged genomic DNA with primers target-
ing the promoter region or gene of interest can be used to confirm
the identity of the vector.

1. Start by selecting a suitable primer pair for your construct of
interest.

(a) For non-FLEx/DIO constructs, target the area between
the ITRs, including the fluorescent tag, with a forward
and reverse primer pair of your choice (fwd1 + rev1)
(Fig. 3a). Select at least one primer pair for confirmation

(b) For FLEx/DIO constructs, target the area between the
loxP/lox2272 sites with one primer pair of your choice
(fwd2 + rev2) (Fig. 3b). In addition, select a primer pair
that spans across the loxP/lox2272 sites, with forward and

Fig. 3 Plasmid with selected primer pairs. (a) For an identity PCR for a non-FLEx/DIO construct, choose
forward (fwd) and reverse (rev) primers that target your insert between the ITRs. (b) For an identity PCR for a
FLEx/DIO construct, choose one primer pair that targets your insert area (fwd2 + rev2), one primer pair with
one primer being outside of, and one in between the lox-sites (fwd3 + rev2) and one control primer pair
(fwd3 + fwd 2)
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reverse primers pointing toward each other (fwd3 + rev2).
As a control, select a third primer pair that again spans
across the loxP/lox2272 sites, but with both primers point-
ing in the same direction (fwd3 + fwd2).

2. Dilute a small sample of your rAAV preparation in PBS.

(a) For rAAV preparations with a titer between 1E+12 and 1E
+13 GC/mL, prepare a tenfold dilution by diluting 5 μL
of your rAAV in 45 μL of PBS.

(b) For rAAV preparations with a titer higher than 1E+13
GC/mL, prepare a 25-fold dilution by diluting 4 μL of
your rAAV in 96 μL of PBS.

3. Thaw PCR reagents on ice.

4. Prepare your master mix. Calculate the number of reactions
needed and prepare a master mix for each primer pair according
to polymerase manufacturer instructions. Make sure to include
one NTC for each primer pair.

5. Set up PCR reactions.

(a) Load 24 μL of master mix in appropriate wells.

(b) Load 1 μL of diluted rAAV sample in one of the reaction
tubes with your master mix.

(c) For your NTC, load 1 μL of nuclease-free water in the
other reaction tube with your master mix.

6. Run PCR protocol according to manufacturer instructions.

7. To analyze the result of your PCR, mix 10 μL of each PCR
reaction with loading dye and run on a 1.2% agarose gel with an
appropriate ladder.

(a) For non-FLEx/DIO constructs, ensure that your product
runs at the expected size.

(b) For FLEx/DIO constructs, ensure that your product
from the primer pair targeting the region within the
loxP/lox2272 sites and the primer pair spanning across
the loxP/lox2272 sites run at the expected size. Confirm
that the control reaction, with the primers pointing in the
same direction, does not show any bands on the gel. If
unexpected bands show up in this reaction, you could be
having issues with a PCR product due to recombination.

3.3 Serotype

Determination via

Melting Temperature

(AAV-ID)—Protocol

Adapted from Pacouret

et al. [13]

AAV-ID is a thermostability-based approach that allows distin-
guishing between different AAV serotypes based on melting
temperature.

1. Prepare a 50× solution of SYPRO Orange solution as follows:

(a) Dilute 5 μL of SYPRO Orange 5000× into 495 μL
phosphate-buffered saline, 1× with calcium and
magnesium.
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2. Aliquot 45 μL of purified rAAV into a 96-well plate.

3. Aliquot 45 μL of 0.25 mg/mL lysozyme solution into the
96-well plate as a positive control.

4. Add 5 μL of the 50× solution of SYPRO Orange to each well.

5. Pipet up and down 10–20× to mix.

6. Seal the plate with micro seal film.

7. Centrifuge the plate for 2 min at 2000 rpm.

8. Run the following PCR parameters:

(a) Ramp: 25–99°C for 2 min.

(b) Step and hold mode with 0.4°C increment (equivalent to
~0.2°C/min).

(c) Reporter: Rox.

(d) Quencher: None.

9. Analyze the data as follows:

(a) Plot fluorescence as a function of temperature.

(b) If necessary, normalize the signal between 0 and 100% as
follows:

(i) Step 1: S = S – min(S)

(ii) Step 2: S = S/max(S)/100

(c)

(i)

Calculate and plot the derivative fluorescence signal to get
the melting temperature.

dF/dT(T) = (F(T + ΔT) – F(T))/ΔT

3.4 Vector Purity by

SDS-PAGE and Silver

Staining

Potential residual protein impurities in rAAV preparations, e.g.,
from cellular proteins, can be detected by subjecting the sample
to SDS-PAGE followed by a silver staining procedure. The presence
of AAV capsid proteins VP1, VP2, and VP3 in correct stoichiome-
try and the absence of unwanted protein contaminants can be
confirmed.

1. rAAV sample preparation:

(a) Prepare a tenfold dilution of your rAAV vectors if your
titer is >5E+12 GC/mL. Dilute 2 μL of rAAV in 18 μL
of PBS.

(b) Calculate the amount needed for 2E+10 vector particles
and aliquot that amount into a fresh microcentrifuge
tube. Add PBS to 13 μL.

(c) Add 5 μL of 4× sample buffer to each sample.

(d) Add 2 μL of 10× reducing agent to each sample.

(e) Spin the sample for 1 min at 10,000 × g in a
microcentrifuge.

(f) Heat the sample for 5 min at 95 °C in a heat block.
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(g) Spin the sample for 1 min at 10,000 × g in a microcen-
trifuge and place it on ice while preparing your gel.

2. Preparation of SDS-PAGE and gel loading:

(a) Prepare 1×MOPS buffer by diluting 25mL of 20×MOPS
buffer in 475mL of deionized water. Gently invert to mix.

(b) Prepare the NuPage Novex bis-tris mini gel, place the gel
in the electrophoresis chamber, and secure it. Check the
manufacturer instructions on the correct orientation of
the gel.

(c) Fill the electrophoresis chamber with 1× MOPS running
buffer.

(d) Rinse each well with 200 μL 1× MOPS running buffer.

(e) Optional: Load 5 μL of prestained protein ladder in the
appropriate well.

(f) Load 20 μL of each prepared rAAV sample in the appro-
priate wells.

(g) Cover the electrophoresis chamber and attach it to a
power supply.

(h) Run the gel at a constant voltage (~150 V) until the dye
from the loading buffer reaches the bottom of your gel
(~1 h).

(i) Turn off the power supply and remove the gel from the
electrophoresis chamber.

(j) Optional: Use a razor blade and cut the wells on top and
the bottom of the gel where the dye is still visible.

3. Silver staining procedure:

(a) Place the gel in a container and rinse for 5 min with
deionized water while gently shaking.

(b) Follow the staining procedure according to manufacturer
instructions.

(i) Fix gel in 200 mL fixing solution and shake gently for
10 min.

(ii) Decant fixing solution and incubate gel in 100 mL
sensitizing solution. Shake gently for 30 min.

(iii) Decant solution and repeat the sensitizing step with a
fresh sensitizing solution.

(iv) Decant sensitizing solution and rinse gel with
200 mL deionized water while gently shaking for
10 min. Repeat the wash step.

(v) Decant deionized water and stain gel with 100 mL
staining solution for 15 min while gently shaking.
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Fig. 4 Silver staining of purified (left) and non-purified rAAV (right)

(vi) Decant staining solution and rinse gel with 200 mL
deionized water for 5 min while gently shaking.
Repeat the wash step.

(vii) Develop gel with 100 mL developing solution while
gently shaking. Observe the staining process and stop
staining when reaching your desired band intensity
for VP1, 2, and 3 by adding 5 mL stopper solution
directly into the staining solution. Depending on the
purity of the vector, protein impurities may or may
not be visible. Incubate for 10 min.

(viii) Decant stopping solution and rinse the gel with
200 mL dH2O for 10 min while gently shaking.
Repeat the wash step two more times.

(ix) Dry gel or image directly with a gel imager under
white light (Fig. 4).

4. Use ImageJ or a similar photo software to determine the rela-
tive intensity of the capsid bands to the overall lane.

(a) Import the gel image into ImageJ.

(i) Select File.

(ii) Select Open.

(iii) Choose the location of the file to open.

(b) Change the image type to 8-bit.
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(i) Select Image.

(ii) Select Type.

(iii) Choose 8-bit.

(c) Determine each lane of the gel as follows:

(i) Using the box tool, draw a box around the entire first
gel lane.

(ii) Select Analyze.

(iii) Select Gels.

(iv) Select First Lane.

(v) Drag the box to the next lane.

(vi) Select Analyze.

(vii) Select Gels.

(viii) Select Next Lane.

(ix) Repeat for all lanes.

(d) Plot the area under the curves for the protein bands as
follows:

(i) Select Analyze.

(ii) Select Gels.

(iii) Select Plot Lanes.

(e) One graph per lane will appear with peaks representing
each protein band.

(f) Use the line tool to connect the bottom of each peak.

(g) Select the wand tool.

(h) Fill in each peak by selecting the center of the peak.

(i) Export results as a csv file.

(i) In the results table select File and Save As.

(j) Determine the relative abundance of the VP proteins as
compared to the entire lane using the integrated density
(ID) as follows:

(i) ((ID VP1 + ID VP2 + ID VP3)/(Total ID of
Lane)) × 100

(k) Bands for VP1:VP2:VP3 should be visible in a ratio of 1:
1:10.

(l) VP protein bands should account for >90% of the protein
abundance in the lane.

3.5 Limulus

Amebocyte Lysate

Chromogenic

Endotoxin Test

A LAL chromogenic endotoxin test is used to detect bacterial
endotoxins in rAAV preparations. Endotoxin is a lipopolysaccharide
(LPS) molecule that can be found in the cell membrane of gram-
negative bacteria. Since the presence of endotoxin in rAAV
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preparations can cause an immune response when injected into an
animal model, it is crucial to confirm that no endotoxin contami-
nation occurred during vector production.

1. Follow all steps of the procedure according to manufacturer
instructions.

(a) Allow all reagents to warm up to room temperature
before use.

(b) Reconstitute endotoxin standard in endotoxin-free water
at 10 EU/mL.

(i) Vortex the solution for at least 15 min.

(c) Prepare desired set of standards from reconstituted endo-
toxin stock solution by preparing an initial dilution and at
least four twofold serial dilutions in endotoxin-free glass
vials, e.g., 0.01–0.1 EU/mL or 0.1–1 EU/mL.

(i) Vortex each dilution for 1–2 min before proceeding.

(d) Reconstitute lyophilized limulus amebocyte lysate (LAL)
reagent in endotoxin-free water. Do not vortex. Avoid
foaming.

(e) Reconstitute lyophilized chromogenic substrate in
endotoxin-free water.

(i) Prewarm a sufficient amount of substrate to 37 °C for
5–10 min before use.

(f) Pre-equilibrate a microplate in a heat block at 37 °C.
Maintain the plate at 37 °C throughout the procedure.

(g) In your assay, include the twofold serial dilutions of
endotoxin as a standard, dilutions of the sample of inter-
est and endotoxin-free water as a negative control.

(i) Transfer 50 μL of each standard, rAAV sample, or
endotoxin-free water into the appropriate wells while
carefully avoiding contaminations.

(ii) Add 50 μL of LAL reagent solution to each well.

(h) Start your timer immediately once the LAL reagent solu-
tion is added to the first well. The appropriate time is
indicated on the lysate vial.

(i) Take the microplate out of the heat block and gently tap
the side of the plate to mix.

(j) Return the plate to the heat block and cover.

(k) After the appropriate time indicated on the lysate vial,
add 100 μL prewarmed chromogenic substrate solution
per well.

(l) Take the microplate out of the heat block and gently tap
the side of the plate to mix.
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(m) Return the plate to the heat block and cover.

(n) After 6 min, add 100 μL stop solution per well.

(o) Take the microplate out of the heat block adapter and
gently tap the side of the plate to mix.

(p) Place the microplate in the plate reader and read the
absorbance of each well at 405–410 nm.

(q) Assay analysis:

(i) Analyze data graphically according to kit manufacturer
instructions by plotting the mean absorbance and cor-
relating endotoxin concentrations of your standards
into a graph and drawing a line for your standard
curve. Determine the endotoxin concentration for
each rAAV sample based on their absorbance using
linear regression.

(ii) Alternatively, the data can be analyzed using a spread-
sheet or calculator by calculating the mean absorbance
for each of the four standards and determining the
corresponding endotoxin concentration for each sam-
ple by linear regression.

3.6 In vitro Sterility

and Expression Assay

An in vitro assay in which small amounts of rAAV preparation are
used to transduce a target cell line. This assay can confirm in vitro
expression of the expected fluorophore in fluorescently labeled
rAAV and allow detection of any potential bacterial, fungal, or
yeast contamination.

1. Determine the appropriate cell line for transgene expression
based on the promoter in your construct (Table 3).

2. Warm-up media.

3. Prepare a tissue culture-treated 96-well plate in a biosafety
cabinet.

4. Determine the number of wells required for testing your rAAV
sample.

(a) If the vector is not recombinase-dependent:

(i) Plan to transduce duplicate wells with your vector.

(ii) Leave two wells untransduced as a negative control.

(b) If the vector is recombinase-dependent:

(i) Plan to transduce duplicate wells with the
recombinase-dependent vector only.

(ii) Plan to transduce duplicate wells with recombinase-
expressing rAAV only.
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Table 3
Promoters along with their expression targets and recommended cell lines for testing

Suggested cell line
for in vitro expression testing

CMV/CBA/CAG [20–22] Ubiquitous HEK293T

EF1a [23] Ubiquitous HEK293T

PGK [24] Ubiquitous HEK293T

Synapsin1 [22, 25–27] Neuronal, broad N2A

CamKIIa [22, 28, 29] Neuronal, glutamatergic N2A

Dlx enhancer [30] GABAergic interneurons N2A

GFAP [31, 32] Astrocytes/Glia N2A/U-87 MG

CD68 [33] Microglia C8-B4

TBG [34] Hepatocytes HepG2/Huh-7

(iii) Plan to transduce duplicate wells with the
recombinase-dependent and recombinase-expressing
vectors.

(iv) Leave two wells untransduced as a negative control.

(c) If the vector is expressing a recombinase:

(i) Plan to transduce duplicate wells with the
recombinase-expressing vector only.

(ii) Plan to transduce duplicate wells with a recombinase-
dependent rAAV only.

(iii) Plan to transduce duplicate wells with the
recombinase-expressing and recombinase-dependent
vectors.

(iv) Leave two wells untransduced as a negative control.

5. Prepare a cell stock solution to seed an appropriate amount of
cells per well in 200 μL media each.

(a) For example, for HEK293T cells, seed 5000 cells per well
in 200 μL DMEM. For N number of wells, add
(N + 1) × 5000 cells to (N + 1) × 200 μL DMEM high
glucose supplemented with 10% fetal bovine serum (D10)
in a 15 mL conical tube. Mix gently.

6. Seed cell solution in appropriate wells on the 96-well plate.

7. Add 1 μL of rAAV sample to the appropriate wells.

8. Gently mix cells and rAAV by pipetting.

9. Return plate to incubator.
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10. Sterility and expression testing analysis:

(a) Look at each well under 20× magnification.

(b) After 24–48 h, check for the presence or absence of
bacterial or fungal contamination.

(c) After 24–120 h, depending on the cell line and promoter,
check the expression levels of your fluorescent tag.

(d) Check all fluorescent filters to ensure only the expected
fluorophores are being expressed.

(i) For example, a GFP-expressing rAAV should not show
any fluorescence in the RFP channel.

(e) Take images of each well with all filters, using the 20×
objective.

(i) For example, brightfield, GFP, RFP, YFP.

(ii) Ensure that recombinase-dependent vectors are only
expressing the transgene and fluorophore in the pres-
ence of a recombinase-expressing rAAV.

(f) Generate an overlay image.

11. Carefully examine the images and look for the following
(Fig. 5):

(a) Untransduced sample: There should be no observable
bacterial, fungal, or yeast growth in the image. Bacterial
growth is observed as dark specs in the background
between cells; yeast is observed as round circles; and
fungi typically grow as strands. No fluorescence should
be seen in this well.

(b) Recombinase-only sample: If the recombinase is not fluo-
rescently tagged, there should be no fluorescence visible
in the well, as in Fig. 5. If the recombinase has a fluores-
cent tag, such as RFP, you should observe RFP fluores-
cence but no fluorescence in the other filters. Ensure that
your recombinase does not have the same fluorescent tag
as your recombinase-dependent rAAV, or you will not be
able to interpret the results.

(c) Non-recombinase-dependent fluorescently tagged rAAV
sample: You should observe fluorescence only with the
appropriate filter. For example, if the rAAV has a GFP tag,
fluorescence should be observed in the GFP filter only.

(d) Recombinase-dependent fluorescently tagged rAAV only
sample: Fluorescence should not be observed in any filter.
If fluorescence is detected, it suggests that the rAAV has
undergone recombinase-independent recombination.
While low levels of recombinase-independent
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Fig. 5 In vitro expression images for AAV pCAG-FLEX-EGFP-WPRE with and without AAV-Cre in AAVpro 293T
cells

recombination are expected, levels should be significantly
lower than for the dual recombinase-dependent fluores-
cently tagged rAAV and recombinase sample.

(e) Recombinase-dependent fluorescently tagged rAAV and
recombinase sample: Fluorescence should be observed for
this sample in the appropriate channels. For example, if
the recombinase-dependent fluorescently tagged rAAV
has a GFP tag and the recombinase is untagged, then
you should observe GFP fluorescence only. If the
recombinase-dependent fluorescently tagged rAAV has a
GFP tag and the recombinase has an RFP tag, then you
should observe overlapping GFP and RFP fluorescence.
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4 Notes

Titration by Quantitative PCR

• Do not treat your plasmid standards with DNase.

• The quality of the sample dilution series is critical. Make sure to
pipette each dilution up and down at least 10 times and use at
least half of the final volume to mix.

• Always include a no template control (NTC) in your run.

• Run plasmid standard and samples at least in duplicate.

• Plasmid standard: If only making one virus, use the transfer
plasmid. If making many different ones, use a plasmid that
contains a common element found in the different viruses.
Store the standard in 4 μg/mL yeast tRNA to increase stability.

• Include a reference rAAV virus of a known titer in all assays to
ensure run-to-run consistency. The reference virus should have a
titer within one log of the expected titer of the sample.

• The following primer sequences can be used when detecting
AAV2 ITRs [1]:

– Forward ITR primer, 5′-GGAACCCCTAGTGATGGAGTT

– Reverse ITR primer, 5′-CGGCCTCAGTGAGCGA

• Baseline removal: all samples will have some small amount of
background signal that is most evident during initial PCR cycles.
This background signal must be removed to determine the
differences between samples accurately.

• Melt curve analysis: a single peak should be seen. The presence
of a second peak at a temperature of ~70–75 °C usually indicates
the presence of primer dimers which can increase the back-
ground signal and alter the Ct values of your samples.

• Pipetting less than 5 μL is not recommended. When preparing
the master mix, prepare for enough reactions that the volume of
each primer is >5 μL.

Confirmation of packaged AAV genome by identity PCR

• To reduce the level of plasmid recombination, use a stable,
competent cell line for plasmid propagation and grow cultures
at 30 °C.

Vector Purity by SDS-PAGE and Silver Staining

• Silver staining solution is considered hazardous and should not
be poured down the sink.

• The gel should be completely submerged in the solution.
A floating gel may not be stained properly.
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• The VP proteins should make up at least 90% of the band
intensity of the lane. Depending on the downstream applica-
tions, some laboratories may require higher levels of purity.

Limulus Amebocyte Lysate Chromogenic Endotoxin Test

• Reconstituted LAL reagent can be stored at -20 °C for up to
1 week. Freeze and thaw only once. Thaw immediately
before use.

• Reconstituted endotoxin can be stored at 2–8 °C for up to
4 weeks. Vortex vigorously for 15 min before every use.

• The reconstituted chromogenic substrate can be stored at 2–8 °
C for up to 4 weeks.

• Protect chromogenic substrate from exposure to light.

• All materials used must be endotoxin-free.

In vitro Sterility and Expression Assay

• Before setting up this assay, determine the optimal cell density
for your cell line in a 96-well plate.

• Recombinase activity can be driven by very low levels of protein.
In some cases, when using a fluorescently tagged recombinase
and fluorescently tagged recombinase-dependent rAAV, you
may observe expression of the recombinase-dependent rAAV
in cells that do not express observable levels of the tagged-
recombinase. This does not necessarily represent recombinase-
independent expression as the recombinase may be present in
the sample but at levels too low to observe. In this case, refer to
the recombinase-dependent fluorescently tagged rAAV only
sample; if no fluorescence was detected in this sample, then the
fluorescence observed in the dual recombinase-dependent fluo-
rescently tagged rAAV and recombinase sample is likely being
driven by low levels of the recombinase.
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Chapter 6

Vector Tropism

Shih-Heng Chen, Bo He, Sarwyn Singh, and Negin P. Martin

Abstract

Recombinant viruses expand the neurobiology toolbox and offer researchers an assortment of gene delivery
options. Each type of virus varies in its capabilities and limitations, and therefore, there are important
considerations in choosing the best viral vector system for each application. The suitability of a viral vector
for gene delivery is dictated by factors such as genomic cargo capacity, duration and regulation of its
transgene expression, immunogenicity, toxicity, and viral tropism. A myriad of permissive host factors is
necessary to successfully express the viral genome and deliver transgenes. Viral tropism depends on the
interaction of host and virion surface proteins for attachment and a concerted virus and host gene
expression and assembly system. In this chapter, we hope to provide readers with a practical guide for
selecting vectors for gene delivery in neuroscience applications.

Key words Virus, Tropism, AAV, Retrovirus, Lentivirus, Rabies delta-G, HSV, PRV, Sindbis

1 Introduction

The mammalian brain is a mosaic organ made up of neurons, glial
cells, and stroma. Most neuroscience studies use engineered viruses
to deliver light-sensitive effectors, chemogenetic sensors and recep-
tors, tracers, and/or functional regulators to study the neural
architecture or to investigate physiological functions in the nervous
system. Neurons are typically very resistant to nonviral modes of
gene delivery and are easily injured. The presence of the blood–
brain barrier further complicates and limits widespread gene deliv-
ery throughout the brain. Therefore, viruses are often delivered to
specific regions of the brain via stereotactic injections for localized
gene delivery [1]. Very few recombinant viral vectors cross the
blood–brain barrier. Methods for in vivo viral delivery are further
discussed in Chaps. 7, 12, 13, and 16. In engineered viruses,
genomic materials are replaced with desired transgenes and
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encapsulated in viral capsids and envelope proteins. Removal of
genomic material often renders recombinant viruses infectious
but nonpropagating. Following transduction, the viral genome is
released into the host cell for expression. To select a suitable viral
vector, researchers should consider the gene size capacity of a
vector, duration and timing of gene expression, type of viral
genome nucleic acid (RNA vs. DNA), transcriptional regulation,
tissue and cell tropism, immunogenicity, and toxicity of the vector
in the targeted in vivo model.

All viruses deliver a finite amount of genomic material. Adeno-
associated viruses (AAVs) deliver a small genetic cargo of up to 4.2
kilobases (kb), whereas helper-dependent adenoviruses (HD-Ad)
can accommodate 37 kb of genomic material. Separate AAV vectors
may be needed to deliver multiple genes, and large genes or pro-
moters often do not fit in a single AAV. Self-cleaving peptides (e.g.,
T2A and P2A) or internal ribosome entry sites (IRES) are helpful
elements for expressing multiple genes from a single promoter to
economize space in AAV vectors. Gene capacities of several popular
recombinant viral vectors are summarized in Table 1 and are dis-
cussed in detail in Part 1 of this book.

Table 1
Viral vector genome capacity

Non-enveloped
or enveloped

Transgene
capacity

Adenovirus (AdV)—1st Gen non-env dsDNA 8 kb

Adenovirus (AdV)—2nd Gen non-env dsDNA 14 kb

Helper dependent adenovirus (HDAdV) non-env dsDNA 36 kb

HD canine adenovirus type 2 (CAV-2) non-env dsDNA 30 kb

Replication-defective herpes simplex virus type
1 (HSV-1)

env dsDNA 30 kb

HSV-1-based amplicon env dsDNA 150 kb

Pseudorabies virus (PRV) env dsDNA 36 kb

Adeno-associated virus (AAV) non-env ssDNA 4.2 kb

Self-complementary AAV (SC-AAV) non-env ssDNA 2.1 kb

Lentivirus/retrovirus env dsRNA 8.5 kb

SADB19-Rabies dG, dGL, SiR, CVS-N2c env ssRNA 6 kb

Sindbis env ssRNA 6 kb

dsDNA double-stranded DNA, ssDNA single-stranded DNA, dsRNA double-stranded RNA, ssRNA single-stranded
RNA
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The duration and timing of gene expression should also be
reviewed as part of vector selection. For example, recombinant
Sindbis viruses reach robust expression after 24 h, so they are
ideal for rapid visualization of dendrites and measuring changes in
synapse formation in response to stimuli [2]. Nevertheless, the
Sindbis virus is also very toxic and induces neuronal death within
3–5 days. So, it will not be an effective vector for long-term studies.
In contrast, AAV cargo may take up to 2–3 weeks to detect, but its
low toxicity allows for lasting gene expression.

Another important feature of a viral vector is the nature of its
viral genome: RNA vs. DNA. The rapid expression of the Sindbis
virus is due to its positive-strand RNA genome that mimics an
mRNA and is transcribed in the cytoplasm shortly after viral
entry. However, the limitation of RNA vectors such as Sindbis or
Rabies virus is that transgene transcription cannot be regulated by
promoters or recombinases such as Cre, Flp, or Dre. Lentiviruses
and retroviruses are the only known class of RNA viruses that are
reverse transcribed to DNA upon transduction and could carry
transcriptional regulatory elements. Transcriptional regulators and
recombinases are often used to select or exclude cells for gene
expression. For example, the expression of a gene or promoter
delivered by a lentivirus flanked by loxP could be regulated in
cells that express Cre recombinases. Selective expression of promo-
ters and Cre recombinases in specific cells or tissue of a transgenic
animal could establish transcriptional tropism. Promoters for spe-
cific cell type targeting are discussed in Chap. 11.

The outer surface of a recombinant virus determines which
species, tissue, and cell type it targets. Modifications to the proteins
on the surface of viruses or overexpression of virus-binding proteins
on cells are often used to create novel tropisms. For example,
adenovirus Ad5 binds to coxsackievirus and adenovirus receptor
(CAR) on host cells as its primary cellular receptor. Overexpression
of CAR in skeletal muscles and lymphocytes of transgenic animals
that are typically deficient in CAR creates a platform for Ad5
infection [3, 4]. Researchers typically introduce mutations in viral
capsid proteins to change the viral tropism of non-enveloped
viruses such as adenoviruses and adeno-associated viruses. This
technique has been used extensively to generate a wealth of engi-
neered AAV variants, as described in Chap. 9. Tropism of enveloped
viruses is modified by exchanging envelope glycoproteins of one
virus for another or pseudotyping. Researchers often pseudotype
lentiviruses, retroviruses, and rabies-delta G viruses to alter their
tropism.

Viruses bind and infect neurons through dendrites, axon ter-
mini, or soma for localized gene expression in the nervous system.
However, the length of an axon is heavily protected from viral
infection or stimuli by the myelin sheath. Specialized viral envelopes
enable viruses or their cargo to be transported from axon termini
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Examples: 
Lentivirus (pseudotyped with Rabies-G)
AdV HiRet
CAV-2             NeuRet
HSV-1             AAV 2, retro
Rabies            PRV-Bartha

AnterogradeRetrograde

Examples: 
HSV-1-H129
PRV-Becker
AAV1
Rabies dG (VSV-GRtmC)

Fig. 1 Examples of vectors used for retrograde and anterograde neural tracing

toward the neuron body for retrograde transport. The movement
of viruses or their cargo in the opposite direction toward the axonal
termini is called anterograde transport. Examples of neurotropic
recombinant viruses that shuttle along the axons are shown in
Fig. 1. Viruses with retrograde/anterograde transport capabilities
are often utilized for tracing neural tracks to map the nervous
system architecture.

Several families of recombinant viruses are available for gene
delivery to mammalian nervous systems: Adenoviridae, Herpesvir-
idae, Parvoviridae, Retroviridae, Rhabdoviridae, and Togaviridae.
In the following sections, we will describe the tropism and char-
acteristics of these six broadly used recombinant vectors as a practi-
cal guide for the selection of gene delivery vectors.

2 Adenoviridae (e.g., Ad5, HD-Ad, and CAV-2)

2.1 Adenovirus Adenovirus (AdV) is a non-enveloped double-stranded DNA virus.
Adenoviruses, especially human adenovirus type 5 (HAdV5), are
promising gene therapy vectors since they have broad tropism and
offer robust gene expression in mammalian cells [5]. However, the
high immunogenicity and cytotoxicity limit the applications of
adenoviral vectors. Several generations of recombinant adeno-
viruses have been developed to reduce immunogenicity, extend
gene expression, and increase cargo size. AdVs tropism allows for
infection of neurons, astrocytes, microglia, oligodendrocytes, epen-
dymal cells, and choroidal epithelial cells in mammalian brains [6–
9]. HAdV5 not only expresses transgenes in infected neurons but
also delivers transgenes via retrograde axonal transport to neural
projections from the injected area (Table 2) [10]. The lytic
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Table 2
Duration and direction of transgene expression in viral vectors

Initial
expression

Adenovirus (AdV) Weeks Retrograde Weeks to months

Canine adenovirus type
2 (CAV-2)

Weeks Retrograde Months to year

Herpes simplex virus type
1 (HSV-1)

Weeks Retrograde (anterograde:
HSV-1-H129)

Weeks to months

Pseudorabies virus (PRV) Days Bidirectional: PRV-Becker;
retrograde: PRV-Bartha

Days to weeks

Adeno-associated virus
(AAV or scAAV)

Days to
weeks

Serotype dependent Weeks to months

Lentivirus/retrovirus Days Pseudotype dependent Weeks

SADB19-Rabies dG, dGL,
SiR, CVS-N2c

Days to
weeks

Retrograde Days to weeks
depending on
toxicity

Sindbis Hours to
days

Injection site only Days due to toxicity

infection of wild-type AdVs results in cell death after infection.
Therefore, the essential E1 region of the genome was removed in
the first generation of AdV vectors to reduce immunogenicity. In
addition, the removal of the non-essential E3 region increased the
cargo capacity to 8 kb. In the second generation, AdV, E2, and E4
regions were removed to further increase the cargo size to 14 kb
[11]. However, most of the viral genes responsible for high immu-
nogenicity and cytotoxicity are still present in the second-
generation AdV vectors, and their toxicity limits the duration of
transgene expression. To reduce the immune response against the
Helper-Dependent Adenovirus (HDAd) vectors, all viral genes
except the inverted terminal repeat (ITR) and packaging signal
(ψ) were removed [12]. This deletion also dramatically increased
the cargo size of the HDAd vector to 37 kb. The HDAd-infected
cells do not present viral epitopes on their cell membranes reducing
the immune response against AdV and prolonging transgene
expression. The HDAd vectors provide superior nonintegrating
and nonpropagating vectors that can deliver large genetic cargos
to mammalian brain cells [13].

2.2 Canine

Adenovirus Type

2 (CAV-2)

Preexisting immunity against human adenoviruses reduces the
transduction efficiency of HAdVs and HDAd vectors for human
gene delivery [14]. Recombinant nonhuman adenoviruses such as
canine adenovirus type 2 (CAV-2) are promising vectors for clinical
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research and gene therapy due to the lack of adenovirus immuno-
logical memory in humans. CAV-2 is a safe and effective vector for
laboratory use because it cannot replicate in human cells; however,
it successfully delivers transgenes to rodents and nonhuman pri-
mates [15]. Studies show that recombinant CAV-2 vectors prefer-
entially transduce neurons for local and retrograde transport of
transgenes. They can be utilized as neural tracers for long-term
gene expression in the rodent brain with very low immunogenicity.
Replication-defective CAV-2 (E1/E3-deleted) vectors can deliver
7 kb of genetic cargo, and the helper-dependent CAV-2
(HD CAV-2) has a 30 kb cargo capacity [16]. The CAV-2 vectors
enter the cells via coxsackievirus and adenovirus receptor (CAR). In
the brain, CAR receptors are expressed on the surface of neurons.
CAV-2 binds to the CAR at the neurons’ presynaptic region and
retrograde transport to deliver the transgene to the neuron body
[17]. The expression of CAR varies among neurons of different
brain regions. For example, CAV-2 only infects a subpopulation of
neurons in the basal-lateral amygdala [18]. A recent study utilized
AAV delivery of CAR in neurons to enable a high-efficiency, tro-
pism-free CAV-2 gene delivery in various neuronal circuits
[19]. Furthermore, due to the low immunogenicity of CAV-2
vectors, the transgene expression could persist for months in the
infected neurons (Table 2) [20]. Moreover, a variety of tissues and
the morphology of neurons were analyzed, and no major signs of
virus-associated toxicity were noted [19, 21, 22].

3 Herpesviridae (e.g., HSV-1 and PRV)

3.1 Herpes Simplex

Virus Type 1

Herpes simplex virus type 1 (HSV-1) is a human pathogen that
infects over 90% of the population worldwide. HSV-1 has a broad
cell tropism and infects almost every kind of cell, including neu-
rons. Wild-type HSV-1 initially infects and replicates at the port of
entry, such as oral or cornea mucosal tissues. Subsequently, the
virus is retrogradely transported to the peripheral nervous systems
(e.g., trigeminal ganglion) and the central nervous system (e.g.,
brain and spinal cord) and eventually establish latent infection in
neurons for life [23]. Recombinant HSV vectors are directly
injected into mammalian brains for in vivo gene delivery and neural
tracing. HSV-1 infects neurons, astrocytes, oligodendrocytes, and
neuronal progenitor cells at the injection site [23–25]. Most of the
replication-defective recombinant HSV-1 vectors transport in the
retrograde direction. The HSV-1 strain, H129, is the only strain
reported to transport in an anterograde direction [26]. The prefer-
ential neural tropism and retrograde/anterograde transportability
make HSV-1 an excellent vector for neural tracing and gene deliv-
ery to the nervous system (Table 2).
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There are two HSV-1 vectors currently available to researchers:
(1) replication-defective HSV-1 and (2) HSV-1-based amplicons
[27]. The payload of replication-defective HSV-1 vector is 30 kb
[28]. In subsequent generations of replication-defective HSV-1
vectors, one or several essential genes, such as immediate early
genes (e.g., ICP4, ICP22, and ICP27) that prevent the virus
from replicating and killing the infected cells, were removed
[29]. However, replication-defective HSV-1 vectors still retain
most viral genes and are toxic to cells.

The HSV-1-based amplicon vectors lack most of the viral
genes, which dramatically reduces cytotoxicity. The HSV-1 ampli-
con vectors can accommodate up to 150 kb of foreign DNA, which
could deliver one large gene or multiple genes to neurons
[27, 28]. Moreover, the HSV-1 amplicon virus can package numer-
ous amplicon plasmid copies as a head-to-tail concatemer in a single
vector. The concatemers could enhance the expression of the trans-
gene, and the low cytotoxicity of the amplicon vector could result
in persistent transgene expression in neurons for months. Packag-
ing amplicons into HSV-1 particles requires a helper virus or can be
achieved by utilizing bacterial artificial chromosome (BAC) or
cosmid containing the cloned HSV-1 genome in a helper virus-
free system. The helper virus-dependent HSV-1 amplicon system
produces high titers of HSV-1 particles but often contains helper
virus contamination that could lead to elevated immune response
and potential cytotoxicity. More recent generations of packaging
systems use the Cre-loxP system to remove the helper virus’s
packaging signals. This strategy greatly reduces the helper virus
contamination. However, there is often a very low level of helper
virus present that limits HSV-1 amplicon use in gene therapy
[30]. The current helper virus-free systems are limited to
low-titer stocks [31]. For more details, please refer to Chap. 3.

3.2 Pseudorabies

Virus(PRV)

Pseudorabies (PRV) is an alphaherpesvirus with a large range of
host tropism, but it does not infect primates and humans [32]. PRV
infects animals like swine, cattle, sheep, and rodents. Due to its
preferential tropism for neurons and trans-synaptic transportation,
PRV is an excellent tool for studying multisynaptic circuits
(Table 2). Several recombinant PRV neuronal tracers were derived
from PRV-Becker and PRV-Bartha strains [33, 34]. These recom-
binant PRVs are engineered to carry up to 30 kb of transgenes such
as β-galactosidase, fluorophores, or recombinases that are used for
neural tracing. PRV-Becker is highly virulent and is transported
bidirectionally in the infected neurons. PRV-151, PRV-180, and
PRV-181 are examples of retrograde and anterograde tracers
derived from PRV-Becker [35, 36]. PRV-Bartha is less virulent
than the Becker strain; the immune response to Bartha is reduced;
infected animals live longer, allowing deeper neuronal circuit explo-
ration. Unlike the Becker strain, and recombinants from Becker,
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which are bi-directionally transported, the recombinant PRVs
derived from the Bartha strain are retrogradely transported in the
infected neurons. Multiple PRV strains can infect the same neuron
simultaneously and project to different regions of the brain or
peripheral tissues [37, 38]. The major disadvantages of PRV strains
are replication-competency, cytotoxicity, high immunogenicity, cel-
lular fusion, and electrophysiological changes that are observed in
infected cells [39].

4 Parvoviridae (e.g., AAV)

Recombinant adeno-associated viruses (AAVs) are small (20 nm in
diameter), replication-defective, non-enveloped, and nonpatho-
genic viruses with a cargo capacity of 4.2 kb. AAVs permit efficient
gene transfer as well as long-term and stable expression in many
mammalian organs and tissues that could last for years [40]. Self-
complementing AAVs (scAAVs) bypass the rate-limiting step of the
second-strand synthesis in host cells and are, therefore, more rap-
idly triggering transgene expression. However, the scAAV design
limits cargo capacity to 2.1 kb [41].

For AAV-mediated gene transfer in vivo, there are three layers
of regulatory machinery to consider for viral tropism and transgene
expression: AAV capsids and their receptors, tissue/cell-specific
promotors, and post-transcriptional regulatory elements.

4.1 AAV Serotype

Receptors and

Tropisms

The binding of the AAV particles to the putative cell surface recep-
tors is the initial step for many AAV infections. Some AAV particles
utilize multiple receptors for cell entry, while others share the same
receptors from different families. Although each AAV serotype can
transduce almost all major cell types in the brain, including neu-
rons, microglia, astrocytes, and oligodendrocytes, transduction
efficiency varies significantly among serotypes for individual species,
strains, and specific cell types [42, 43]. AAV serotypes 1, 2, 5, 8,
9, and rh10 are the most studied AAV serotypes in the CNS
[44]. Table 3 summarizes the primary and co-receptors necessary
for AAV serotype binding and entry into cells. Expression levels of
these cell surface receptors dictate AAV tropism in the host. Thus,
overexpression of these receptors can yield engineered tropism in
the nervous system. Recent studies have identified the Adeno-
associated virus receptor (AAVR) as a universal receptor that recog-
nizes multiple AAV serotypes. AAVR-knockout mice are resistant to
some AAV serotype infections [45, 46]. Several recent techniques
for viral capsid modification have further enriched the AAV variant
pool for neuroscientists to target specific tissue and brain regions
for neurobiology applications [47, 48].
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Table 3
AAV serotype tropism in the central nervous system

Cellular
receptors

1 Sialic acid With CMV promoter, neurons and microglia
in striatum, neurons and oligodendrocytes
in hippocampus, and microglia and
oligodendrocytes in cortex in the mouse
brain [84]

2 HSPG, AAVR FGFR1,αV-β5 integrin,
LamR, HGFR,
α5β1integrin, CD9

With CMV promoter, oligodendrocytes and
neurons in hippocampus, neurons in
cortex, and neurons in striatum [84]

3 HSPG, Laminin FGFR1, HGFR, LamR Minimal CNS tropism

4 Sialic acid With RSV promoter, astrocytes in
subventricular zone and glia overlying the
rostral migratory stream neural tube [85]

5 Sialic acid,
AAVR,
clathrin, and
caveolar

PDGFR With CMV promoter, astrocytes and neurons
in striatum and neurons and astrocytes in
hippocampus, and oligodendrocytes and
microglia in cortex [84]

6 Sialic acid and
HSPG

EGFR With CMV promoter, microglia and neurons
in cortex, microglia and astrocytes in
hippocampus and neurons in striatum
[59, 84]

7 Unknown Unknown With GUSB promoter, neuronsin cortex,
striatum, thalamus, and hippocampus [59]

8 Laminin LamR With CMV promoter, astrocytes,
oligodendrocytes and neurons in striatum,
oligodendrocytes, microglia, astrocytes and
neurons in hippocampus, and astrocytes,
oligodendrocytes, microglia and neurons in
cortex [84]

9 Laminin,
N-linked
galactose

A putative integrin, LamR With CMV promoter,neuronsin striatum,
oligodendrocytes and neurons in
hippocampus, and neurons, microglia and
oligodendrocytes in cortex [84]

HSPG heparan sulfate proteoglycan, FGFR1 fibroblast growth factor receptor 1, LamR laminin receptor, HGFR
hepatocyte growth factor receptor, PDGFR platelet-derived growth factor receptor, CMV promoter cytomegalovirus
immediate-early enhancer and promoter, RSV promoter the Rous sarcoma virus long terminal repeat (RSV) promoter,

GUSB β-glucuronidase
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4.2 Delivery Routes

and AAV Tropisms

In cell culture, AAV 5 possesses a strong tropism for glial cells,
whereas AAV 1, 6, and 7 show efficient transduction of neurons
[49]. In vivo, AAV tropism is dependent on cell surface receptors
and the administration routes.

4.2.1 AAV Intravenous

Administration (IV)

AAV 9, rh.8, and rh.10 can cross the blood–brain barrier (BBB) and
have been shown to drive significant transgene expression in neo-
natal neurons and adult astrocytic glial cells [50–52]. This led to
preclinical studies using intravenous administration of AAV vectors
as a novel therapeutic treatment for neuropathic lysosomal storage
disorders (LSD) [44]. In contrast, AAVs 1, 2, 5, 6, and 8 show poor
penetration and transgene expression in the brain after systemic
administration [53, 54]. Several AAV variants such as PHP.B, PHP.
eB, PHP.v1, PHP.s, CAP-B10, and CAP-B22 have been developed
to cross the BBB for broad or cell-specific gene delivery to the
mouse brain [55]. However, their performance is mouse strain-
dependent [56].

4.2.2 Intraparenchymal

Injection

Most AAV serotypes, including AAVs 1, 2, 5, 7, 8, 9, and rh.10,
exhibit strong neuronal tropism following direct intraparenchymal
brain injection except for AAV4, which preferentially infects glia
[57–59]. Furthermore, AAVs 1, 5, and 9 demonstrate stronger
neural tropism for spinal motor neurons than AAVs 2, 6, and
8 [60]. Therefore, AAVs 1, 9, and rh.10 were tested for use in
gene delivery in a mouse model of neuropathic LSD [44]. AAV2 is
often used for gene transfer in small brain regions due to its weak
transduction and limited diffusion in brain tissue following intra-
parenchymal Injection.

Using this route of administration, AAV 4 transduces ependymal
cells [61], AAV 6 mediates gene transfer in the spinal cord and
motor neurons [60], and AAVs 7 and 9 mediate robust transduc-
tion in the cortical region and spinal cord [62].

cerebroventricular (ICV)

Administration

4.3 Capsid

Modification

Several approaches have been used to alter AAV tropisms for neu-
roscience research.

4.3.1 Hybrid Capsids This technique swaps regions of capsid proteins to create novel
chimeras with unique characteristics. For example, the substitution
of heparin-binding residues from AAV 2 onto a similar region in
AAV 5, which itself does not bind to heparan sulfate proteoglycan
(HSPG), gives this chimeric AAV5/2 the ability to bind heparan
sulfate [63]. Hybrid capsids of AAV 1 and AAV 2 (AAV1/2) have
AAV 2 tropism and the AAV 1 ability to diffuse through brain
tissue efficiently [64].



Vector Tropism 115

4.3.2 Peptide Insertion An inserted peptide displayed on the AAV capsid can redirect AAV
tropism. Since VP2 is not essential for AAV infectivity, the addition
of a mitochondrial targeting sequence (MTS) in the VP2 region
redirects AAV 2 virions to mitochondria [65]. This variant offers a
promising gene therapy vector for treating neuropathic diseases
related to dysfunctional mitochondria.

4.3.3 Capsid Shuffling

and Directed Evolution

Capsid DNA from different AAV serotypes are mixed and randomly
reassembled to produce chimeric capsid genomes with novel trop-
isms [66]. For example, a cell type-specific capsid selection method
called Cre recombinase-based AAV targeted evolution (CREATE)
was recently used to create AAV PHP.B, PHP.eB, and PHP.S in
C57BL/6J mice. These AAV vectors demonstrated efficient and
noninvasive gene delivery to the central and peripheral nervous
systems after systemic delivery [55]. Please refer to AAV capsid
evolution technology in Chap. 7 for a closer look at this technique
and a list of generated variants.

4.4 Regulatory

Elements to Refine

Gene Targeting

AAV transduction efficiency and specificity could be further
enhanced when a cell type-specific promoter is utilized in AAV
vectors. For example, the glial fibrillary acidic protein (GFAP)
promoter was found highly specific for expression in astrocytes
following vector infusion into neonatal and adult brains
[9]. Another example is the myelin basic protein (MBP) promoter
that produces poor gene expression in oligodendrocytes in neonatal
mice but has excellent expression if the vector is injected at postna-
tal day 10 [67]. AAV transduction efficiency can be further
improved by microRNA (miRNA) target sequences at the post-
transcriptional levels in the target tissues. Tissue-specific miRNAs
target sequences in AAV vectors and are also highly efficient in
reducing transgene off-target expression [68, 69]. For example,
in a recent study, a target sequence for miR183 was introduced
into the 3′ untranslated region of the cargo transgene mRNA of an
AAV to restrict expression to dorsal root ganglion (DRG) neurons
and to down-regulate transgene expression to lower toxicity
[70]. In many AAV transfer vectors, Woodchuck hepatitis virus
posttranscriptional regulatory elements (WPREs) have been intro-
duced to increase transgene expression at the post-translational
level [71–73].

5 Retroviridae (e.g., Lentiviruses and Gamma-retroviruses)

Recombinant lentiviruses and gamma-retroviruses (often referred
to as retroviruses) are enveloped viruses with double-stranded RNA
genomes. Following infection, their RNA genome is reverse tran-
scribed by viral proteins to DNA, transported to the nucleus, and
incorporated randomly into their host chromosomes. These
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random insertions could give rise to mutations that affect host
function and are one of the drawbacks of using lenti/retroviral
vectors. Another disadvantage of lentiviruses is that, unlike AAVs,
their large size (100 nm) limits their spread through the extracellu-
lar space and restricts their use for gene delivery to mammalian
brains [74]. Conversion of the viral RNA genome to DNA allows
for the insertion of promoters in transfer vectors to control trans-
gene expression. Similar to AAVs (described in Subheading 4.4),
regulatory elements could be used to enhance and further refine
gene expression in target cells. The maximum cargo size carried by
lenti/retroviruses is 8.5 kb—almost twice that of AAV [75]. Lenti-
viruses are capable of infecting both dividing and nondividing cells.
Retroviruses, however, cannot traverse through the nuclear pore to
reach the nucleus and only infect dividing cells during mitosis.
Therefore, retroviruses are typically used for gene delivery and
identification of neural stem cells [76]. The applications of lenti-
viruses in neuroscience are discussed in Chap. 1 of this book.

During viral production, viral envelope glycoproteins are loca-
lized on the host plasma membrane for virion assembly and bud-
ding. Matured envelope proteins dictate lenti/retroviral tropism. It
is possible to change lenti/retroviral tropism by modifying their
envelope proteins or by substituting other viral envelope glycopro-
teins during production. This process is called pseudotyping. Not
all envelope glycoproteins are compatible or a suitable match for
lenti/retroviral pseudotyping. Examples of compatible glycopro-
teins for pseudotyping lentiviruses and their central nervous system
tropisms are listed in Table 4. Glycoprotein G from the vesicular
stomatitis virus (VSV-G) is frequently used to give broad tropism to
pseudotyped lentiviruses. VSV-G binds to ubiquitously expressed
LDL receptors on the surface of most mammalian cells. Envelope
glycoproteins can also be spliced or modified to alter tropism or
viral titer. For example, as described in Chap. 2, NeuRet/HiRet
vector technologies use fusion envelope glycoproteins that com-
bine the tropism of the rabies G protein with the VSV-G stability
for the preparation of high titer lentiviruses [77].

6 Rhabdoviridae (e.g., SADB19-Rabies dG, dGL, SiR, and CVS-N2c)

Rabies viruses are neurotropic single-stranded RNA viruses that can
be transported in the retrograde direction in axons (Fig. 1). They
are highly toxic to neurons and cause neural death as they spread
through the nervous system. The retrograde transport of the rabies
virus makes it an ideal vector to trace neural pathways and study
mammalian brain architecture. Recombinant SADB19 and
CVS-N2c are two commonly used strains for gene delivery in
neurobiology research [78]. CVS-N2c is more effective in
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Table 4
Lentiviral pseudotypes with neural tropism

Glycoprotein Binding target Tropism

Chandipura virus and Piry
virus G

Not known Neural cells [86]

Lymphocytic
choriomeningitis virus GP1
and GP2

a-dystroglycan Dendritic cells, neural cells, glia,
hepatocytes, anterograde transport
[86–88]

Mokola virus G Not known Neural cells, oligodendrocyte
precursors [86, 87]

Murine leukemia virus G GLVR-2 or Ram-1/Pit-2 Neuroglial cells [87, 88]

Rabies virus G, NeuRet,
HiRet

P75NTR, NCAM, nAchR Neural cells and glia, retrograde
transport [77, 86, 88, 89]

Ross river virus E1 and E2 Possible involvement of
heparin sulfate or integrins

Neuroglial cells, fibroblast, hepatocytes
Kupffer cells [86, 88]

Semliki forest virus G Possible involvement of
heparin sulfate or integrins

Neuroglial cells, fibroblast, hepatocytes,
Kupffer cells [86, 90]

Sindbis virus E1 and E2 Possible involvement of
heparin sulfate or integrins

Broad, neurons [91]

Vesicular stomatitis virus G LDL receptor Broad [86, 87, 89]

transducing neurons but it takes longer to produce these virions.
To add safety, the glycoprotein (G) is often replaced with avian
virus envelope proteins such as Env A or Env B, and target cells
carry the corresponding avian protein receptors such as TVA or
TVB. AAVs are often used to deliver TVA and TVB genes to specific
neurons in the brain to target them with rabies vectors. The Env A
or B pseudotyped rabies viruses can only bind neurons that express
TVA or TVB on their surface for local gene expression. Target cells
must also express G, in addition to TVA or TVB, to promote
retrograde transport of the rabies viruses and their transgenes.
Rabies glycoprotein G is often used to pseudotype other enveloped
viruses to induce retrograde transport. Since rabies is an enveloped
virus, it can be pseudotyped similar to lentiviruses, with a myriad of
envelopes from other viruses to change its tropism or transport.
Rabies dG (VSV-GRtmC) is pseudotyped with an engineered surface
protein that alters the direction of its axonal transport to produce
an anterograde rabies vector [79].

Removal of G from recombinant rabies viruses provides space
of up to 6 kb for a transgene. However, the RNA genome of rabies
viruses does not allow for the addition of any transcriptional regu-
latory elements. Rabies-dG strains remain toxic and cause neuronal
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death within 1–2 weeks. Several strategies have been employed to
decrease toxicity and prolong the gene expression of rabies vectors.
In SADB19-dGL, the RNA-dependent RNA polymerase (L) gene
has been removed, and self-inactivating rabies (SADB19-SiR) car-
ries a PEST protein sequence that targets viral proteins for degra-
dation [80, 81]. Reduction in expression of rabies proteins lowers
toxicity in SiR vectors. Engineered rabies vectors are discussed in
Chap. 6.

7 Togaviridae (e.g., Sindbis Virus)

Sindbis virus is a single-stranded positive-sense RNA virus with
robust and rapid expression in a broad range of hosts [82]. Recom-
binant Sindbis vectors can carry a transgene cargo of up to 6 kb but
are similar to other RNA viruses, and they do not allow for any
transcriptional regulation. Nonpropagating recombinant Sindbis
vectors have been developed that do not spread beyond the primary
site of infection. They are effective vectors for in vitro and in vivo
transduction of neurons and produce high levels of transgene
expression within hours in infected cells. Although Sindbis viruses
are highly toxic and immunogenic, they are often used in neurobi-
ology research due to their rapid gene expression [2]. Their typical
applications are short-term protein expression or delivery of factors
to study the electrophysiological properties of neurons. Sindbis
viruses have a significant effect on host gene expression and there-
fore are not ideal for gene regulation studies [83].

8 Summary

Virus transduction is initiated by the interaction of capsids or
envelope glycoproteins on the exterior of virions with cell surface
receptors. Successful transduction also depends on a permissive
host environment for the expression of viral and delivered genes.
Low immunogenicity and toxicity of a viral genome and its proteins
assure adequate virus levels in host tissue for effective transduction
and long-term expression of transgenes, respectively. The capabil-
ities and limitations of several commonly used viral vectors are
summarized in Table 5. The following chapters will explain and
examine strategies for cell-specific targeting in the nervous system,
altering vector tropism, and the latest advances in viral technology
that have added valuable tools for neurobiology research.
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Table 5
Capabilities and limitations of viral vectors

Virus Tropism Advantage Limitation

Adenovirus
(AdV)

Neuron, astrocytes,
microglia,
oligodendrocytes,
ependymal cells,
choroidal epithelium
cells

Rapid and robust gene
expression, HDAd has
large capacity and long-
term transgene expression

High immunogenicity of 1st
and 2nd generation of
AdVs, neutralized by host
immune response,
contamination of helper
virus

Canine
adenovirus
type
2 (CAV-2)

Neurons Broad host range, efficient
axon terminal infection,
long-term expression, low
immunogenicity and
cytotoxicity

Neuron populations that
can be infected is limited
by CAR expression

Herpes
simplex
virus type
1 (HSV-1)

Neurons and glial cells Large cloning capacity, high
transduction efficiency,
low cytotoxicity with
amplicon

Contamination of
competent HSV or helper
virus, high cytotoxicity in
replication-defective
HSV-1 vectors

Pseudorabies
virus
(PRV)

Neurons Large capacity, transsynaptic
transportation

Causes cellular fusion,
electrophysiological
changes of infected cells,
high cytotoxicity

Adeno-
associated
virus
(AAV)

Serotype/variant
dependent

Low immunogenicity, diverse
and engineered serotypes

Low genome capacity,
antibodies against the
serotype may limit
transdcution

Lentivirus/
Retrovirus

Pseudotype dependent Large capacity, diverse
engineered pseudotypes

Immunogenic, not robust
in vivo, retrovirus does
not infect non-dividing
cells

SADB19-
Rabies dG,
dGL, SiR,
CVS-N2c

Neurons Monosynaptic tracing Highly immunogenic and
toxic

Sindbis virus Broad Rapid and robust expression Highly toxic, no
transcriptional regulation
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Chapter 7

Viruses for Systemic Delivery

Zikai Wang, Alon Greenbaum, and Jennifer B. Treweek

Abstract

Adeno-associated virus (AAV) is a nonpathogenic virus that has been leveraged as a gene-delivery vector
due to its high transduction efficiency in many cell types and its capacity to mediate nontoxic and persistent
transgene expression in infected cells. Given the demonstrated utility of AAVs in both basic scientific
discovery and in treating human diseases, there is a growing interest in engineering novel traits into the
recombinant AAV (rAAV) vector and refining the large-scale production of rAAVs to advance their clinical
and research use. Large-scale production is required as the systemic delivery of these novel rAAVs has been
envisioned as a route to treating monogenic disorders that affect whole organ physiology or function (e.g.,
muscle, including the heart, adipose tissue, cell types that harbor persistent viral reservoirs, globally in CNS
or PNS); therefore, in contrast to local injection, a considerably higher vector dose would be required to
achieve therapeutic effects. To address the production challenge, this chapter provides an experimental
overview for generating recombinant single-stranded AAV at high titer and of sufficient purity for in vivo
research. The methods discussed within the center on the production of rAAV vectors based on the
AAV-PHP virus family. The AAV-PHP family capsid variants have been engineered to grant enhanced
cell-type tropism as well as highly efficient cell transduction across the nervous system and throughout
peripheral and sensory organs upon systemic delivery. By including additional levels of gene expression
control through the inclusion of regulatory elements (e.g., promoters/enhancers) in the rAAV genome,
researchers can now achieve either widespread or targeted expression of genetically encoded labels, sensors,
and actuators in mammalian subjects for circuit-mapping and circuit manipulation endeavors. To advance
the use of these optimized viral vectors, this chapter details a protocol for the high-quality manufacture and
accurate titering of rAAVs using readily available reagents and standard laboratory equipment.

Key words Chemogenetics, Optogenetics, Viral vector, Adeno-associated virus, Gene therapy, Trans-
gene expression, Capsid engineering, Tropism, Cre-recombination-based AAV targeted evolution
(CREATE), Intersectional-genetic

1 Introduction: Adeno-associated Viral Vectors for Gene Transfer to the Nervous
System

Recombinant viruses have been used extensively in research as
vehicles for gene transfer to specific cell populations throughout
the body, including the central and peripheral nervous sys-
tems (CNS and PNS). The adeno-associated virus (AAV) represents
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one of the most commonly used viruses for neuronal circuit inter-
rogation, given the capacity of different AAV serotypes and engi-
neered recombinant AAV vectors (rAAVs) to transduce both
dividing and nondividing cells and to confer stable, long-term
gene expression with minimal toxicity. In addition to serving as a
nonintegrating viral vector with low immunogenicity, AAVs possess
inherent cell-type or tissue-specific tropism and trafficking, both of
which can be directly harnessed to limit off-target gene expression,
or refined even further through capsid engineering [1–9]. Capsid
engineering can be pursued via rational design [8] or directed
evolution [2–5, 7, 10–12] approaches; both intend to isolate
novel rAAV capsids that show enhanced transduction efficiency
and/or cell-type selectivity. Intersectional-genetic methods may
also be incorporated into the AAV-mediated gene transfer strategy,
either to titrate transgene expression, as is exemplified by the
vector-assisted spectral tracing (VAST) approach [3], or to institute
additional gene-regulatory or recombinase-dependent restrictions
on transgene expression (see Fig. 1) [3, 6, 14]. It follows that the
size of the rAAV genome establishes the upper limit on the number
of layers of intersectional-genetic control that can be implemented.
With a capsid carrying capacity of ~5 kb, rAAVs can package most
genetic cargo that is required for optogenetic and chemogenetic
experiments in animals, including: regulatory elements (e.g., pro-
moters and enhancers) for articulating transgene expression; genet-
ically encoded sensors (e.g., genetically encoded calcium indicators
(GECIs) [15–18], G-protein-coupled receptors (GPCR)-based
neurotransmitter [19, 20] and neuromodulator [21–25]
(GRABs) sensors [25, 26]) and actuators (e.g., optogenetic con-
structs such as excitatory and inhibitory opsins [27]; designer
receptors exclusively activated by designer drugs (DREADD)-
based chemogenetic tools [28]) for recording and manipulating
neuronal activity; and small peptide or fluorescent protein tags for
validating transgene expression, defining cellular niches, and/or
tracing neuronal pathways. Expanding the AAV capsid carrying
capacity represents an area of active research; however, currently,
the ~5 kb limit encumbers the application of rAAVs to various
proposed human gene therapies [11].

1.1 Engineered AAVs

for Neuroscience

Applications

AAV capsid engineering has yielded scientifically useful rAAV vec-
tors with unique trafficking properties, such as directional trans-
neuronal spread or transport across cell or organ boundaries
[29, 30]. Of particular importance to basic and preclinical neuro-
science research was the identification of AAV9 variants with the
ability to efficiently cross the blood–brain barrier (BBB) [2]. The
BBB, which is formed by the endothelial cells of the brain capil-
laries, normally restricts the access of blood-borne microbial and
viral agents to brain cells. While a few naturally occurring AAVs,
such as AAV9 and AAVrh.10 [31], can cross the BBB with exceed-
ingly low efficiency, a family of BBB-crossing AAV9 capsid variants
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Fig. 1 Comparison of intracranial (IC) administration versus retro-orbital (RO) administration of AAVs in Crh2-
IRES-Cre transgenic mice. (a) AAV:hSyn-DIO-XFP was administrated by IC injection (1.5 × 1010 vg, in a total
volume of 500 nL) into the DRN of a Crh2-IRES-Cre mouse (8 weeks old, JAX strain: B6.129S4(SJL)-Crhr2tm1
(cre)Lbrl/J). DRN injection coordinates with respect to Bregma: anterior-posterior ~ - 4.4 mm, medial-lateral
~ ± 1.3 mm, dorsal-ventral ~ - 3.2 mm, with a 20° angle. (b) AAV-PHP.eB:CAG-DIO-XFP was RO-injected
into age-matched Crh2-IRES-Cre mice at a total dose of 1.5 × 1011 viral genomes per mouse. Two weeks after
injection, transgene expression was evaluated in coronal brain sections via confocal microscopy. Specifically,
paraformaldehyde-fixed brains were sectioned by vibratome (Leica), and the 50 μm slices were mounted in
refractive index matching solution (RIMS) [13] for imaging of the transgene product (i.e., fluorescent protein,
XFP, under excitation wavelength: 561 nm). Orange arrows indicate differences in AAV distribution, in which
direct brain injection of a naturally occurring serotype: AAV5, confers local transduction of Cre + neurons in the
ventromedial DRN (a), while systemic delivery of AAV-PHP.eB grants broader coverage of Cre + cells
throughout the raphe nuclei, both the DRN and MRN (b). Experiments on mice conformed to all relevant
governmental and institutional regulations and were approved by the Institutional Animal Care and Use
Committee (IACUC) and the Department of Animal Resources at the University of Southern California. Aq:
aqueduct; DRN: dorsal raphe nucleus; MRN: median raphe nucleus; XFP: fluorescent protein transgene. Scale
bar, 200 μm

have been identified through the Cre-recombination-based AAV
targeted evolution (CREATE) and Multiplexed-CREATE
(M-CREATE) platforms [ – ]. These variants, most notably
AAV-PHP.B [ ], AAV-PHP.eB [ ], AAV-PHP.N [ ], AAV-PHP.
V1 [ ], and AAV.CAP-B10 [ ] grant noninvasive access to cells of
the mammalian central nervous system (CNS) through simple
systemic injection. Complementing this targeted access to neuronal
and non-neuronal cells of the CNS are rAAV variants, such as
AAV-PHP.S [ ], that allow efficient body-wide transduction of
the peripheral nervous system (PNS) [ , – ] and of cell classes
that compose many peripheral organs and tissues (heart [ , , ,

], adipose tissue [ ], liver [ ], lung [ ]). These vectors will12323938
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benefit a range of basic research and preclinical applications, from
cell and circuit activity modulation (e.g., optogenetics and chemo-
genetics) and in vivo imaging in biological research [11, 38, 40–44]
to the bidirectional modification of gene expression and gene edit-
ing [45, 46] for the treatment of disease [11, 33, 47–50].

1.2 Methodological

Considerations for AAV

Production and Use in

Research

Despite the tremendous promise of designer AAVs, such as those
listed earlier, in both clinical therapies and basic neuroscience
research, a few major hurdles continue to obstruct their use in
certain applications. In addition to the constraints related to the
small capsid packaging capacity, natural and designer AAVs, includ-
ing the AAV-PHP capsids, typically show enhanced cell and tissue
tropism in the animal model or specific strain used in their selection
(e.g., AAV capsid selection in C57BL/6J mice, but with tropism
that extends to non-human primates [5, 51]; AAV capsid selection
in C57BL/6J mice [2, 3], but with tropism that does not extend to
all inbred mouse strains or nonhuman primates [52–54]). Con-
gruently, these designer AAVs have historically not translated well
from species to species and, indeed, in some cases, even within
different strains of the same species. For example, AAV-PHP.eB is
capable of transducing neurons in C57BL/6NCrl and 129T2/
SvEmsJ mice and in Fischer and Long-Evans rats [6]. By compari-
son, transcytosis of AAV-PHP.eB and other AAV-PHP.B-derived
capsid variants across the BBB of BALB/cJ mice is less efficient,
resulting in significantly lower CNS transduction; this trait is likely
to be replicated in other species that lack specific receptors neces-
sary for efficient BBB transcytosis (e.g., the LY6A protein or a Ly6a
homolog), and hence should be factored into the AAV capsid
selection process when designing experiments [52, 53].

When combined with intersectional-genetic strategies, the
wealth of transgenic mouse lines, and the growing number of
transgenic rat lines, designer AAVs permit effective targeting of
distinct cell subpopulations according to cell-type and spatial con-
straints [3, 11, 55]. However, targeting cells according to their
connectivity remains challenging. Unambiguous mapping and
functional profiling of discrete cell circuits would require both
exclusively retrograde-trafficking and exclusively anterograde-
trafficking vector tools; ideally, vector spread would proceed
through a trans-synaptic rather than transneuronal mechanism.
Although many neurotropic virus strains or their engineered var-
iants (e.g., pseudotyped and replication-defective variants of rabies
virus [56], vesicular stomatitis virus [57], yellow fever virus vaccine
strain 17D (YFV-17D) [58], herpes simplex virus strain H129
[59]) demonstrate efficient transneuronal spread and even prefer-
ential trafficking in either the anterograde or retrograde direction,
they each possess an Achilles’ heel that thwarts their ability to
mediate selective, long-term transgene expression in neurons
according to input–output connectivity [60].
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Naturally occurring AAVs exhibit varying degrees of low-level
anterograde or retrograde transport, the latter entailing virus
uptake at the axon terminal and retrograde transport back to the
soma. Although scientists have engineered rAAV variants with
amplified anterograde [29] or retrograde [61] trafficking proper-
ties through positive selection, these rAAV variants still transduce
local cells at the administration site, and most AAV serotypes,
including the anterograde variant, still exhibit some capacity for
retrograde transduction, particularly at high titers. With respect to
intravenously administered vectors that can efficiently cross the
BBB and transduce brain cells with minimal cytotoxicity, an
AAV-PHP variant capable of efficient, unidirectional, transsynaptic
spread upon systemic administration has yet to be identified. Thus,
additional levels of gene-regulatory or anatomic control must be
implemented for accurate AAV-based circuit mapping or gene
delivery according to connectivity.

Nevertheless, the ability to modulate gene expression in
distributed cell populations through systemic AAV injection
unlocks new arenas of research into noninvasive neuromodulation
and gene therapy for neurological diseases [47]. To advance the
pursuit of these topics, this chapter provides a protocol for efficient
and accurate rAAV production at titers sufficient for systemic
administration. Systemic AAV delivery incurs the need to substan-
tially increase the vector genome (vg) dose per subject so as to
ensure broad coverage and efficient transduction of large cell popu-
lations. It is worth mentioning that systemic administration of high
AAV doses is not without risk. First, it increases the likelihood of
off-target transduction of peripheral organs due to the inherent
promiscuity of AAVs, which is compounded by the imperfect pro-
duction of high titer rAAV comprised solely of a single AAV capsid
variant. Second, the more widespread biodistribution and gene
transfer that results from systemic vector delivery provide addi-
tional opportunities for immunosurveillance of the rAAV capsid
or transgene product, raising the potential for either to become
immunogenic [2, 62]. Thus, researchers should remain vigilant of
these possibilities when employing systemic, AAV-based gene deliv-
ery strategies.

1.3 Procedural

Overview

The following protocol details five main stages for the production
of AAV vectors for optogenetic, chemogenetic, and/or in vivo
imaging experiments in rodents. These stages include (Fig. 2):
AAV production via triple transfection (Stage 1), AAV harvest
(Stage 2), AAV purification (Stage 3), AAV titering (Stage 4), and
systemic AAV delivery (Stage 5). Users may wish to validate their
systemic delivery method (e.g., intravenous (IV) or retro-orbital
(RO); Fig. 1b), alongside direct brain injection (e.g., intracranial
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Fig. 2 Timeline and overview of the protocol. The procedure comprises five main stages: (1) triple transfection,
(2) AAV harvest, (3) AAV purification, (4) AAV titration, and (5) systemic AAV administration. The entire protocol
spans approximately 8 days, excluding AAV administration (Stage 5); however, there are optional pause points
between certain stages, as noted in the Methods text. The pAAV plasmid contains the rAAV genome, which can
be engineered by the researcher to contain an interchangeable assortment of gene regulatory elements (e.g.,
promoters, terminator/polyadenylation signals, and messenger RNA stability elements), transgenes that
encode an opsin or DREADD (shown in green, Stage 1), localization signals, and recombinase recognition
sequences. Filled green circles represent transduced cells (Stage 5)

(IC) or intracerebroventricular (ICV) injection; Fig. 1a) of the
rAAV variant or parent AAV, so as to compare transduction spread
and specificity, and to evaluate the level of transgene expression
according to the delivery route.
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rAVV production starts with polyethylenimine (PEI-based
co-transfection of human embryonic kidney (HEK) cells with
three plasmids:

(i) The Rep/Cap plasmid, which encodes the rAAV capsid variant
proteins (Cap) as well as AAV proteins necessary for viral
genome replication (Rep) and packaging.

ii) The “cargo” or rAAV genome of interest (pAAV), including for
instance the opsin or DREADD for activity modulation.

ii) The pHelper plasmid, which encodes adenoviral helper proteins
necessary for replication.

Upon packaging of the single-stranded rAAV genome into a
capsid of choice (e.g., AAV-PHP) in HEK cells, the viruses are then
harvested, purified, and titered by quantitative PCR (qPCR). Please
note that the titering method must remain consistent between
preparations, as even small changes in the titering procedure
might lead to large variability in the reported yields. The PEI
transfection protocol followed by iodixanol density gradient ultra-
centrifugation for AAV purification typically yields at least 1 × 1012

vector genomes (vg) per 150 mm dish for AAV-PHP.B or the
parent AAV9, as measured via qPCR. Unlike cesium chloride
(CsCl) gradient purification methods, the iodixanol gradient
method does not grant sensitive fractionation of the full genome-
containing particles from empty AAV capsids. And it is important
to note that qPCR only provides an approximate readout of the
presence of viral genomes (i.e., viral genome titer) in a sample;
incomplete genomes that have been packaged into particles will
also be counted in the titer. Assessing the integrity of the actually
packaged genome requires the use of, for example, alkaline gel
electrophoresis under denaturing conditions. Electron microscopy
may be employed to directly visualize purified AAV particles, which
permits the qualitative assessment of full-to-empty particle ratios in
AAV production rounds. But neither qPCR nor electron micros-
copy will furnish information about the infectivity of a viral prep or
the integrity of the packaged genome. Instead, more rigorous
techniques such as the infectious center assay (i.e., the infectious
center assay is similar to the plaque assay, but it works for non-
plaque-forming viruses such as wild-type AAV and replication-
deficient viral particles such as rAAV vectors) or other transduction
assay must be used to verify the correct assembly and production of
functional AAV particles that are capable of entering a cell and
delivering the genome to the host cell nucleus [63]. Finally, various
qualitative and quantitative assays may be used to assess the trans-
duction of the target cell population; often, this is achieved through
observing the expression of a transgene reporter, such as a fluores-
cent protein, in the infected cells [2].
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When considering an appropriate scale of virus production,
users must estimate the rAAV vector dose that, when administered
to the subject, will mediate the desired transgene expression level in
the target cell or tissue population. The optimal rAAV vector dose
range for a particular experiment must be determined empirically,
as the vector dose depends on the subject (i.e., species, strain, age),
vector design parameters (e.g., the use of intersectional-genetic
strategies or recombinase control systems), and experimental con-
straints. Generally, higher vector doses mediate stronger expression
(i.e., high copy number) across a greater proportion of the target
cell population, while lower doses result in weaker expression (i.e.,
low copy number) in proportionally fewer cells. As a starting point,
a typical AAV-PHP.eB dose that achieves 50% neuronal transduc-
tion upon systemic administration to an adult mouse (6–8 weeks
old) is 1 × 1011 to 5 × 1011 vg; AAV-PHP.S is often administered at
a slightly higher dose: between 3 × 1011 and 1 × 1012 vg [3, 6]. Gen-
erally, 3–4 weeks are allowed for in vivo expression before evalua-
tion of transduction efficiency and coverage. Any additional
surgical preparation (e.g., installation of an optical fiber, recording
electrodes, or cannulae) of subjects is typically performed during
this period such that the timing of surgical recovery aligns with the
timing of optimal transgene expression.

2 Materials

2.1 Triple Transient

Transfection of

HEK293T Cells

Plasmid DNA

1. Three plasmids are required to produce rAAV virions by tran-
sient transfection: (i) the Rep/Cap plasmid (e.g., pUCmini-
iCAP-PHP), (ii) the pAAV, and (iii) the helper plasmid (pHel-
per). A brief description of how to obtain and/or prepare these
plasmids follows below.

(i) Selecting an rAAV capsid variant for Rep/Cap. We recom-
mend choosing an AAV-PHP capsid based on its tropism
(see Table 1) and production efficiency. AAV-PHP.eB

PHP.N [4],
CAP-B10
[4]

PHP.V1, V2 [11] PHP.S [8]

Neurons Astrocytes, BBB
vasculature

Sensory
neurons

Table 1
Parameters for rAAV capsid selection

rAAV capsid variant PHP.B [2];
PHP.eB [3];
PHP.B4,
B5, B6, B7,
B8 [4]

Tropism CNS



(Addgene, plasmid no. 103005) would subserve experi-
ments requiring noninvasive gene transfer to the CNS,
with broad neuronal and astrocytic cell tropism, while
AAV-PHP.N would enable enhanced brain-wide targeting
of neuronal (NeuN+) populations with minimal transduc-
tion of astrocytes and oligodendrocyte lineage cells, even
when packaged with a ubiquitous CAG promoter.
AAV-PHP.S (Addgene, plasmid no. 103006) would better
support systemic delivery of genes to the PNS and visceral
organs, while AAV-PHP.V1 would allow targeting of BBB
vasculature and endothelial cell populations, particularly
when the transgene is delivered with an endothelial cell-
type-specific MiniPromoter (Ple261; Addgene, plasmid
no. 82563), or expressed under endothelial-cell-restricted
recombinase control in Tek-cre mice [ ]. AAV-PHP.eB,
AAV-PHP.N, AAV-PHP.V1, and AAV-PHP.S can be pro-
duced in similar viral yields as the naturally occurring parent
serotype: AAV9 or AAV-PHP.B.

4
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(ii) Constructing the transgene cargo, pAAV. The rAAV
genome, which must be packaged into the AAV capsid,
includes both the desired genetic components (e.g., tran-
scriptional and translational regulatory elements, transgene
(s) of interest, localization signals, and intersectional-
genetic components such as recombinase recognition
sites) as well as two 145 bp inverted terminal repeats
(ITRs), each of which flank this expression cassette. These
ITRs must match the AAV serotype of the rep gene
contained in the Rep/Cap plasmid. Most pAAV plasmids
available from Addgene use AAV2 ITRs, which are compat-
ible with the suggested pUCmini-iCAP-PHP plasmids that
contain the AAV2 rep gene. Although there has been much
effort to expand the packaging capacity of rAAVs, it is
highly recommended that most users endeavor to restrict
their rAAV genome size to <4.7–5 kb (inclusive of
the ITRs).

(iii) Purchasing the pHelper plasmid. The pHelper plasmid,
which contains genes (E4, E2a, and VA) from adenovirus
that aid in AAV replication, is available in Agilent’s AAV
helper-free kit (Agilent, cat. no. 240071).

For use in rAAV production, the Rep/Cap, pAAV
cargo, and pHelper plasmids, which can often be purchased
from commercial vendors or procured from research labs or
institutional viral vector cores as bacterial stabs, must be
prepared on a large scale (i.e., 22.8 μg pUCmini-iCAP-
PHP and 11.4 μg pHelper per 150 mm dish for triple
transient transfection). Grow bacterial stocks (LB with
agar, Sigma-Aldrich, cat. no. L3147-1KG) for the three
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plasmids in LB (Amresco, cat. no. J106-1KG) or Plasmid+
(Thomson Instrument, cat. no. 446300) media containing
the appropriate selection antibiotic (see Note 1). Use a
large-scale endotoxin-free plasmid purification kit to isolate
plasmids (e.g., NucleoBond Xtra Maxi or Giga endotoxin-
free (EF) plasmid purification kit, Macherey-Nagel, cat.
no. 740424.50 or 740548); and elute plasmid DNA with
Tris-acetate-EDTA (TAE) buffer (50×; Invitrogen, cat.
no. B49) (see Note 2). Measure the DNA purity and con-
centration using a Qubit. These plasmid stocks may be
stored frozen at -20 °C or -80 °C for several years.

Biological Materials and General Laboratory Chemicals.

2. Cells. The triple transfection is performed in human embryonic
kidney (HEK) cells (293 or 293T; ATCC, cat. no. CRL 1573
or CRL 3216, respectively), passaged using either TrypLE
Express enzyme (1×; phenol red; Gibco, cat. no. 12605-036),
or a standard trypsinization protocol for adherent cultures, and
grown in cell culture media (20 mL of media per 150 mm
petri dish).

3. Cell culture media. Add 25 mL of FBS (GE Healthcare, cat.
no. SH30070.03), 5 mL of MEM nonessential amino acids
(NEAA) solution (100×; Gibco, cat. no. 11140-050), and
5 mL of penicillin–streptomycin (pen–strep; 5000 U/mL;
Gibco, cat. no. 15070-063) to a 500 mL bottle of DMEM
(high glucose, GlutaMAX supplement, pyruvate; Gibco, cat.
no. 10569-044). Invert to mix and store at 4 °C for up to
several months; warm to 37 °C before use. The resulting cell
culture media should have a final concentration of 5% (vol/vol)
FBS, 1× NEAA, and 50 U/mL pen–strep.

4. Polyethylenimine (PEI) stock solution. Pipette 50 mL of water-
for-injection (WFI, Gibco, cat. no. A1287304) water into a
50 mL conical centrifuge tube for later use. Add 323mg of PEI
(linear, 25,000 molecular weight (MW); Polysciences, cat.
no. 23966-1) to the remaining 950 mL bottle of WFI water
and adjust the pH to 2–3 by adding 1 N HCl suitable for cell
culture, keeping track of the volume of HCl added. Heat in a
37 °Cwater bath for several hours (or overnight) and occasion-
ally shake to mix. Once dissolved, add reserved WFI water to a
total volume of 1 L. Filter-sterilize, make aliquots in 50 mL
conical centrifuge tubes, and store at -20 °C for up to 1 year.

5. 1 N Hydrochloric acid (HCl) solution. HCl suitable for cell
culture (Sigma-Aldrich, cat. no. H9892).

6. Dulbecco’s PBS (DPBS). 1× DPBS with no calcium and no
magnesium (Gibco, cat. no. 14190-250).

7. Water for injection (WFI). Water for cell culture (Gibco, cat.
no. A1287304).
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8. UltraPure DNase/RNase-free distilled water (Invitrogen, cat.
no. 10977-023).

9. MgCl2-6H2O (Macron Fine Chemicals, cat. no. 5958-04).

10. NaCl (Millipore, cat. no. SX0420-3).

11. KCl (Macron Fine Chemicals, cat. no. 6858-06).

12. N-lauroylsarcosine sodium salt (Sigma-Aldrich, cat. no. L9150-
50G).

13. CaCl2 (anhydrous; J.T. Baker, cat. no. 1311-01).

14. Tris, ultrapure (MP Biomedicals, cat. no. 819620).

15. UltraPure Tris–HCl (1M, pH 7.5; Invitrogen, cat. no. 15567-
027).

16. UltraPure EDTA (0.5 M, pH 8.0; Invitrogen, cat. no. 15575-
020).

17. Tris-acetate-EDTA (TAE) buffer (50×; Invitrogen, cat.
no. B49).

18. 70% (vol/vol) Ethanol. Prepare from absolute ethanol
(J.T. Baker, cat. no. 8025).

19. 10% (vol/vol) Bleach. Prepare fresh from concentrated liquid
bleach (e.g., Clorox).

2.2 AAV Harvest 1. Salt-active nuclease (SAN; 25 U/μl; ArcticZymes, cat.
no. 70910-202).

2. Polyethylene glycol (PEG; MW 8000; Sigma-Aldrich, cat.
no. 89510-1KG-F).

3. SAN digestion buffer. Add 29.22 g of NaCl, 4.85 g of Tris base,
and 2.03 g of MgCl2·6H2O to a 1 L bottle of WFI water and
shake to mix. Filter-sterilize and store at RT for up to several
months. The resulting SAN digestion buffer should have a final
pH of ~10.0 and a final concentration of 500 mM NaCl,
40 mM Tris base, and 10 mM MgCl2.

4. SAN + SAN digestion buffer. Add 100 U of SAN (4 μL o
25 U/μL SAN) per milliliter of SAN digestion buffer; pipette
to mix.

5. 40% (wt/vol) PEG stock solution. Decant ~500mL ofWFI water
into a 500 mL sterile bottle for later use. Add 146.1 g of NaCl
to the remaining 500 mL (in the 1 L bottle of WFI water) and
shake/heat until dissolved. Once completely dissolved, add
400 g PEG and heat at 37 °C overnight for up to 2 nights.
Add reserved WFI water to a total volume of 1 L. Prewet the
filter surface with WFI water, and then filter-sterilize the solu-
tion; allow 1–2 h for the solution to filter. This stock solution
should have a final concentration of 2.5 M NaCl and 40%
(wt/vol) PEG, and it may be stored at RT for several months.
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2.3 AAV Purification 1. OptiPrep. 60% (wt/vol) iodixanol density gradient medium
(Cosmo Bio USA, cat. no. AXS-1114542-5).

2. DPBS + high salt. To prepare a DPBS + high salt stock solution,
add 29.22 g of NaCl (Millipore, cat. no. SX0420-3), 93.2 mg
of KCl, and 101.7 mg of MgCl2·6H2O to a 500 mL bottle of
DPBS and shake to mix. Filter-sterilize (e.g., Stericup sterile
vacuum filtration system, 0.22 μm; 1 L;Millipore, cat. no. S2G-
PU11RE) and store at RT for up to several months. The
resulting buffer should have a final concentration of 1 M
NaCl, 2.5 mM KCl, and 1 mM MgCl2 (in addition to the
salts in the DPBS).

3. DPBS + low salt. To prepare a DPBS + low salt stock solution,
add 2.92 g of NaCl, 93.2 mg of KCl, and 101.7 mg of
MgCl2·6H2O to a 500 mL bottle of DPBS and shake to mix.
Filter-sterilize and store at RT for up to several months. The
resulting buffer should have a final concentration of 100 mM
NaCl, 2.5 mM KCl, and 1 mM MgCl2 (in addition to the salts
in the DPBS).

4. Iodixanol density gradient solutions: 15%, 25%, 40%, and 60%
(wt/vol) iodixanol. Determine the number of gradients needed
and prepare the iodixanol density gradient solutions (see
Table 2). For each layer, add OptiPrep (iodixanol), DPBS +
high salt or DPBS + low salt, and phenol red (if applicable) to a
50 mL conical centrifuge tube. Invert or briefly vortex to mix.
The 25% and 60% layers contain Phenol Red (Millipore, cat.
no. 1072420100), which turns the solutions red and yellow,
respectively, and facilitates clear demarcation of the gradient
boundaries.

Table 2
Composition of iodixanol density gradients

Number of gradients

Iodixanol % Layer recipe mL One Four

6 15 DPBS + high salt 5.0 19.8
60% iodixanol 1.7 6.6

6 25 DPBS + low salt 3.9 15.4
60% iodixanol 2.8 11.0
Phenol red 0.1 0.2

5 40 DPBS + low salt 1.8 7.3
60% iodixanol 3.7 14.7

5 60 60% iodixanol 5.5 22.0
Phenol red 0.1 0.2
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2.4 AAV Titration 1. DNase digestion buffer. Use a 50 mL serological pipette to
measure 247.5 mL of UltraPure water into a 250 mL sterile
bottle. Add 55.5 mg of CaCl2, 2.5 mL of 1 M Tris–HCl, and
508mg ofMgCl2·6H2O and shake to mix. Filter-sterilize (e.g.,
Stericup sterile vacuum filtration system, 0.22 μm, 250 mL;
Millipore, cat. no. SCGPU02RE) and store at RT for up to
several months. The resulting buffer should have a final con-
centration of 2 mM CaCl2, 10 mM Tris–HCl, and 10 mM
MgCl2.

2. DNase I recombinant (RNase-free; 10 U/μL; Roche Diagnos-
tics, cat. no. 4716728001).

3. DNase I + DNase digestion buffer. Add 50 U of DNase I per
milliliter of digestion buffer (a 1:200 dilution of 10 U/μL
DNase); pipette to mix.

4. Proteinase K (recombinant, PCR grade; 50 U/mL (2.5 U/
mg); Roche Diagnostics, cat. no. 03115828001).

5. Proteinase K solution. Use a 50 mL serological pipette to mea-
sure 250 mL of UltraPure water into a 250 mL sterile bottle.
Add 14.61 g of NaCl and shake to mix. Add 2.5 g of
N-lauroylsarcosine sodium salt (Sigma-Aldrich, cat.
no. L9150-50G) to the mixture and gently swirl to mix;
N-lauroylsarcosine sodium salt is a surfactant and will generate
bubbles if vortexed or mixed vigorously. Filter-sterilize (e.g.,
Stericup sterile vacuum filtration system, 0.22 μm, 250 mL;
Millipore, cat. no. SCGPU02RE) and store at RT for up to
several months. The resulting solution should have a final
concentration of 1 M NaCl and 1% (wt/vol)
N-lauroylsarcosine sodium salt.

6. Proteinase K + proteinase K solution. Add 100 μg of proteinase
K per milliliter of solution (a 1:200 dilution of 50 U/mL
(2.5 U/mg) proteinase K); pipette to mix.

7. Qubit dsDNA HS Assay Kit (Invitrogen, cat. no. Q32854), to
be used with a Qubit 3.0 fluorometer (Invitrogen, cat.
no. Q33216).

8. DNA standard stock. Set up a single 50 μL restriction digest
reaction to linearize 20 μg of the plasmid DNA containing the
target sequence (e.g, for plasmids with Amp resistance, this
might entail using 60–80 U (3–4 μL) of ScaI). Run a small
amount of the reaction on an agarose gel to ensure complete
digestion. Purify the reaction using two DNA clean-up col-
umns (DNA Clean & Concentrator kit, Zymo Research, cat.
no. D4033 (DCC-25)). Measure the DNA concentration
(ng/μl) using a Qubit. Dilute to ~5–10 × 109 single-stranded
(ss) DNA molecules/μL and use the Qubit assay to verify the
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concentration (ng/μl). Divide into 20 μL aliquots in
DNA/RNA LoBind microcentrifuge tubes and freeze at -
20 °C for up to 1 year.

9. DNA standard dilutions. Create eight serial dilutions (1:10) of
the DNA standard stock in triplicate (seeNote 3). For each set,
begin by pipetting 5 μL of the DNA standard into 45 μL of
UltraPure water and then vortexing for 3 s to mix; this repre-
sents standard #8. Serially dilute standard #8 in UltraPure
water and vortex to create standard #7. Repeat this process
(diluting 1:10 in Ultrapure water and vortexing to mix) six
remaining times to create standard #6 to #1. The final concen-
trations of the standard dilutions should range from
5–10 × 108 (#8) to 5–10 × 101 (# 1) ssDNA molecules per
microliter.

10. SYBR Green master mix (Roche Diagnostics, cat.
no. 04913850001).

11. ScaI-HF restriction enzyme (New England Biolabs, cat.
no. R3122S) or other enzymes that cuts outside of the rAAV
genome and within the pAAV backbone.

12. qPCR master mix. Immediately prior to use, prepare a qPCR
master mix for the total number of reactions (i.e., wells)
needed. One reaction requires 12.5 μL of SYBR Green master
mix, 9.5 μL of UltraPure water, and 0.5 μL of each primer
(from a 2.5 μM stock concentration), for a total of 23 μl/well.
Pipette or vortex for 1–2 s to mix.

13. qPCR Primers. Obtain primers (Integrated DNA Technolo-
gies) corresponding to the target sequence to be amplified
during qPCR (e.g., WPRE-forward: GGCTGTTGGGCACT
GACAAT, WPRE-reverse: CCGAAGGGACGTAGCAGAAG,
hGH polyA-forward: GTGCCCACCAGCCTTGTC, hGH
polyA-reverse: TGTCTTCCCAACTTGCCCCTT).

2.5 Systemic AAV

Administration

1. Insulin syringes with permanently attached needles (31 gauge ×
5/16 inches; BD, cat. no. 328438).

2. Ophthalmic anesthetic (0.5% proparacaine hydrochloride oph-
thalmic solution, Alcon Laboratories, Inc.).

3. Materials and supplies for rodent anesthesia (e.g., Isoflurane,
USP (Piramal Critical Care, cat. no. 66794-017-25) and vapor-
izer (V-1 Tabletop with Active Scavenging (VetEquip); medical
grade oxygen (Airgas), charcoal canisters (VaporGuard Char-
coal Filters, VetEquip) and/or vacuum source for scavenging
anesthetic gas).

4. Warming device or heating pad (Far Infrared Warming Pad,
Kent Scientific Corporation; if required by Institutional Care
and Use Animal Committee for short-term rodent anesthesia).
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3 Methods

Stage 1. Triple Transient Transfection of HEK293T Cells

1. Seed HEK293T cells (approximately 2 × 107 cells) in
150 mm petri dishes (150 mm × 25 mm; Corning, cat.
no. 430599) to attain 80–90% confluency on the day of
transfection (i.e., transfection is typically performed after
24 h incubation of cells at 37 °C with 5% CO2) (see
Note 4).

2. Prepare PEI + DPBS master mix. Namely, thaw PEI stock
solution in a 37 °C water bath. Bring the PEI to room
temperature (RT; 23 °C) and vortex to mix. Add PEI and
DPBS in appropriate proportions to a 50 mL conical cen-
trifuge tube (see Table 3 for per-dish quantities), and vortex
again to mix.

3. Prepare DNA + DPBS solution for each viral prep. Bring
plasmid DNA to RT and briefly vortex to mix. For each
viral prep, calculate the quantities of plasmid DNA and
DPBS (see Table 3 for per-dish quantities) to add to a
50 mL conical centrifuge tube; vortex the prepared
DNA + DPBS solution to mix.

4. In a dropwise fashion (using a 5- or 10 mL serological
pipette) and while agitating the conical tube, add the cal-
culated volume of PEI + DPBS master mix to the
DNA + DPBS solution. Cap the tube and thoroughly
vortex for 10 s to mix, and then allow this tube of transfec-
tion solution to sit at RT for 2–10 min.

Table 3
Triple transfection plasmid amount guidelines for one 150 mm dish with a surface area = 152 cm2.
The μg of DNA for each plasmid (1.00 μg/μL) are calculated according to a pAAV:Rep/Cap:pHelper
ratio of 1:4:2 and a total DNA amount of approximately 40 μg per dish

DNA mass
(μg)

DPBS volume (μL) for
DNA + DPBS

Total volume (μL)
of media

Total volume (μL) of
PEI + DPBS master mix

pAAV 5.70 (Volumes of components)

Rep/
Capa

22.82 439.23 μL PEI

pHelper 11.41 560.77 μL DPBS

Total 39.93 μg 960.07 μL 20,000 μL 1000 μL
aRep/Cap plasmid, e.g., pUCmini-iCAP-PHP
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5.

6.

Add 2 mL of the transfection solution dropwise to each
dish and swirl gently to mix before returning the dishes to
the cell culture incubator (37 °C with 5% CO2).

Change the media 12–24 h post-transfection by aspirating
the old media into 10% (vol/vol) bleach and replacing it
with 20 mL of fresh, warmed media (see Note 5).

Stage 2. AAV Harvest

1. Pipette off the cell culture media 72 h post transfection and
store at 4 °C (see Note 6).

2. Add 20 mL of fresh, prewarmed media to the dishes and
incubate for an additional 48 h.

3. At 120 h post-transfection, harvest the media and cells
from each petri dish by gently scraping the cells into
media and transferring this media-cell suspension and the
stored media from step 1 into a 250 mL conical centrifuge
tube. For multiple dishes of the same virus prep, the media-
cell suspension from each dish for up to five dishes may be
pooled in one tube.

4. Centrifuge the media and cells at 2000 g for 15 min at
room temperature (RT).

5. Pour off the supernatant (i.e., the clarified media) into the
dish’s (or dishes’) corresponding storage bottle from step
1 or into a new empty media bottle, and store at 4 °C.

6. Prepare 5 mL of SAN + SAN digestion buffer (Reagent
setup) per viral prep (up to five dishes).

7. Using a 5 mL serological pipette, gently resuspend the cell
pellet from step 4 in 5 mL of SAN + SAN digestion buffer;
transfer suspension into a 50 mL conical tube (see Note 7)
and continue to pipette or gently tap on a vortexer (on low
setting) to finish resuspending the pellet.

8. Incubate in a 37 °C water bath for 1 h; then, store at 4 °C
until step 15 (up to 24 h).

9. Pour the stored supernatant (step 5) into a 250mL conical
centrifuge tube (see Note 7).

10. Add enough 40% (wt/vol) PEG stock solution to the
supernatant to create an 8% final (wt/vol) concentration
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of PEG. Cap and invert the tube ten times; then, incubate
on ice for 2 h.

11. Centrifuge the PEG-media mixture at 4000 g for 30 min
at 4 °C.

12. Pour off the supernatant (see Note 8). Aspirate off excess
supernatant without disturbing the pellet.

13. Prepare 1 mL of SAN + SAN digestion buffer per viral
prep (up to five dishes) and add to pellet.

14. Using a P1000 pipetter, vigorously pipette (see Note 9)
to resuspend the PEG pellet in the SAN buffer.

15. Add the resuspended pellet (step 14) to the pellet lysate
from step 8.

16. Incubate the combined pellet lysates in a 37 °C water
bath for 30 min.

17. Proceed directly to Stage 3: AAV Purification. Alterna-
tively, the lysate may be stored overnight at 4 °C before
Stage 3 or frozen in a dry ice–ethanol bath and stored for
up to 1 week at -20 °C.

Stage 3. AAV Purification

1. Prepare the iodixanol density gradient solutions (see
Table 2).

2. Pour the density gradients in OptiSeal tubes (Beckman
Coulter, cat. no. 361625; includes black caps) in the fol-
lowing layered order: 6 mL of 15% (wt/vol) iodixanol,
6 mL of 25% (wt/vol) iodixanol, 5 mL of 40% (wt/vol)
iodixanol, and 5 mL of 60% (wt/vol) iodixanol (see
Note 10).

3. Centrifuge the lysate from step 17 at 2000 g for 10 min
at RT.

4. With a 2 mL serological pipette, slowly pipette the super-
natant (i.e., the clarified lysate from step 3) atop the den-
sity gradient by touching the pipette tip to the 15%
iodixanol meniscus. Discard the pellet (in 10% bleach or
in a biohazard waste collection bin).

5. Fill (but do not overfill) each OptiSeal tube up to the neck
with SAN digestion buffer; without creating air bubbles at
the top, seal the tube using its black stopper-cap, and cover
with the spacer provided in the OptiSeal Tube kit (Beck-
man Coulter, cat. no. 361662; includes a tube rack,
spacers, and spacer- and tube-removal tools/tweezers).
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6. Weigh the prepared tubes with the caps and spacers; create
balanced tubes (with caps and spacers) to within 5–10 mg
of each other using SAN digestion buffer.

7. Load the balanced tubes into the ultracentrifuge rotor in
the biosafety cabinet; fasten the rotor lid, and carefully
transfer the rotor to the ultracentrifuge.

8. Spin the Type 70 Ti rotor at 350,000 g (58,400 r.p.m.) for
2 h and 25 min at 18 °C with slow acceleration and
deceleration (see Note 11).

9. During the ultracentrifugation run, assemble the equip-
ment necessary for collecting virus-containing iodixanol
gradient fractions. For the clamp setup (see Stage 3 panel
of Fig. 2), attach the rod to the support stand, and secure
the clamp 25–30 cm above the stand. Also, retrieve one
Amicon Ultra-15 centrifugal filter device (100 kDa molec-
ular weight cutoff; Millipore, cat. no. UFC910024), one
5 mL and one 10 mL syringe (BD, cat. nos. 309646 and
309604), one 0.22 μm syringe filter unit (Millipore, cat.
no. SLGP033RS), and one 16-gauge needle per gradient.

10. Once the rotor has come to a complete stop in the ultra-
centrifuge, carefully transfer the rotor back to the biosafety
cabinet, unscrew the rotor lid, and remove the spacer (with
the tweezers provided in the kit). Slowly remove each tube
from the rotor with the OptiSeal kit-provided tool (large
tweezers), and clamp the tube in-place above a 500 mL
waste beaker that contains 10% (vol/vol) bleach. Wipe
down the sides of the tube with 70% (vol/vol) ethanol.

11. Remove the plunger from a 10 mL syringe and set it aside;
attach a 0.22 μm syringe filter-unit to the syringe tip, and
balance this syringe + filter-unit atop an Amicon filter
device (see Stage 3 panel of Fig. 2).

12. Add 10 mL DPBS to the syringe barrel and allow the
solution to begin to drip by gravity through the filter-
unit and into the Amicon device while proceeding to
step 12.

13. Using a 5 mL syringe with 16-gauge needle attached,
collect virus from the 40/60% interface and 40% iodixanol
layer by puncturing the OptiSeal tube ~3–5 mm below the
40/60% interface (at the tube curvature), removing the
black cap with one hand, and slowly drawing back on the
5 mL syringe plunger with the opposite hand so as to
collect ~4.0–4.5 mL virus/gradient (see Note 12).

14. After replacing the black stopper-cap on the OptiSeal tube,
remove the 5 mL syringe/needle from the OptiSeal tube,
and transfer the 4.0–4.5 mL of virus/gradient to below
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the remaining milliliters of DPBS in the 10 mL syringe
barrel (see step 11).

15. Insert the 10 mL syringe plunger into the syringe barrel
and push the virus/gradient/DPBS mixture through the
syringe filter unit and into the Amicon filter device (see
Note 13).

16. Centrifuge the virus/gradient/DPBS mixture for
~5–8 min at 3000 g (RT), or until the volume of the
solution in the Amicon filter-device cartridge has been
reduced to ~500–1500 μL. Bleach and discard the flow-
through.

17. Add 13 mL DPBS to the virus in Amicon cartridge, mix
with a P1000 pipette, and centrifuge again according to
the procedure in step 15.

18. Discard the flow-through and repeat step 16 two addi-
tional times for a total of four buffer exchanges with DPBS
(see Note 14). On the last spin, retain 300–500 μL o
virus/DPBS solution in the Amicon cartridge (see Note
15).

19. Use a P200 pipette to transfer the virus from the Amicon
cartridge to a 1.6 mL screw-cap vial (e.g., 1.6 mL vials;
National Scientific Supply, cat. no. BC16NA-PS); store at
4 °C for up to 3 months.

Stage 4. AAV Titration

1. Plan out the PCR 96-well plate set-up (see Note 16).
Namely, reserve the first 24 wells (A1–B12) for DNA
standards (see Note 17), and allocate virus samples to the
remaining wells (seeNote 17). Include DPBS as a negative
control and a virus sample of known concentration as a
positive control.

2. Digest away DNA that was not packaged into the viral
capsid using DNase 1. Specifically, add 100 μL DNase
I + DNase digestion buffer (see Subheading 2) to each
1.5 mL tube (prepare triplicate tubes for each virus sam-
ple). Vortex each virus for 1–2 s (see Note 18), and add
2 μL virus to each of three tubes. Vortex briefly (1–2 s) to
mix, spin down (2000 g, RT, 10 s), and incubate in a 37 °C
water bath for 1 h.

3. Inactivate the DNase by adding 5 μL EDTA to each tube,
vortexing for 1–2 s to mix, spinning down the reaction mix
(2000 g, RT, 10 s), and incubating in a 70 °C dry bath for
10 min.
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4. Digest away the viral capsid with proteinase K. Specifically,
add 120 μl proteinase K + proteinase K solution to each
tube, vortex for 1–2 s to mix, and spin down (2000 g, RT,
10 s). Incubate in a 50 °C dry bath for 2 h or up to
overnight.

5. During the last 20 min of the proteinase K digestion,
prepare the DNA standard dilutions and use the Qubit
assay ((Invitrogen, cat. no. Q32854) to measure the con-
centration (ng/μL) of the DNA standard stock.

6. Incubate the tubes in a 95 °C dry bath for 10 min to
inactivate the proteinase K.

7. Allow the tubes to cool for 5 min. Vortex each sample for
1–2 s to mix and then add 3 μL to a new tube that contains
897 μL of UltraPure water (1:300 dilution). Vortex the
diluted samples for 3 s to mix.

8. Prepare the qPCR master mix.

9. Load the PCR 96-well plate based on the experimental
plan from step 1. Namely, first, pipette 23 μL of qPCR
master mix into each designated well. Next, pipette 2 μL of
each standard into wells A1–B12. Last, pipette 2 μL of each
diluted sample from step 7 into wells C1 and onward. Seal
the dish with sealing film (e.g., Genesee Scientific, cat.
no. 12-529), and briefly spin down (500 g, RT, 10 s) in a
PCR plate spinner (e.g., VWR International, cat.
no. 89184).

10. Place the PCR plate into the qPCRmachine (e.g., Analytik
Jena, model no. qTOWER 2.2), and run qPCR program
(see Table 4).

11. When the qPCR run is complete, export the cycle thresh-
old (CT) values and enter these values into a qPCR data
processing pipeline (e.g., custom Matlab script) or Excel
spreadsheet modeled after Table 5. Generate a standard
curve (see Note 19, see Table 5 for calculations) and

Table 4
qPCR cycling parameters for AAV titration

Step 1 95 °C 10 min

Step 2 95 °

Step 3 60 °

Step 4 60 °

Repeat steps 2–4 40×
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Table 5
AAV titration calculator. Blue cells represent virus prep-specific values to be entered by the
researcher; CT values are produced by the qPCR run. Orange cells represent values to be calculated
according to the equation shown in the table. Green cells represent values to be generated from the
DNA standard curve, with sample excel formulas shown in the table. If the virus prep involves pooling
multiple 150 mm dishes, one should calculate the “total vector genomes per dish”

DNA standard

Name of DNA standard: (for record-keeping)

Size of DNA standard (bp) (a)

Molecular weight of DNA standard (g/mole)a (b)

DNA standard stock concentration (ng/μL) (c)

Volume of protease-treated virus assayed in
qPCR (mL)

(Stage 4, Step 9) = (d)

AAV genome used in qPCR (g) ((c) × (d)/1,000,000) = (e)

ds AAV genomic DNA molecules in qPCR ((e)/(b) × 6.0221E+23) = (f)

ss AAV genomic DNA molecules in qPCR ((f)/2) = (g)

Dilution factor calculation

100 μL DNAse + 5 μL EDTA + 120 μL proteinase K + 2 μL virus 227 μL = (h)

Protease treated virus dilution (e.g., 1:300) 300 = (i)

Virus used in the assay (μL) (Stage 4, Step 2) = (j)

Dilution factor = final volume/initial volume ((h) × (i)/(j)) = (k)

DNA standardsb CT value (x-axis) ssAAV molecules (y-axis)

p1 ((t1) - 1) = (s1)
( p2 ((t2) - 1) = (s2)
( p3 ((t3) - 1) = (s3)

p4 ((u1) - 1) = (t1)
( p5 ((u2) - 1) = (t2)
( p6 ((u3) - 1) = (t3)

p7 ((v1) - 1) = (u1)
( p8 ((v2) - 1) = (u2)
( p9 ((v3) - 1) = (u3)

p10 ((w1) - 1) = (v1)
( p11 ((w2) - 1) = (v2)
( p12 ((w3) - 1) = (v3)

p13 ((x1) - 1) = (w1)
( p14 ((x2) - 1) = (w2)
( p15 ((x3) - 1) = (w3)

p16 ((y1) - 1) = (x1)
( p17 ((y2) - 1) = (x2)
( p18 ((y3) - 1) = (x3))
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(continued)

p19 ((z1) - 1) = (y1)
( p20 ((z2) - 1) = (y2)
( p21 ((z3) - 1) = (y3)

p22) (Log (g)/10) = (z1)
( p23) (Log (g)/10) = (z2)
( p24) (Log (g)/10) = (z3)

Excel graph parameters:
DNA standard CT values versus DNA standard concentrations (ssAAV molecules)

Slope of the standard curve Slope (s1:z3, p1:p24) = (m)

Intercept of the standard curve Intercept (s1:z3, p1:p24) = (n)

R2 value RSQ (s1:z3, p1:p24) = (r)

AAV genomes (in triplicate)

AAV genome CT ssAAV molecules Titer (vg/mL) Volume (mL) Total vector genomes
(vg)

Virus prep #1:
__________

CT1 (q1)
c

q1þq2þq3 (mL # 1) VG#1= titer vg=mLð Þ
CT2 (q2)
CT3 (q3)

Virus prep #2:
__________

CT4 (q4) q4þq5þq6 (mL # 2) VG#2= titer vg=mLð Þ
CT5 (q5)
CT6 (q6)

aTo calculate the molecular weight of a DNA sequence, use an online calculator (e.g., http://www.bioinformatics.org/
sms2/dna_mw.html). Or, multiply the length (in bp) by 650 (1 bp ~ 650 g/mole)
b8 dilutions in triplicate
c q1 = 10 mð Þ ×CT1þ nð Þ

� �
× k = d

compute the titer (vg/ml) of each virus prep. If the virus is
harvested from multiple dishes for a single prep, calculate
the per-dish production efficiency (vg/dish).

Stage 5. Systemic AAVAdministration

1. Calculate the AAV dose (vg) to administer per animal (seeNote
20). Divide the dose (vg) by the titer (vg/ml) to calculate the
volume of virus needed to inject one animal (see Note 21).

2. In a screw-cap vial, prepare a master mix of viruses based on the
number of animals to be injected; briefly vortex each virus and
master mix for 1–2 s before use. Transport and/or store the
virus aliquots on the ice leading up to injection.

3. Anesthetize the first subject in a biosafety cabinet according to
IACUC, governmental and institutional guidelines, and
approved lab protocols.

http://www.bioinformatics.org/sms2/dna_mw.html
http://www.bioinformatics.org/sms2/dna_mw.html


rAAV Vector Production 147

4. Load an insulin syringe with the appropriate volume of the
virus, expelling any air bubbles and syringe dead space.

5. After ensuring that the subject is fully anesthetized, place the
mouse in a prone position on a small stack of paper towels on a
heating pad, with the head facing the researcher’s dominant
hand. Place the nose cone on the mouse to maintain anesthesia,
if applicable.

6. Perform the retro-orbital injection. Specifically, grasp and
gently pull back the skin above and below the subject’s eye
with the thumb and index finger (of the nondominant hand) in
a scissored position, causing the eye to protrude slightly from
the socket. With the dominant hand, insert the needle and
bevel down at a 30–45° angle into the medial canthus and
through the conjunctival membrane. The needle should be
positioned behind the eye globe in the retro-orbital sinus.
Slowly release the virus into the sinus and gently remove the
needle.

7. Apply mild pressure to the eyelid, and dispense 1–2 drops of
proparacaine to the corneal surface to provide local analgesia.

8. Follow institutional guidelines for subject recovery. Generally,
the subject is placed in a clean, warmed cage for initial recovery
from anesthesia and then transferred back to a clean home cage.

9. Allow 3–4 weeks for evaluation of transgene expression,
although as little as 7–10 days may be adequate for sufficient
transduction and transgene expression. The appropriate time-
line for a given experiment must be determined on an empirical
basis.

10. Proceed with lab-specific protocol for downstream applica-
tions, such as optogenetic or chemogenetic manipulations.

4 Notes

1. Refer to the Addgene catalog or other suppliers for suggested
growth conditions and selection of antibiotics. Typically,
Addgene pAAV plasmids will carry antibiotic resistance to
ampicillin/carbenicillin (e.g., carbenicillin disodium salt; Alfa
Aesar, cat. no. J61949-06); and ScaI-HF restriction enzyme
may be used to linearize this plasmid DNA.

2. pAAVs should be propagated in recombination-deficient
strains such as NEB Stable, Stbl3, or SURE 2 competent cells
to prevent unwanted recombination. Always verify the integrity
of purified plasmids by Sanger sequencing (avoid ITRs when
designing sequencing primers (Integrated DNA
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Technologies)) and restriction digestion (confirm the presence
of ITRs through digesting pAAVs with SmaI (New England
Biolabs, cat. no. R0141S); https://www.neb.com/tools-and-
resources) before proceeding with downstream applications.

3. At low concentrations, linearized DNA is prone both to degra-
dation and to sticking to the tube’s inner walls. Thus, use
DNA/RNA LoBind microfuge tubes for DNA standard solu-
tions and for AAV samples and dilutions used in AAV titration
(Stage 4).

4. Passage cells at a ratio of 1:3 (i.e., divide one dish of cells into
three new dishes of cells) every other day when expanding cells
for viral production; and split cells at a 1:2 ratio (or 6 × 104

cells/cm2) 24 h before transfection.

5. Replace media in an expedited fashion to minimize cell stress.
Likewise, because PEI is moderately cytotoxic, with cell death
of up to 20% being common, do not allow the transfection
solution + media to remain unchanged for more than 24 h
post-transfection as this could adversely affect titers.

6. Empty, sterile media bottles are a convenient temporary stor-
age solution for media collected at 72 h. Alternatively, media
from up to five 150 mm dishes of the same virus prep can be
stored in a 250 mL centrifuge tube in preparation for step 3 of
Stage 2.

7. Save this 250 mL conical centrifuge tube for step 9. In step 9,
transfer stored supernatant into this 250 mL tube.

8. Pour the supernatant into a collection flask or used media
bottle and decontaminate with bleach such that the final vol-
ume of decontamination solution contains 10% bleach.

9. Pipette the pellet vigorously for ~5 min to resuspend, but avoid
adding air bubbles.

10. See Table 2 for iodixanol gradient formulations. Use a 2 mL
serological pipette (Corning brand 2 mL serological pipettes fit
into the narrow OptiSeal tube opening, and they have mark-
ings for 3 mL) to add 6 mL (fill pipette twice) of 15% (wt/vol)
iodixanol to each tube. Then add 6 mL of 25% (wt/vol)
iodixanol under the 15% layer by carefully lowering the pipette
tip to the very bottom of the tube and slowly dispensing the
solution from the pipette. Avoid agitating the upper layer of
15% iodixanol. Repeat this process for subsequent layers of
increasing iodixanol density, taking care not to disturb each
upper layer when inserting/removing the serological pipette
from the tube. To avoid generating air bubbles when removing
the pipette, do NOT dispense the last ~2–3 mm of iodixanol
from the pipette tip.

https://www.neb.com/tools-and-resources
https://www.neb.com/tools-and-resources
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11. For a Beckman Coulter Optima XE-9 with Type 70Ti rotor,
use profile no. 3 (accelerate across 3 min to 500 r.p.m., fol-
lowed by maximum acceleration) and profile no. 9 (decelerate
at maximum speed to 500 r.p.m., then decelerate across 6 min
to stop).

12. Position the needle bevel facing upward while collecting virus/
gradient, and slowly twist the bevel to face downward as the
25/40% interface is approached. Stop collecting virus/gradi-
ent just before this 25/40% interface (the white protein layer).
Replace the black cap before removing the needle from
the tube.

13. Mix the virus/gradient/DPBS liquid collected in the Amicon
filter cartridge with a P1000 pipette before centrifuging.

14. Only a 2–3-min spin will be necessary for the latter washes as
progressively less iodixanol gradient remains.

15. Assuming a production efficiency of at least 1 × 1012 vg/dish,
the 300–500 μL final volume will permit a dose and injection
volume of ≤1 × 1012 vg and 100 μL, respectively.

16. Additional information on titration may be found in ref
no. [64].

17. Regarding set-up, the first 24 wells (A1–B12) are reserved for
standards in triplicate, such that standard no. 1 occupies wells
A1–A3, standard no. 2 occupies wells A4–A6, and so on. Virus
samples are assigned to the remaining wells, again in triplicate
fashion, with the first virus sample occupying wells C1–C3, the
second occupying wells C4–C6, etc. Pipette virus samples very
carefully to minimize small volume differences, which would
spoil accurate qPCR readings.

18. Do not vortex the virus vigorously or vortex longer than 1–2 s;
exposure to excess force could disrupt capsid structure.

19. If the titer is ≥1 × 1014 vg/mL, the virus may aggregate during
4 °C storage. Dilute the virus with DPBS to between 2 × 1013

and 5 × 1013 vg/mL; retiter the new diluted stock.

20. Brief guidelines are provided for intravenous (retro-orbital)
injection in adult mice; more detailed instructions and pictures
can be found here [65]. However, researchers should select a
route of systemic delivery and the corresponding virus dose
that is most appropriate for the specific experimental para-
meters and animal species. Experiments on vertebrates must
conform to all relevant governmental and institutional regula-
tions. Animal husbandry and experimental procedures involv-
ing mice were approved by the Institutional Animal Care and
Use Committee (IACUC) and the Department of Animal
Resources at the University of Southern California.
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21. For RO injection of the mouse venous sinus, it is easier to stay
within injection volumes of 40–80 μL for adult mice and
≤10 μL for neonatal mice. If <40 μL/mouse is required, use
DPBS or saline to dilute the virus such that a larger volume is
injected. If more than 80 μL/mouse is required, it may be
more convenient to reconcentrate the virus or perform two
separate injections.
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Chapter 8

Transcriptomic Definition of Neuron Types

Jing He and William R. Stauffer

Abstract

Understanding the dynamic functions of different cell types and the circuits in which they participate is one
of the primary goals of neuroscience, but—as the existence of this book testifies—this goal presents special
challenges for systems neuroscience research performed in nonhuman primates (NHPs). Namely, the
strategies that enable cell type-specific access in rodents do not translate well, or easily, to NHPs. Here,
we discuss how the application of novel molecular classification techniques has the potential to open new
avenues for cell type-specific tool development in NHPs. High-throughput single-cell studies have created
new ways to classify neurons by collecting and analyzing individual cells’ transcriptomes, genomes, pro-
teomes, and epigenomes. The focus of these cutting-edge studies has largely been on building databases of
cell types in rodents and humans. Only a handful of transcriptomic studies have used brain tissue from
NHPs, and even fewer have examined gene regulation in NHPs. This is a missed opportunity. For the same
reasons that NHP research is the gold standard for studying cognition and human diseases—that NHPs like
rhesus macaques have neuroanatomical, cytoarchitectonic, genetic, physiological, and behavioral character-
istics that are more like the human than any other species in which invasive experiments are ethically
permissible—single-cell studies in NHPs need to be pursued in parallel with similar studies in human and
mouse. Doing so will give us the most precise picture of cell types relevant for higher cognitive functions,
help to develop methods for cell type-specific NHP system neuroscience studies, and pave the way toward
translational, circuit-targeted therapeutics.

Key words Nonhuman primates, Transcriptome, Neuron types

1 Introduction

Neuron type classification provides a foundation for functional
studies of circuits. Single-cell technologies are a suite of powerful,
quantitative, and high-throughput methods to accomplish neuron
type classification. Commercial single-cell platforms can collect
transcriptomic, genomic, epigenomic, and proteomic information
alone or in tandem [1]. This chapter will focus on transcriptomes
and epigenomic maps of chromatin accessibility—two techniques
with the potential to transform our ability to achieve cell type-
specific transgenesis in nonhuman primates (NHPs). Quantitative
similarities and differences in transcriptomes can be used to define
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cell types and subtypes. Genomic accessibility studies—especially
those done at the single cell level—can be used to locate cell type-
specific regulatory sequences. Both methods can examine cells at
multiple levels of resolution—including cell classes, cell types, sub-
types, and archetypes—and reveal the developmental, evolutionary,
and functional relationships between different cell types. These
techniques can be especially impactful when applied to primate
tissue. For example, several recent studies have combined morpho-
logical characterization of unique cell types, including Von Econ-
omo neurons in the insula [2, 3] and Betz cells in the primary
motor cortex [4], with single-cell characterization to identify evo-
lutionarily conserved cell lineages and novel cell type-specific gene
markers [5, 6]. Likewise, single-cell techniques have helped identify
cell types that were previously unknown, including a novel striatal
interneuron subtype [7], a novel mu-opioid expressing cell type in
striatal interface islands [8], and ‘rosehip’ neurons [9]. Chromatin
accessibility studies have recently isolated and validated novel gene
regulatory sequences that can be used to drive cell type-specific
transgene expression in mice, NHPs, and even in human explants
[10–12]. Thus, single-cell transcriptomics and single-cell epige-
nomics together have the potential to define cell types in NHP
and identify enhancers that can target those cell types.

Transcriptomes are composed of messenger RNA (mRNA).
Ribosomes use these mRNA transcripts as a template for protein
synthesis. The transcriptome is, therefore, tightly linked to cell
identity and cell function, and measuring transcriptomes is a prin-
ciple method to define cell types and cell states. Single-cell RNA
Sequencing (scRNA-Seq) and single nucleus RNA sequencing
(snRNA-Seq) are two methods commonly used to capture the
transcriptomes. ScRNA-Seq collects more mature mRNA, whereas
snRNA-Seq collects more premature mRNA—that is, RNA strands
that still contain intronic regions. Rigorous comparisons of scRNA-
Seq and snRNA-Seq have demonstrated that scRNA-Seq is likely to
capture more transcripts per cell compared to snRNA-Seq, but the
techniques lead to very similar classification results [13, 14]. We
have applied both techniques to the NHP brain and consistently
found that single-cell RNA-Seq was biased toward recovering
microglia and other glial cells. This is likely because glial cells are
generally smaller, more robust, and lack axons and dendrites. In
contrast to cells, nuclei sizes are relatively uniform across cell types,
and therefore snRNA-Seq provided a more unbiased estimate of
the underlying tissue [8, 14]. Thus, snRNA-Seq is a validated
method to capture the complete transcriptomes of cells in the
NHP brain.

The epigenome is the set of modifications made to genetic
material or histones, including DNA methylation-induced confor-
mational changes. Epigenomic phenomena play a crucial role in the
regulation of gene expression. Of particular importance to NHP
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Fig. 1 Schematic view of MSN subtypes/archetypes and their spatial locations.
(Adapted from He et al. [8])

studies is chromatin accessibility, which is normally evaluated via
the assay for transposase-accessible chromatin using sequencing
(ATAC-seq) [15, 16]. For DNA to be read and to subsequently
influence cell function, the DNA must be accessible: it should not
be wound tightly around histones. ATAC-Seq identifies regions of
high chromatin accessibility. Single-cell ATAC-Seq [17]—which is
performed on the nucleus rather than the whole cell—enables the
detection of cell type-specific open chromatin regions. These
regions contain putative enhancers, distal regulatory sequences
that can be used to drive cell type-specific transgene activity [10–
12, 18–21]. Thus, single-cell ATAC-Seq is a validated method to
identify gene regulatory sequences that can drive cell type-specific
expression, even in NHPs.

We recently applied snRNA-Seq and snATAC-Seq to the stria-
tum of rhesus macaque monkeys (Fig. 1). We will use the applica-
tion of snRNA-Seq to the rhesus macaque striatum to illustrate
how this technique can reveal molecular insights regarding the
intact NHP brain. The striatum is the major input nucleus for the
basal ganglia. There are two major classes of neurons in the stria-
tum: medium spiny neurons (MSNs) and interneurons. Despite
this apparent simplicity, the striatum participates in numerous
behavioral functions. We set out to characterize single cells in the
NHP striatum to better understand how this structure contributes
to these diverse behaviors.

1.1 Single-Cell

Transcriptomics

Overview

To perform scRNA-/snRNA-Seq, cells or nuclei from tissues are
dissociated, and transcriptomic data are collected using plate-based
methods and microfluidics-based methods. Plate-based methods
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Fig. 2 Workflow of single cell/nucleus RNA sequencing

include Smart-seq and Smart-seq2 [22], cell expression by linear
amplification and sequencing (CEL-seq) [23], CEL-seq2 [24],
massively parallel RNA single-cell sequencing (MARS-seq) [25],
single-cell RNA barcoding and sequencing (SCRB-seq) [26], and
molecular crowding SCRB-seq (mcSCRB-seq) [27]. These meth-
ods are low to medium throughput and enable the parallel proces-
sing of hundreds of cells, but they enable full-length-based library
construction and isoform identification. In contrast, microfluidics-
based approaches, including Drop-seq [28], InDrop [29, 30],
Seq-well [31], and the 10× Genomics Chromium systems, enable
parallel processing of thousands, or even tens of thousands, of cells.
Using these methods, RNA is barcoded and reverse transcribed to
cDNA, which is then amplified and constructed into libraries for
sequencing. After sequencing, the data is mapped to a species-
specific reference genome, and a cell by gene (transcript count)
matrix is constructed. All further data analysis, including
pre-processing, principal component analysis, dimension reduc-
tion, and visualization in (Uniform Manifold Approximation and
Projection) UMAP or (t-distributed stochastic neighbor embed-
ding) TSNE space is done on the cell by gene matrix (Fig. 2).

2 Material, Methods, and Results

2.1 Imaging and

Surgery

We scanned monkeys with an MRI machine (Siemens, 3T) to
generate T1-weighted images of the brain and built a custom
brain matrix for slicing and microdissection. For the structural
MRI scan, monkeys were anesthetized with ketamine, maintained
under general anesthesia with isoflurane, and head-fixed in an
MRI-compatible stereotaxic frame. We generated a whole-brain
model for each monkey using Brainsight (Rogue Research) based
on the MRI images, and 3D printed a custom matrix for each brain
with a cutting guide set every 1 mm.

For brain tissue collection, the animals were sedated with keta-
mine (15 mg/kg IM), ventilated, and maintained under general
anesthesia with isoflurane. When we no longer detect a corneal
reflex, animals are placed in a stereotaxic frame (Kopf Instruments).
We used a Stryker autopsy saw and surgical drills to completely
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Fig. 3 MRI image (left) and schematic striatum (right) of a Rhesus macaque
coronal brain section showing three striatal regions labeled with cyan (caudate
nucleus), brown (putamen), and pink (ventral striatum). The right axis shows
dorsal (D), ventral (V), lateral (L), and medial (M) directions. (Adapted from He
et al. [8])

remove the calvarium. We perfused the circulatory system transcar-
dially with 3–4 L of ice-cold oxygenated artificial cerebrospinal fluid
(124 mM NaCl, 5 mM KCl, 2 mM MgSO4, 2 mM CaCl2, 23 mM
NaHCO3, 3 mM NaH2PO4, 10 mM glucose). We carefully
removed the dura, cut the spinal cord and cranial nerves, and
then gently removed the brain. We sliced the brain in the custom
brain matrix into 4 mm slabs along the rostral-caudal axis. Brain
regions of interest were isolated under a dissecting microscope for
nuclei preparation.

2.2 Nuclei Isolation We collected tissue from the caudate nucleus (Cd), putamen (Pt),
and ventral striatum (VS) (Fig. 3). We isolated nuclei as previously
described [32]. We put the dissected tissue (25–200 mg) in 2 mL
EZ PREP buffer (Millipore Sigma, Cat# NUC-101) and crudely
dissociated tissues with a loose glass Dounce homogenizer by
pushing the plunger up and down 30 times. We then refined tissue
dissociation with a tight glass homogenizer an additional 30 times.
Next, we resuspended the nuclei with 4 mL EZ PREP buffer,
centrifuged down at 500 g for 5 min, and repeated this washing
step with 4 mL nuclei suspension buffer (NSB), which consists of
0.01% BSA and 0.1% RNase inhibitor in PBS. Next, we resus-
pended the washed nuclei in 4 mL NSB and filtered them through
a 35 μm cell strainer (Corning, Cat# 352235). We labeled the
nuclei by adding an equal volume of trypan blue (Thermo Fisher,
Cat# 15250061), we counted the nuclei with a hemocytometer,
and we diluted the nuclei with NSB to achieve a final concentration
of 1000 cells/μL.

2.3 Single Nucleus

RNA Sequencing

Library Preparation

We used 10× Chromium Single Cell 3′ Reagent kits v3/v3.1
Chemistry (10× Genomics) for single nucleus RNA sequencing.
We loaded 16,000 nuclei from each brain region onto a 10× chip
with the targeted nuclei recovery of 10,000 and generated Gel
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Fig. 4 Computational workflow of single cell/nuclei RNA sequencing
analysis. BG: background

beads-in-emulsion (GEMs) after running through a 10× Genomics
Chromium controller. We reverse-transcribed RNAs into cDNA
and generated libraries according to the 10× Genomics protocol.
We analyzed the quality of cDNA and final libraries using Agilent
Bioanalyzer 2100 and quantified the libraries using qPCR with a
KAPA Library Quantification Kit (KAPA Biosystems, Cat#
KK4824). We pooled together libraries and sequenced samples to
approximately 200,000 reads per nucleus with NovaSeq S4 Flow
Cell Chip.

2.4 Data Processing We used the Cell Ranger pipeline to transform raw sequence data
into a cell by gene matrix. Tutorials of the Cell Ranger pipeline can
be read on the 10× Genomics website: https://support.10
xgenomics.com/single-cell-gene-expression/software/pipelines/
latest/what-is-cell-ranger, and the Seurat pipeline for data analysis
[33] (Fig. 4). Briefly, we converted the original BCL files into Fastq
files using the command cell ranger mkfastq. We used the rhesus
macaque reference genomes, rheMac10 [34], and the cell ranger
count command to align the reads and count the transcripts. For
preprocessing, we removed ambient RNA using SoupX [35],
deleted ribosomal genes, and removed doublets using DoubletDe-
tection [36]. We discarded low-quality cells by thresholding the
number of genes; because neurons have more RNA than glia, we
used two different thresholds to discard low-quality neurons (3000
genes) and glia (1000 genes). We normalized the data matrix and
identified variable genes for each monkey’s data set using Seurat’s
FindVariableFeatures function. We identified anchors using Fin-
dIntegrationAnchors function and used those anchors with the
IntegrateData function to create a Seurat object with an integrated
expression matrix. We scaled the integrated data, identified

https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger
https://support.10xgenomics.com/single-cell-gene-expression/software/pipelines/latest/what-is-cell-ranger
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Fig. 5Medium spiny neuron clusters in UMAP space (a) and the accuracy rate (b) between SCCAF decoded cell
type and actual cell type. (Adapted from He et al. [8])

principal components (PCs), and visualized the plots in UMAP
space. With Louvain clustering, we separated the nuclei into differ-
ent clusters that correspond to the major cell classes, including
excitatory neurons, interneurons, oligodendrocytes, microglia, oli-
godendrocyte precursors, astrocytes, microglia, and mural/fibro-
blast cells. We annotated the clusters based on well-known marker
genes [37–39] and confirmed the cell cluster identities with the
hypergeometric test [40–42]. All of the code we used to do this can
be found on the Reward Lab GitHub (https://github.com/
rewardlab/NHPstriatum).

2.5 Identification of

MSN Clusters

To define the subtypes within MSNs, we first isolated the MSNs
based on conventional markers, discarded other cell types, recalcu-
lated PCs, and performed UMAP dimensionality reduction on the
PCs that contributed more than 80% variance. Then, we used
Louvain clustering and chose a resolution that separated distinct
clusters in UMAP space. Single nucleus RNA sequencing revealed
nine clusters with distinct molecular signatures (Fig. 5a). We quan-
tified the robustness of our MSN subtype clusters using the Single
Cell Clustering Assessment Framework (SCCAF) [43]. SCCAF
uses the area under the receiver operating characteristic
(AUROC) curve to determine whether identified cell clusters cor-
respond to different cell subtypes. SCCAF split the data into a
training and testing set, built classifiers based on the gene expres-
sion in the training sets, and evaluated the performance of the
classifiers using the testing sets. The recommended AUROC
score is 0.9 for distinguishing distinct different cell types [43],
and each MSN cluster has AUROC score of more than 0.93
(Fig. 5b). Thus, SCAAF was able to distinguish nine MSN
subtypes.

https://github.com/rewardlab/NHPstriatum
https://github.com/rewardlab/NHPstriatum
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2.6 MSN Subtype

Annotations

We annotated the MSN subtypes based on their molecular signa-
tures and fluorescent in situ hybridization (FISH) for differentially
expressed genes. This approach demonstrated that the molecular
diversity of MSNs corresponds to known anatomical or neuro-
chemical divisions of the striatum (Fig. 5). There are five major
MSN subtypes in the dorsal striatum. The larger D1- and D2-MSN
clusters correspond to D1- and D2 neurons in the striatal matrix,
and the smaller D1- and D2-MSN clusters are located in striosomes
(patches). One small D1/D2-hybrid cluster likely corresponds to
an MSN type recently described in rodents (D1H or eccentric-
SPN) [38, 44]. D1/D2-hybrid cells are distributed throughout
the dorsal striatum. Four MSN subtypes were identified in the
ventral striatum: two D1- and D2-MSN clusters in the NAc shell
and olfactory tubercle (OT) and two MSN-like neurons located in
the interface islands. One type of interface island MSN-like neuron
corresponds to densely packed granule cells in the islands of Calleja
(ICj). Another interface island MSN-like neuron expresses high
levels of the gene for the μ-opioid receptor (OPRM1) and is also
enriched with the protein MOR encoded by the gene. These inter-
face islands are enriched in, but not restricted to, the border regions
of the VS; several interface islands in putamen can also be spotted.
Based on the gene expression and distribution, these interface
islands correspond to previously described Neurochemically
Unique Domains in the Accumbens and Putamen (NUDAPs)
[45, 46]. NUDAPs might be part of the network of “hedonic
hotspots [47],” the NAc and ventral pallidum regions that are
associated with the experience of pleasure in the presence of
opioids [47].

2.7 Determining the

Relationships Between

MSN Subtypes

We first used cosine similarity based on their PCA space to assess the
similarity between clusters. We found that cells within clusters were
more like each other when compared with cells in other clusters.
Dorsal striatum clusters were more like each other when compared
to cells in ventral striatum clusters. Subtypes within anatomical
structures such as D1- and D2- MSN striosome, D1- and D2-
MSN matrix, and D1- and D2- MSN shell had high similarities.
We then used archetype analysis further to assess the relationships
between the identified MSN subtypes. Archetype analysis is a
matrix decomposition technique that finds extremes—or
archetypes—in continuously distributed data [48]. By using the
cell types as archetypes, we assessed whether there existed discrete
changes in gene expression between pairs of cell types. We found
that each identified MSN subtype is characterized by discrete
changes in gene expression patterns (Fig. 6a), but we also con-
firmed that continuous variation of gene expression between sub-
types also existed. For example, archetypal analysis of single MSN
subtypes revealed that two genes, CNR1 and CRYM, defined a
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Fig. 6 Archetypal analysis of MSN subtypes. (a) Representative discrete genes between subtype pairs. (b) A
continuous gradient of CRYM (magenta) and CNR1 (green) on the dorsal-ventral axis. (c) CRYM and CNR1
expressions along the D1/D2-hybrid archetype axes. (d) Dorsal and ventral striatum subtype pairs (top) and
CNR1 (bottom) distributions in these archetype axes. (Adapted from He et al. [8])

dorsal-ventral gradient (Fig. 6b) [44], and thatTAC3-positive
MSN archetype existed within the NAc shell (Fig. 1). The presence
of these archetypes was very common and is a substantial source of
variation within ‘cell types.’ The next phase of discovery, our next
major challenge, is to define the biological functions of these
archetypes.
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Fig. 7 Striatal interneurons in NHPs. (a) The clustering of interneurons revealed six populations of striatal
interneurons. (b) FISH labeling of TAC3 revealed this primate-specific interneuron distributed throughout the
striatum. (c) Example TAC3-positive cells. (Adapted from He et al. [8])

2.8 Interneurons in

Primate Striatum

To define interneurons in rhesus macaque striatum, we isolated the
interneurons based on conventional markers such as LHX6, recal-
culated PCs for these isolated cells, performed dimensionality
reduction, and visualized nuclei on UMAP space. We found that
interneurons in the macaque constitute around 15% of neurons in
the striatum. This is a higher proportion of interneurons than was
recovered from single cell analysis of rodent striatum [38] but
consistent with counts made in humans [49]. We found six distinct
interneuron clusters that corresponded to known populations of
striatal interneurons, including the well-known cell groups
PTHLH/PVALB-, VIP-, SST-, TH-, CHAT-interneurons, and
confirmed the presence of novel TAC3-positive interneurons
recently discovered in the marmoset brain (Fig. 7) [7].

3 Conclusions and Discussions

The close phylogenetic relationship between humans and nonhu-
man primates (NHPs) makes the NHP a crucial neuroscientific
model. However, the lack of cell type-specific tools prevents a
deep investigation of circuit functions in NHPs. In this chapter,
we demonstrated the use of snRNA-Seq to characterize cell types in
the NHP striatum. snRNA-Seq revealed at least nine distinct MSN
and MSN-like subtypes (Fig. 1). The analysis techniques we
employed, including advanced machine learning models, identified
continuous and discrete distributions of MSN subtypes. We identi-
fied five distinct MSN subtypes in the dorsal striatum and four in
the ventral striatum. These MSN subtypes and archetypes provide a
blueprint for studying cell type-specific functions during
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sophisticated primate behaviors, and the cell type-specific marker
genes define potential molecular access points to enable the appli-
cation of genetically coded tools in scientific or translational
contexts.

Applying cell type classification to NHPs and understanding
their specialized functions are crucial steps to understanding human
brain function and dysfunction. However, successful targeting of
neuronal cell types in the NHP brain with enhancer- or promoter-
driven AAVs has been limited to a few cell types that are highly
distinct from nearby cells. These include dopamine neurons in the
midbrain [50, 51], Purkinje cells in the cerebellar cortex [52],
Koniocellular cells in the lateral geniculate nucleus (LGN) [53],
and several interneuron types ([10–12, 20, 54], and see Chap. 9).
Applying snRNA-Seq to the monkey brain will provide a molecular
definition of cell types that can be targeted based on gene expres-
sion. These molecular definitions can be used in turn—as described
in the next chapter—to define cell type-specific enhancers. Thus,
single-cell technologies, including transcriptomics and epige-
nomics, can enable cell type-specific access to behaving NHPs and
pave the way to understanding sophisticated circuit functions in the
human brain.
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Chapter 9

Enhancers for Selective Targeting

Jessica Lin and Jordane Dimidschstein

Abstract

Recombinant adeno-associated viruses can be coupled with short regulatory elements to restrict viral
expression to specific cellular populations. These viral vectors can be used as tools for basic research to
dissect many aspects of the biology of specific cellular subtypes in health and disease, and across species. A
handful of enhancers have already been described in the nervous system, and recent studies suggest that
transcriptomic and epigenetic data can be leveraged to systematize the discovery of novel elements to
restrict viral expression to any cell type. However, a thorough characterization of the expression profile
conferred by these short sequences is required to demonstrate their utility in the experimental context in
which they will be ultimately used. Here we describe a complete guide to select, screen, and validate the
expression profile of enhancers to target specific subtypes of neurons.

Key words Adeno-associated viruses, Gene regulation, Gene therapy

1 Introduction

Gaining genetic access to specific neuron populations in nonhuman
primates (NHPs) and humans would enable targeted circuit mod-
ulation to understand brain function and dysfunction in psychiatric
disorders. In the context of basic research, the use of gene regu-
latory elements in transgenic mice for targeted effector and sensor
expression has transformed brain circuitry studies in this model
system, but technologies to conduct comparable studies in wild-
type animals including NHPs are lacking. We and others have had
success developing gene regulatory elements that enable cell type-
restricted gene expression when used within recombinant adeno-
associated virus (rAAV) vectors [1–5]. For example, we recently
demonstrated the use of the Dlx5/6 [1] and the E2 enhancer [2] to
drive transgene expression in forebrain GABAergic cells and
parvalbumin-expressing interneurons across species, including
humans. Nevertheless, identifying additional enhancer sequences
that function in the context of the limited carrying capacity of AAV
has been slow due to the limited success rate and low throughput
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nature of these efforts. On the therapeutic side, the importance of
restricting viral expression to specific target populations is illu-
strated by several preclinical studies. For example, targeting hepa-
tocytes in the liver was shown to elicit immune tolerance [6],
de-targeting retinal pigmented epithelium by using
photoreceptor-specific enhancers strongly reduced neuro-
inflammation upon injection of rAAVs in the eye [7] and selectively
increasing the activity of parvalbumin-expressing interneurons had
a stronger effect on seizure duration than targeting the entire
GABAergic population in a mouse model of medial-temporal lobe
epilepsy [8].

Locating regulatory elements that can restrict the expression of
rAAVs to a desired neuronal population is a nontrivial endeavor.
Sequence conservation coupled with single-cell transcriptomics and
epigenomics datasets are commonly used to reduce the search
space, but the complexity of gene regulation makes it impossible
to accurately predict whether a given putative enhancer will retain
its properties when integrated within rAAVs. As such, meticulous
in vivo screening is necessary to develop and validate the tools
required to precisely target and manipulate a given target cell
type. Here we provide a detailed description of the screening
method that was successfully implemented to nominate, test, vali-
date, and fully characterize a series of regulatory elements capable
of restricting rAAV transgene expression to parvalbumin-
expressing cortical GABAergic interneurons across species (see
Fig. 1) [2].

Fig. 1 Schematic representation of the in-silico selection of candidate regulatory sequences (a) and in vivo
screening pipeline from vector design to an assessment of expression profile (b). ROI chromatin region of
interest, cRE candidate regulatory element, ITR internal terminal repeat, mP minimal promoter, WPRE
woodchuck post-regulatory element, pA poly-adenylation sequence, AMPR ampicillin resistance gene, Ori
origin of replication
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2 Materials

2.1 Animals Female C57BL/6 J mice (Mus musculus; aged 10 weeks), were
obtained from Jackson Labs (stock no. 000664). We used male
hemizygous Dlx6a-cre mice (Mus musculus; aged 10 weeks; Jax
stock no. 008199) and female homozygous INTACT mice (Mus
musculus; aged 10 weeks, flox-Sun1-eGFP, Jax stock no. 021039)
for the single-cell ATAC-seq. These mice were maintained at a
macroenvironmental temperature and humidity ranges of
17.8–26.1 °C and 30–70%, respectively. These parameters were
monitored closely and controlled within rodent colony rooms.

2.2 scATAC-Seq The chromatin landscape of cortical interneurons was profiled
using ATAC-sequencing at the single-cell resolution. Specifically,
we prepared a scATAC-seq library from P28 Dlx6a-cre::Sun1-
eGFP mice crossed with female homozygous INTACT mice using
the 10× Genomics platform with the Chromium Single Cell ATAC
Library & Gel Bead Kit v.1.0 (PN-1000111), Chromium Chip E
Single Cell kit (PN-1000156) and Chromium i7 Multiplex Kit N,
Set A (PN-1000084) as instructed by the manufacturer. Raw
sequencing data were processed using the Cell Ranger ATAC
(v.1.1.0) pipeline (10× Genomics) followed by clustering using
the SnapATAC package v.1. Clusters were labeled by interneuron
cardinal class and accessibility peaks were called for each class using
MACS2 (v.2.2.7.1; https://github.com/taoliu/MACS). Addi-
tionally, we used bulk ATAC-seq data for cortical excitatory neu-
rons generated by Mo et al. ([9]–accession no. GSE63137).

2.3 rAAV Production AAVs were produced using standard methods [10]. Briefly,
HEK293T cells were expanded in DMEM+ medium and subse-
quently transfected using polyethylenimine (PEI) combined with
the three necessary plasmids (pAAV, pHelper, and pCapsid).

2.4 Systemic

Delivery in Mice

Mice were sedated using an inhalant anesthetic (Isoflurane, Fisher
scientific BP1754I-100) and then transferred to a laminar flow
hood and fit on a nose cone connected to a nonrebreathing appa-
ratus. A 1 mL syringe (BD Medical, BD328438) is used to inject
the rAAVs diluted in sterile PBS (Invitrogen, AM9625) retro-
orbitally. A topical anesthetic (Proparacaine hydrochloride, Sigma-
Aldrich 1571001-200MG) was applied to the eye.

2.5 Local Delivery

in Mice

Mice were sedated using an inhalant anesthetic (Isoflurane, Fisher
Scientific, BP1754I-100) and placed in a stereotactic head frame on
a temperature-controlled heating pad. The mice were injected
using a sharp glass pipette (25–35 mm in diameter). The craniot-
omy site is covered with sterile bone wax (Fisher scientific,
50-118-0260) and the surgical site is closed with Vetbond (Fisher
Scientific, NC0846393).

https://github.com/taoliu/MACS
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2.6 PFA Perfusion Mice were anesthetized with Euthasol® administered in a 1 mL
syringe (Thomas Sci., 8939D16). We diluted 32% Paraformalde-
hyde (PFA) Aqueous Solution (Fisher scientific, 50-980-495) to
4% with sterile PBS (Invitrogen, AM9625) and used this solution as
the fixative. The mouse was placed on a dissecting pan with black
wax (VWR, 470005-450). Using surgical scissors and forceps, the
heart was exposed and a 27-gauge needle (BD Medical, 305109)
was used to administer 4% PFA with a peristaltic pump.

2.7 Vibratome

Sectioning

Sections were produced using a Leica VTS1000 vibrating micro-
tome. For coronal sections, we embedded the tissue in 1% agarose
(Lonza, 50004). We used super glue (W.B. Mason,
EPIKG58548R) to secure the tissue to the vibratome platform.
Sections were then placed into RNAse-free PBS (Invitrogen,
AM9625) or freezing buffer made from sterile and RNAse-free
reagents (PBS, Ethylene Glycol (Sigma-Aldrich, 324558-1 L),
Glycerol (Sigma-Aldrich, G7893-500ML), Sodium Azide
(WW Grainger, 24FC86), and water (Invitrogen, 10977015)).

2.8 Freezing

Microtome Sectioning

Sections were also produced by performing freezing microtome
sectioning (sliding microtome, Leica Biosystems, SM2010 R) on
tissue fully saturated with 30% sucrose solution (VWR, SS1020).
Then we used O.C.T. compound (Sakura, 4583) to secure the
tissue to the microtome.

Sections were permeabilized using a blocking solution made up of
0.3% Triton X-100 (Sigma-Aldrich, ×100), 5% normal donkey
(Jackson ImmunoResearch, 017-000-121) or 5% horse serum
(Thermo Fisher Scientific, 26050088) and PBS (Invitrogen,
AM9625). The primary antibodies were added to an antibody
solution made up of 0.1% Triton X-100, 5% normal donkey or
horse serum, and PBS. We used the following primary antibodies
at the indicated concentrations for our PV-expressing GABAergic
interneuron enhancer screen: chicken anti-GFP at 1:1000 (Abcam,
catalog no. ab13970); rabbit anti-DsRed at 1:1000 (Clontech,
catalog no. 632496); goat anti-PV at 1:1000 (Swant, catalog
no. PVG-213); guinea-pig anti-PV at 1:2000 (Swant, catalog
no. GP-72); rabbit anti-SST at 1:2000 (Peninsula, catalog
no. T-4103.0050) and mouse anti-Synaptotagmin-2 at 1:250
(ZFIN, catalog no. ZDB-ATB-081002-25). We used the appropri-
ate Alexa-Fluor conjugated secondary antibodies at 1:1000 dilu-
tion (Thermo Fisher Scientific) and DAPI (Invitrogen, D1306).
The sections were mounted on glass slides using Fluoromount-G
(Southern Biotech, 0100-01).

2.9 Immunohisto-

chemistry

2.10 In Situ

Hybridization

The following reagents from ACDBio were used for in situ hybri-
dization: RNAscope Multiplex Fluorescent Reagent Kit v.2 (prod-
uct no. 323100), RNAscope Probe Diluent (product no. 300041),
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HybEZ oven (product no. 321710/321720), humidity control
tray (product no. 310012), and HybEZ Humidifying Paper (prod-
uct no. 310025). Additionally, we use the following ISH probes
also designed by ACDBio: Gad1 (product no. 400951) Pvalb
(product no. 421931), VIP (product no. 415961). TSA Plus Fluo-
rescein, TSA Plus Cyanine 3, and TSA Plus Cyanine 5 were from
PerkinElmer (nos. NEL741, NEL744, and NEL745). Of note,
TSA Plus Fluorescein degrades quickly at 4 °C after reconstitution.
It is best to aliquot and store it at -20 °C. Brain sections were
mounted on Superfrost Plus glass slides (Thermo Fisher Scientific,
12-550-15).

2.11 Microscopy To image the expression profile of our enhancers, we used a wide-
field fluorescent microscope with tiling capabilities (Zeiss Axio
Imager M2 equipped with Axiocam 512 mono) with the appropri-
ate light source (X-Cite 120 Lamp) and filter set to distinguish
between Dapi, 488 and 594 channels. Typically, 10× or 20× mag-
nification images were acquired for further analysis. Confocal
microscopy (Zeiss LSM 810) was performed using 40×
magnification.

3 Methods

3.1 Selection of

Candidate Regulatory

Elements

Screening for regulatory elements capable of restricting viral
expression to a given cellular population requires characterizing
each candidate sequence in vivo. Considering the immense size of
the mouse genome, the vast majority of which consists of noncod-
ing regions, systematically tiling through all possible enhancers is
currently impossible, but a number of assumptions can be com-
bined to effectively restrict the search space to a testable number of
potential regulatory elements. Among other approaches, restricting
the search space to the genomic region in the immediate vicinity of
genes selectively expressed in the desired population proved effi-
cient [2, 35, 36].

Here we detail the various steps of the integrative method we
developed to systematically identify regulatory elements to target
specific cellular subtypes: (1) Identify a set of genes that are selec-
tively expressed in the cellular subtypes of interest using transcrip-
tomic analysis of single-cell RNA-seq of the relevant tissue.
(2) Limit the range of the genomic region of interest to a maximum
of 1 Mb away from the transcriptional start site (TSS). Because
enhancers that are closer to the TSS have been shown to drive
stronger expression [11], the initial search space can be reduced
to a shorter window of 100 Mb up and downstream of the TSS.
(3) Sequence conservation of noncoding genomic loci is suggestive
of positive selection pressure and has been shown to correlate with
the presence of regulatory elements [12–17]. Preferentially
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focusing on sequences with a high degree of cross-species conser-
vation increases the likelihood of identifying functionally conserved
enhancers that retain their properties in NHPs and humans.
(4) The location of active enhancers in a given cell type correlates
with chromatin accessibility (e.g., DNAseI hypersensitivity or
ATACseq profiling), DNA hypomethylation, and epigenetic mod-
ifications (e.g., H3k27ac marks assessed by CHiP-seq) while
promoter–enhancer interactions can be mapped using methods
like Hi-C sequencing [18, 19]. Due to the complex nature of
enhancer activity and the availability of these datasets for the cell
type of interest, generating or integrating multiple of these datasets
will increase the confidence of nominated enhancers. Additionally,
the usefulness of these datasets improves with single-cell resolution
by avoiding averaging effects. The number of candidate sequences
identified by combining these datasets depends on the stringency of
the selection criteria and the screening capability.

3.1.1 Selection of Genes

Enriched in the Target

Population

Identifying genes enriched in the target population can be per-
formed by differential gene expression analysis (DGE) on relevant
scRNAseq datasets. In our recent study, we performed a DGE
analysis on two independent datasets [19, 20] and selected genes
that were enriched in PV-interneurons in both. Importantly, defin-
ing enrichment of a gene as having a higher average expression in a
cell type of interest compared to the average expression across all
other cells from the dataset is prone to averaging effect (i.e., mask-
ing non-negligible expression is a subpopulation of the outgroup).
To mitigate this, we assigned an identity to each cell by lumping
clusters from the original studies into one of 7 “meta-clusters” that
correspond to broad classes of functionally distinct cellular sub-
types (i.e., the four main classes of interneurons: PV, SST, VIP,
ID2–[21, 22] –two classes of pyramidal neurons: intratelencepha-
lic, subcortical projecting neurons, and non-neuronal populations)
and identified genes with an average expression in the PV cluster
that was higher than the average expression in any other meta-
clusters. Specifically, enrichment was defined as having an average
expression of at least two times higher in PV cortical interneurons
(cINs) compared with other interneurons meta-clusters and five
times higher compared with pyramidal or non-neuronal cell types
with an adjusted P < 0.01 based on pairwise comparison of each
meta cluster using Student’s t-test and Bonferroni’s correction for
multiple comparisons. We then focused on the enriched genes with
the highest average expression in PV cINs and manually selected a
final subset of seven genes that showed an expression pattern
consistent with PV cIN enrichment using ISH data from the
Allen Brain Atlas mouse brain (that is, sparse labeling in the S1
cortex with biased distribution toward the deep cortical layers).
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3.1.2 Cross-Species

Conservation

Cross-species conservation is a hallmark of enhancers [12–
17]. Enhancers consist of relatively short genomic sequences
(10–1000 bp long) interspersed with transcription-factor binding
motifs. It is likely that positive selection pressure preferentially
applies to these motifs. Hence, limiting the search to long and
continuous stretches of highly conserved sequences will likely result
in a high rate of false-negative. Here we used PhastCons analysis to
get the conservation scores of sequences conserved across 60 mam-
malian species that can be used to guide candidate selection [23] of
sequences with conservation. The “phastCons-Element60way”
track was downloaded from the UCSC genome browser portal
[24] with the table browser interface.

3.1.3 scATAC-Seq Enhancers that are actively engaged in gene regulation are located
in euchromatin and are bound to a complex array of transcription
factors and other DNA-interacting proteins. As such, the various
methods developed to assess the epigenetic landscape of specific cell
types can be used to predict their location within the genome.
These include the assessment of chromatin accessibility, histone
modifications, transcription factor binding, and nucleosome posi-
tioning [25–31]. Among these, ATACseq [25] is well established
and can be implemented at single-cell resolution (single-cell has the
advantage of removing the averaging effects of bulk but suffers
from a lack of depth resulting from unsequenced open chromatin
regions due to damaged DNA material during the protocol). Data
generated by this method can be processed with easy-to-implement
analytical pipelines to resolve the chromatin accessibility landscape
of any cell type of interest [32, 33]. The accessibility “peaks” can
then be used as a set of candidate sequences potentially involved in
the regulation of the gene of interest. To assess the chromatin
landscape of GABAergic populations we profiled adult cortical
tissue using scATAC-seq on interneurons isolated from a transgenic
mouse line expressing a nuclear reporter exclusively in interneur-
ons. Clusters of cells with similar accessibility profiles were resolved
using the SnapATAC pipeline and annotated based on the accessi-
bility of marker genes for cardinal classes. Individual chromatin
accessibility peaks could then be isolated using the peak-caller
MACS2 and were used to predict the location of candidate regu-
latory sequences.

3.1.4 Selection of

Candidate Enhancers

Together, the genomic coordinates of the selected genes, the chro-
matin accessibility peaks of each cellular population, and the highly
conserved regions can be converted into BED file format
(a tab-separated value format that logs the chromosome, start,
and stop position of each element). These files can be easily inter-
sected and combined using the Bedtools package. We defined each
candidate regulatory element as a chromatin-accessibility peak that
must be located within 100 kb of the noncoding regions from the
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TSS of one of the seven selected marker genes and overlap with a
highly conserved region defined by the modified phastcons track.
The resulting Bedfile was imported to the Integrated Genome
Browser for visual inspection and a total of 35 enhancers were
selected for screening [34].

3.2 AAV Design/

Production

The only requirement for producing functional rAAVs is to flank
the recombinant DNA with internal terminal repeat sequences and
limit its size to ~4.7 kb [37]. In addition to the candidate enhancer
sequence, several structural elements can be incorporated to
enhance and stabilize the expression of the transgene of interest.
These include minimal promoter, chimeric intron, woodchuck
hepatitis virus post-transcriptional regulatory element (WPRE),
and a poly-adenylation signal [38]. The inclusion of each element
depends on the size of the transgene and the desired level of
expression of the transgene.

3.2.1 rAAV Genome

Vector Design

3.2.2 Transgene The specificity of the experimental needs will ultimately dictate the
nature of the transgene that will be incorporated into the viral
vector. Fluorescent reporters or epitope tags can be targeted to
different cellular compartments to visualize various aspects of the
cells. Nuclear-localized reporters can facilitate colocalization stud-
ies and allow for FACS isolation of the cells. Cytoplasmic reporters
are preferable for electrophysiological studies while membrane-
bound reporters can be used to assess cellular morphology [39–
47]. Importantly, the stability of the reporter to the various steps of
the downstream tissue processing must be taken into consideration,
as exemplified by the fact that the dTomato reporter can be used in
combination with RNAscope while GFP is entirely degraded by the
process. Reporters of neuronal activity (e.g., calcium or voltage
sensors–[48–50], chemogenetic and optogenetic effectors can be
used to assess and manipulate the activity of the target neuronal
population [50–53]. Importantly, some recombinases (e.g.,
Cre-recombinase) are highly active at low dose, which can lead to
nonspecific expression of the recombinant-dependent reporter.
This has been observed using AAV-Dlx-Cre in R26-Ai9 mice and
can be mitigated by using a recombinase with lower activity (e.g.,
Flp-recombinase–[54]) or combined with a genomic locus that is
less ubiquitously accessible [55].

3.2.3 Capsid Tropism for specific organs, bias for broad cellular populations and
species, and strain-dependent transduction efficiency must be taken
into account when selecting a capsid for rAAV production
[56]. Our group uses the PHPeB capsid for systemic injection in
mice [57]. This capsid efficiently crosses the blood-brain barrier in
C57Bl6 and 129S mouse strains, which allows for widespread
infection of neurons throughout the CNS. Although PHPeB was
shown not to cross the BBB with high efficiency in NHP, it is
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efficient at transducing neurons upon local injections across several
species including zebra-finches, mice, rats, marmosets, and
macaques.

3.2.4 rAAV Production

and Storage

rAAVs can be produced in-house with standardized and easy-to-
implement protocols [10]. In our laboratory, we use
polyethylenimine-cotransfection (PEI) of HEK293T cells followed
by Iodixanol-based purification. Briefly, HEK293T cells are
expanded in DMEM+ medium and subsequently transfected
using PEI combined with the three necessary plasmids (pAAV,
pHelper, and pCapsid). The cells producing rAAVs were then
collected after ~60 h (i.e., at 90% confluence), concentrated, and
purified using Iodixanol gradient. The resulting preparation should
be aliquoted immediately and stored at -80 °C. Importantly, the
virus should only be thawed on ice before use and never refrozen.
The remaining volume can be stored for at least 1 year at 4 °C
without a noticeable loss of efficiency. The titer of the preparation
can be estimated by quantitative PCR using validated primers
targeting the WPRE element. Notably, the resulting estimate of
the number of DNA fragments per unit of volume can include
unpackaged viral DNA. As such, qPCR titration is used as an
estimate of the consistency of production rather than a quantifica-
tion of the number of functional viral particles. To obtain a more
reliable estimate, determine the multiplicity of infection (MOI – #
packaged AAV genome copies / # of cells to be infected) needed for
the relevant biological system.

3.3 Enhancer

Screening Pipeline

To assess the expression profile of the viral transgene conferred by
the candidate regulatory sequence, we injected individual rAAVs
systemically in adult mice. After an incubation period of 3 weeks,
the brains are harvested and the expression profile of the viral
reporter is assessed using immunohistochemistry or in situ hybri-
dization. Enhancers conferring highly specific expression in the
target population (>90%) are then further validated. First, we test
whether the specificity is dose-dependent by local injection (which
leads to a significantly higher viral load per cell). We then test their
ability to drive functional expression of effector transgenes (i.e.,
chemogenetic and optogenetic effectors). Finally, we assess
whether the targeting specificity is maintained across species. We
strongly believe that these three additional validation steps are
essential to fully characterize the expression profile of the enhancers
and constitute a prerequisite to making these tools available to the
community.

3.3.1 Systemic Delivery When screening enhancers, we typically perform systemic injections
in adult mice (5–6 weeks) to assess the global expression profile
within the brain and across organs. For systemic injection in adult
mice (~35 g), we inject a mixture of 1 × 10^11 viral particles
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produced with the PHPeB capsid and diluted in sterile PBS into the
retro-orbital sinus of each animal. First, mice were sedated using an
inhalant anesthetic. After being anesthetized, the animals were
transferred to a laminar flow hood and fit on a nose cone connected
to a nonrebreathing apparatus. Then, the injection is performed
with a 1 mL syringe and the volume of the virus should be above
50 μL and below 200 μL to maximize precision and limit blood
dilution. One eye was gently protruded by applying gentle pressure
above and below the eye. Next, the syringe filled with the viral
mixture was inserted into the medial canthus at a slight angle. After
injecting completely, the needle was slowly withdrawn to prevent
backflow. A topical anesthetic was applied to the eye. Postoperative
monitoring was performed for 5 days post-injection.

The incubation period depends on the experimental design and
is typically 2–3 weeks for reporters and 5–6 weeks for effectors.
Importantly, other protocols are described for systemic delivery
(i.e., delivery via the tail and heart) and can be adapted for neonatal
animals.

3.3.2 Local Delivery Animals were anesthetized under isoflurane (1–3% in oxygen) and
placed in a stereotactic head frame on a temperature-controlled
heating pad. After a craniotomy and durotomy were performed
above the region of interest, the animals were injected with
50–500 nL of the desired virus at a rate of 10–25 nL/min using a
sharp glass pipette (25–35 mm in diameter). The glass pipette is left
in place for 5–15 min after the injection to minimize backflow. The
craniotomy site is covered with sterile bone wax and the surgical
opening is closed with Vetbond. The animals were returned to their
home cages for an incubation period of at least 1 week with 5 days
of postoperative monitoring. In our case, to inject into mice we
used the following coordinates: somatosensory cortex S1: 1.0 mm
posterior, 3.0 mm lateral, 0.7 /0.4 mm ventral relative to bregma;
hippocampus CA1: 1.6 mm posterior, 1.8 mm lateral, 1.2 mm
ventral relative to bregma; striatum: 0.5 mm posterior, 2.0 mm
lateral, 3.2 mm ventral relative to bregma.

Direct parenchymal injections can be used when the experi-
ment requires viral delivery restricted to specific brain regions.
Importantly, local injections typically lead to a higher viral load
compared to systemic injections. This results in significantly higher
transgene expression and possible alteration of expression specific-
ity. However, we showed that the E2 retained its specificity upon
local injection at various titers and could drive detectable expression
within 48 h.

3.3.3 PFA Perfusion and

Brain Dissection

Mice were anesthetized by intraperitoneal injection of Euthasol®
using a 1 mL syringe, and then transcardially perfused with 4%
paraformaldehyde (PFA). After exposing the beating heart, a
small incision was made in the right atrium, and a 27-gauge needle
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(or smaller) connected to a peristaltic pump was inserted into the
left ventricle. An initial infusion of PBS was performed to flush out
the blood until the liver turned white, followed by an infusion of
20–30mL of the 4% PFA (until stiff). After perfusion, the brain was
dissected out of the skull using forceps and placed in 4% PFA
overnight.

Notably, some protein markers such as PVare sensitive to tissue
damage sustained during the dissection of the brain from the skull.
For example, PV immunostaining will be depleted in regions
directly underneath damaged pia. To mitigate this, we allow
2–3 h after perfusion before extracting the brain. This gives more
time for the formaldehyde crosslinking to stabilize the proteins,
which stiffens the brain and facilitates its dissection. It is important
to adapt the post-fixation time to the downstream processing step
(e.g., post-fixation time exceeding 3 h will result in complete loss of
signal for VIP immunohistochemistry).

3.3.4 Vibratome

Sectioning

Tissue sections were produced using a Leica VTS1000 vibrating
microtome. The brains are sectioned into 40 μm slices either cor-
onally or sagittally, where sagittal sections are used to assess global
expression across brain regions and coronal sections are preferred to
resolve specific structures (e.g., amygdala). For coronal sections, we
used a razor blade to cut through the cerebellum to create a flat
surface. We then embedded the tissue in 1% agarose and super
glued the block onto the vibratome platform for sectioning. For
sagittal sections, we removed the spinal cord and cut the brain
down the midline. The tissue was then super glued directly to the
platform and sectioned without agarose embedding. Sections were
then placed into RNAse-free PBS or freezing buffer made from
sterile and RNAse-free reagents. Before downstream tissue proces-
sing, the freezing buffer can be removed with 2–3 washes with PBS.

3.3.5 Freezing

Microtome Sectioning

For nonhuman primate tissue, after perfusing with 4% PFA, we
performed freezing microtome sectioning (sliding microtome,
Leica Biosystems, SM2010 R). After postfixation, the tissue was
placed in a container filled with a 30% sucrose solution for approxi-
mately 3 days. We waited until the tissue was fully saturated and
sank to the bottom of the container. Then we filled the microtome
with dry ice, secured the tissue to the platform of the microtome
using O.C.T. compound (Sakura, 4583), and started sectioning
after the tissue was completely frozen.

After the appropriate post-fixation period following perfusion, we
often performed immunohistochemistry (IHC) to assess the per-
formance of the rAAVs by identifying neuronal cell types of interest
with marker proteins and amplifying the virally delivered fluores-
cent reporters.

3.3.6 Immuno-

histochemistry
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Floating tissue sections taken out of the freezing buffer were
washed three times with PBS to remove the freezing buffer. These
wash steps can be skipped if the sections were stored in PBS (short-
term storage). Then the floating sections were permeabilized using
a blocking solution for 30 min. However, for this protocol, some
antibodies might work better without detergent, such as the mouse
anti-Gad67 (Milipore, catalog no. MAB5406). Sections were incu-
bated 2–3 overnights in antibody solution with the appropriate
concentrations of the primary antibodies according to the manu-
facturer at 4 °C. Next, the sections were washed at least three times
with PBS. Then the sections were incubated with Alexa-Fluor-
conjugated secondary antibodies at 1:1000 dilution in antibody
solution for one overnight. After at least three washes with PBS,
the sections were counterstained with DAPI, washes at least one
time with PBS, and mounted on glass slides using Fluoromount-G.

3.3.7 In Situ

Hybridization

Brain sections were washed once in PBS, followed by three washes
in 0.1% Triton X-100 and PBS, mounted on Superfrost Plus glass
slides, and baked at 60 °C in the HybEZ oven for 25 min. It is
important to make sure the tissue is adhered well to the slide as well
as having no folds in the tissue as this will cause the section to fall off
the slide over the course of the protocol. The slides were then
submerged in 4% PFA for 30 min and washed three times in
H2O. RNAscope H2O2 was applied to each section for 5 min at
room temperature. The slides were then washed three times in
H2O before being submerged in prewarmed 90 °C H2O for 15 s,
followed by prewarmed 90 °C RNAscope Target Retrieval for
15 min. Slides were washed three times in H2O before RNAscope
Protease III was applied to each section, and then incubated for
15min at 40 °C in theHybEZ oven. Slides were washed three times
in H2O and then incubated with probe solution diluted to 1:50
with probe diluent for 2 h at 40 °C in the HybEZ oven. Next, the
sections were washed three times in the RNAscope wash buffer
followed by fluorescence amplification. Of note, probes against
the RNA of the reporter revealed nonspecific staining that we
speculate comes from the viral DNA. To reveal the viral reporter,
we followed the RNAscope protocol with an IHC amplification of
the dTomato viral reporter. (GFP viral reporters seemed to degrade
during the RNAscope protocol). In short, the sections mounted on
the slides were incubated in blocking solution (0.3% Triton
X-100 + 5% normal horse serum in PBS) for 30 min. Then sections
were incubated in antibody solution (0.1% Triton X-100 + 5%
normal horse serum in PBS) with rabbit anti-DsRed at 1:250 at
4 °C overnight. The sections were then washed three times with
PBS, incubated with Alexa-Fluor-conjugated secondary antibodies
at 1:500 for 2 h, counterstained with DAPI, and mounted on glass
slides using Fluoromount-G.
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3.4 Evaluation of

Enhancer Expression

Profile

The expression profile conferred by a regulatory element can be
assessed using various metrics. The transgene is expressed at a
certain level (i.e., magnitude of viral transgene expression in each
cell), with a given specificity for the target population (i.e., percent-
age of cells co-expressing the viral transgene and a marker of the
target population) and a given sensitivity (i.e., the percentage of the
target population that express the viral transgene). Depending on
the method of injection, cells outside the target organ can also be
exposed to the virus, which can also be investigated if relevant to
the experimental design. Immunohistochemistry (IHC) and in-situ
hybridization (ISH) protocols should be carefully optimized to
assess the expression of both the transgene and marker genes for
the target population. IHC is easier to implement but fluorescent
ISH can be used to reveal virtually any gene with a high signal-to-
noise ratio. We often use both methods as a means to cross-validate
our results.

3.4.1 Strength of

Expression

The nature of the transgene dictates the optimal range in which it
should be expressed. High expression of recombinase can lead to
off-target expression while low expression of chemogenetic effector
leads to insufficient cellular response upon stimulation. The
strength of expression can be modulated by adapting the viral
dose and incubation time, but it ultimately depends on the intrinsic
strength of the regulatory element incorporated into the rAAV. To
assess the strength of expression of each enhancer, we standardized
the viral backbone, age of the animal at injection, viral dose, incu-
bation time, tissue processing and imaging parameters. We then
average pixel intensity of the cell bodies of each cell expressing the
viral reporter and report the average overall fluorescently labeled
cells per enhancer. Because we demonstrated that the level of
expression conferred by the Dlx enhancer is sufficient for chemo-
genetic effectors, we thus use it as a reference against which we test
all other candidate enhancers.

3.4.2 Sensitivity and

Specificity

For the quantification, we first mark all cells expressing the viral
reporter and all cells expressing the marker gene for the target
population independently. We then overlay the markings of cells
from each color channel to calculate ratios corresponding to speci-
ficity and sensitivity. This analysis is performed for specific brain
regions (i.e., somatosensory cortex) and can be reported as bulk or
broken down into specific subregions (i.e., cortical layers). We
distinguish between cortical layers by looking at a DAPI staining
from which we can infer layers based on cellular density. To system-
atize the image analysis, we used Cell Profiler (https://cellprofiler.
org) to detect cell boundaries in each channel and report strength,
specificity, and sensitivity per region and cortical layers (automati-
cally detected based on differential density using the Dapi staining).
Altogether, these quantifications were assessed from at least two

https://cellprofiler.org
https://cellprofiler.org
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animals and at least three brain sections per animal to ensure
reproducibility. Additionally, we assess these criteria over different
brain regions because successful enhancers for the same cell type
can have interesting regional differences as shown in our publica-
tion. For promising therapeutic candidates, we also look at the
expression across organs to get a sense of potential off-target
effects.

4 Conclusion

Recent technological advances allow for querying the transcrip-
tomic and epigenetic landscape of functionally distinct subtypes of
cells across all tissue with unprecedented depth and resolution.
These insights can be combined to identify endless lists of candidate
regulatory sequences. Transforming these candidates into effective
tools is achievable but far from obvious, and requires a thorough
in vivo characterization of the properties they confer to viral vec-
tors. rAAVequipped with selective enhancers will likely constitute a
revolution for both basic research and gene therapy as they will
open the door to understanding the role of specific cell types in
normal and pathological conditions. Because this is achievable
across species, it is likely to constitute the backbone of novel
therapeutic interventions with unprecedented specificity.
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Chapter 10

Pathway-Selective Reversible Perturbations Using
a Double-Infection Technique in the Macaque Brain

Wim Vanduffel and Tadashi Isa

Abstract

Brain research during the last two decades has been characterized by extraordinary tool developments,
which allowed researchers to unravel brain mechanisms underlying motor and cognitive functions at
unprecedented spatiotemporal resolution. Inspired by genetic-based tools that became mainstream for
invertebrate and rodent studies, nonhuman primate researchers started to embrace the power of such
techniques. Primates, however, are much less genetically tractable, which imposes limitations on the transfer
of genetic tools to monkeys. Despite this constraint, researchers have successfully introduced opto- and
chemogenetics in nonhuman primate studies, mainly through injection of viral vector constructs which
allow body-foreign genes to be expressed in cells of the nervous system. One particularly fascinating leap
forward in this domain pertains to the reversible manipulation of specific brain pathways. Researchers are
now able to causally link properties of very specific brain pathways to behavior and brain-wide activity in
primates. Besides the extra dimension this brings to basic brain research, it also holds great therapeutic
promise. For the first time, it has become feasible to manipulate the function of one specific efferent
pathway while leaving other functions and pathways originating or arriving in that area largely unaffected.
This chapter summarizes the progress that has been made in the field of pathway-selective perturbations in
nonhuman primates.

Key words Macaque, Viral vector, Pathway-selective, Inactivation, Activation, Reversible, Causal

1 Introduction

Although Ernest Auburtin did not rise to scientific prominence,
this physician left an enduring mark on systems neuroscience more
than 150 years ago. When he softly poked specific parts of the
frontal cortex of someone surviving a suicide attempt, this patient
temporarily lost his ability to speak while leaving other cognitive
functions unaffected. Instead, another physician became famous as
he discovered that a lesion in the left frontal cortex of another
patient could be linked to his inability to produce speech
[1, 2]. Auburtin’s poking experiments were performed 10 years
earlier and were more telling than Broca’s lesion study, because of
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the reversible nature of his “pressure” perturbations on an other-
wise intact brain. Nevertheless, this brain region, which is critical
for producing speech, finally became known as Broca’s area. Both
studies showed the exquisite power of perturbations to causally link
regional brain activity, or the lack thereof, to specific behaviors.

Inspired by such findings, researchers started to develop tools
that allowed them to artificially alter the activity of specific areas,
which enabled them to causally link regional brain activity to
behavior under experimentally controlled conditions [3]. In addi-
tion to their level of invasiveness, these procedures can be subdi-
vided into reversible (e.g., Auburtin’s poking experiments) and
irreversible perturbation methods (e.g., Broca’s lesioned patient),
and in tools that either increase (e.g., by electrical microstimula-
tion) or decrease normal activity in a targeted region (e.g., by
injection of a GABA agonist such as muscimol) [4, 5]. A third
important dimension concerns the spatiotemporal resolution of
these perturbation tools, spanning the entire spectrum from ultra-
fast optogenetic stimulation of specific neurons in a small part of
the brain [6–9], to patient or animal lesions lacking any temporal
resolution and which often encompass more than one area [10–
12]. For the interpretation of perturbation results, one always has
to consider the possibility of functional reorganizations [13]. In
other words, any read-out of a brain perturbation reflects behavior
or activity of an altered abnormal brain. Molecular, anatomical, and
functional changes may be triggered at different and possibly
unknown spatiotemporal scales [14]. Such anatomo-functional
reorganizations are apparent after permanent lesions, for example,
as evidenced by functional recovery after a stroke [15]. However,
they likely exist also at short or even ultrashort timescales, via latent
connections which may be of little or unknown relevance in an
otherwise intact brain. Another important consideration when
using perturbation tools is that altered activity in a specific brain
region alters activity locally, as well as in down- and upstream-
connected regions [16, 17]. Since a single brain region may serve
as a hub for multiple independent functional networks, all of them
will be influenced when perturbing that hub. Moreover, depending
on the specificity of the perturbation method, axons just passing
through the targeted area can be affected. In the latter case, func-
tional networks unrelated to the targeted region will also be altered.

To mitigate these shortcomings and to bring circuit analyses to
macroscale levels, tools were recently developed to precisely manip-
ulate the activity of specific pathways connecting two separate brain
regions, while keeping other pathways originating or terminating in
one of these two regions largely untouched. Such pathway-selective
perturbation tools finally provided researchers with the opportunity
to investigate how a pathway, rather than an area, contributes to
behavior and activity across a functional network (see Fig. 1). The
latest genetic-based tools supersede heroic past attempts to isolate
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Fig. 1 Summary of possible effects of pathway selective perturbations and comparison with standard
perturbations. (a) Area A (source area) is connected with areas B-E via different efferent projection neurons
(green, red, and blue). Only for one area B, reciprocal connections with A are indicated by the purple afferent
neuron, but they may exist between all pairs of areas. (b) Traditional areal perturbation methods, such as
pharmacological inactivation using the GABA agonist muscimol, or electrical stimulation will affect all efferent
and afferent connections. Note that in case of microstimulation this can be enhanced or suppressed activity,
depending on stimulation parameters (e.g., [18]). (c) In case of pathway-selective perturbations using a double
infection approach, one only affects the efferent connections from the source area A to target area B, with the
caveat that also bifurcated axons can target another area (area C in this case). (d) Pathway selectivity can be
achieved by stimulating the axon terminals in target area B, either by local illumination in case of an
optogenetic experiment, or by local infusion of a ligand in case of a chemogenetic experiment. However, in
the former case, we should be careful about the possible antidromic propagation of action potentials and
effects on other target(s) of the stimulated neurons through bifurcating collaterals

the activity of specific connections between two regions which
relied on antidromic microstimulation using the so-called collision
approach [19].

Exactly as for the aforementioned “areal” perturbation meth-
ods, pathway-selective manipulations can be categorized as revers-
ible or irreversible, and activity-enhancing or activity-suppressing
tools with varying spatiotemporal characteristics. Genetic-based
pathway-selective perturbation tools were first developed in inver-
tebrates and rodents and have been adopted only slowly by nonhu-
man primate researchers. Several research groups played a
prominent role in the development and use of these highly
promising vector-based pathway-selective perturbation methods
in primates (including T. Isa, K. Kobayashi, K. Kobayashi,
K. Inoue, M. Takada, O. Hikosaka, Y. Miyashita,
T. Minamimoto, M. Sakagami, and M. Oguchi). This chapter
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aims to summarize and describe the current state-of-the-art for
performing pathway-selective perturbation experiments in nonhu-
man primates. We believe that these tools are crucial assets for
providing a mechanistic understanding of information flow and
processing in a normal brain and how these pathways are affected
by pathology. Ultimately, they may become clinically relevant by
selectively correcting malfunctioning circuits in neurological and
psychiatric diseases.

One possibility to achieve pathway selectivity is to insert a gene
into the region of DNA coding for circuit-specific molecules. When
a transgene is introduced into the germline, genetic manipulation is
noninvasive. It needs to be noted, however, that a genetic “signa-
ture” of a pathway may not be unique, or neurons may bifurcate
and connect to multiple targets, which may impact the specificity of
this approach. More restrictive for widespread use, however, is that
this option requires transgenic animals, the development of which
is still very challenging in primates. The second option is to exploit
the spatial properties of a circuit: one genetic element is introduced
at the origin of a pathway (source area) and the other at its termi-
nation (target area). When the two genetic elements combine
within a neuron, they can alter the function of the pathway [20–
26]. Note that pathway selectivity also implies direction selectivity.
Most inter-areal connections are bidirectional, and most often,
researchers aim to study the functional impact of a source area
upon a target area, while leaving the reverse connections intact. It
needs to be remarked, however, that a reverse connection may be
affected indirectly by altered intra-areal activity in the target area
that triggers downstream effects in projection neurons located
within the target region itself.

Before discussing the different strategies that can be followed
to achieve pathway selectivity in perturbation experiments, we will
briefly discuss some relevant methodological issues.

1.1 Injection of Viral

Vectors

Due to the paucity of transgenic nonhuman primate lines, one has
to inject at least one or two viral vectors. To identify source and
target regions one can rely on atlases. However, inter-subject varia-
bility cannot be accounted for by most atlases. Therefore, subject-
specific anatomical knowledge obtained using magnetic resonance
imaging (MRI) improves the identification of injection targets. For
example, not only T1- and T2-weighted imaging but also diffusion
imaging and blood vessel imaging can be effective tools to identify
targets and avoid major blood vessels during the injections. To
achieve more precise targeting in the context of functional rather
than anatomical networks, one should rely on specific response
characteristics of areas, especially if one aims to target
sub-compartments. Functionally guided injections can be based
on fMRI and electrophysiology, but potentially also on optical
imaging, focal ultrasound imaging, or the combination of any of

1.1.1 Targeting
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these methods [3, 27–29]. Injectrodes offer exquisite resolution as
they allow the recording of electrophysiological activity just prior to
the injections [30].

1.1.2 Injections Once the target(s) are defined, either based on prior anatomical or
functional information, one needs to prepare for injections. This
can be achieved using stereotactic techniques, preferentially with
the addition of fixed external markers that are MR visible [31]. An
important issue is that theMR space, which can be deformed, needs
to be registered to the real anatomy [32, 33]. One way is to identify
anatomical features in MR and real-life space (e.g., specific features
of the skull). Once the head of the subject is placed in a stereotactic
(or non-stereotactic) device, one can triangulate the targets based
on these external markers. Alternatively, one calculates the targets
based on stereotactic coordinates only, with the caveat that the
animal needs to be positioned in exactly the same manner inside
the MR scanner as the stereotactic frame. This means that an
MR-compatible stereotactic frame has to be used during surgery,
which may not be as stable and reliable as metal stereotactic frames.
Several pre-surgery planning methods have been developed to
visualize the registration between function/anatomical and blood
vessel maps and “real” space in real-time [31].

Once the target is precisely localized, one can administer the
vector using pressure injection with small-volume Hamilton syrin-
ges (e.g., 1–100 μL, depending on the final volume to be injected,
see below) attached to infusion pumps that precisely control the
duration and flow rate of the injections. These can be connected to
Hamilton needles (30–31 ga) attached to polytetrafluoroethylene
tubing. For superficial structures one can also use pulled glass
micropipettes with very small tips attached to, for example, Nano-
ject Injectors. Typically, very small volumes are injected: for exam-
ple, 0.5–0.75 μL (@ 0.1 μL/min), with multiple injections at
different depths within a specific target region. One should wait
2–5 min between subsequent injections and lower the injection
needle in steps of 100 or 200 μm. Afterward, the process can be
repeated in nearby trajectories (e.g., 1 mm apart) to load a structure
of interest with a sufficient viral vector. Recently, Fredericks and
colleagues developed arrays of multichannel injection devices that
allow faster and more uniform vector delivery compared to single-
channel methods in primates [31 and see Chap. 13]. To reduce
backflow through the injection track, which can be problematic
when targeting deep and small brain structures, convection-
enhanced delivery (CED) methods can be considered an excellent
alternative [27, 34]. This injection technique generates a pressure
gradient at the tip of an infusion device to deliver vectors directly
through the interstitial spaces of the central nervous system. Large
brain volumes (50 μL per site) can be infused with sufficient pres-
sure to drive advection and hence achieve a wider and more even
distribution of the vector.
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1.1.3 Assessing

Successful Delivery

Total volume per target can be in the order of 10 μL, although
much larger volumes can be useful if one aims to transduce large
structures such as some basal ganglia structures (e.g., the caudate
nucleus or the putamen). Co-infusion of MR contrast agents such
as MnCl2-4H2O or gadolinium, together with the viral vectors,
allows to verify whether the infusions were successful. Low con-
centrations (e.g., 0.1 mM Mn2+) are sufficient for MRI-based
visualization of the injected area, although higher concentrations,
up to 10 mM have been used without side effects [35, see
Chap. 13]. Although these contrast agents can indicate whether
the injection was accurately targeted and provide information
about the center of mass of the injected area, it does not reveal
the total extent of vector diffusion or transduced brain volumes.

In-vivo fluorescence imaging either of exposed cortical regions
[27, 36] or using optical probes to measure fluorescence in deep
regions [30] are excellent alternatives to check whether viral vector
injections resulted in effectively transduced brain tissue. These
options are commonly employed in conjunction with optogenetic
techniques, for which access to the tissue is required for the delivery
of light. Likewise, positron emission tomography (PET) imaging
can provide in-vivo information critical for the successful expression
of designer receptors in pathway-selective chemogenetic experi-
ments [37, 38].

1.2 Stimulation of

Axon Terminals: Use of

Anterograde Vectors

The most straightforward way to perturb activity in a pathway-
selective manner is to transduce neurons in a source area, using a
viral vector containing the genetic material for light-sensitive ion
channels [39, 40], pumps [41], enzymes, or DREADDs (designer
receptor exclusively activated by a designer drug) [38, 42–
44]. After expression of these genes in transduced projection neu-
rons, one can stimulate or inhibit the axon terminals in the target
region with light (in the case of optogenetics), or by injection of a
ligand in the target area that selectively binds to the exogenous
receptor (in case of a chemogenetic experiment). Recently, a novel
high-affinity and selective agonist ligand, deschloroclozapine
(DCZ), has been described that will most likely replace clozapine-
N-oxide (CNO) in chemogenetic experiments because of CNO’s
sluggish kinetics, metabolic liabilities and potential off-target
effects [45, 46]. This axonal pathway-selective perturbation
method has the advantage that one can stimulate or inhibit pre-
cisely the connection between source and target region, leaving
unaffected possible bifurcations of axons that connect the source
region with other, nontarget, regions. The disadvantage is that one
has to rely on viral vectors with exclusively anterograde and no
retrograde transduction properties–note that vectors with exclusive
anterograde transduction properties are very rare. In the case that
even a few neurons are transduced retrogradely in the target region,
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one risks stimulating the pathway in the reverse direction. It is
possible that secondary target regions may also be impacted if
these retrogradely transduced neurons bifurcate (see Fig. 1).

Several studies have successfully employed this method. For
example, Ken-Ichi Inoue and his colleagues injected an AAV2
vector carrying ChR2 with a CMV promoter (AAV2-CMV-
ChR2-EYFP) unilaterally in the frontal eye fields (FEF) of rhesus
monkeys and stimulated the axon terminals in the superior collicu-
lus (SC), a tectal structure that is known to receive direct input
from the FEF. It was previously known that signals from the FEF to
the SC causally contribute to the generation of saccadic eye move-
ments [47]. However, optogenetic stimulation of the FEF’s pro-
jection neurons targeting the SC showed that these effects are most
likely mediated via direct FEF-SC connections, although alternative
indirect pathways via the basal ganglia cannot be completely dis-
carded [48]. By illuminating the FEF terminals in the ipsilateral SC,
many of the SC neurons were excited by the blue laser light, with
only a few showing inhibited responses. This means that axons from
FEF projection neurons to the SC can directly modulate activity in
the latter structure. In addition, optical stimulation of these fibers
triggered saccadic eye movements toward the response fields of
neurons residing in the stimulation sites within the SC–in fact
with stronger effects than prior optogenetic approaches targeting
the FEF directly [49, 50]. The Inoue et al. [48] study clearly
showed a combined neuronal and behavioral effect of stimulating
transduced axon terminals remote from the injection site.

In another study, Nurminen and colleagues aimed to inactivate
feedback projections from visual area V2 to primary visual cortex by
injecting a viral vector cocktail containing AAV9.CaMKII.Cre and a
second vector carrying the gene for an outward proton pump
Archaerhodopsin-T (AAV9.Flex.CAG.ArchT-GFP) in the second
visual area of marmosets [51]. Expression of ArchT is
Cre-dependent in this case, hence only neurons transduced by
both vectors will express ArchT. This viral vector combination
shows negligible retrogradely labeled neurons in area V1. Hence
optical stimulation of target zones within area V1 will stimulate
primarily axon terminals from projection neurons with their cell
bodies in area V2. These neurons carry feedback from V2 to V1 and
optogenetic inactivation decreased responses of V1 neurons, but
increased their receptive field (RF) size. Thus, this pathway-
selective manipulation of feedback from V2 to V1 modulates RF
size, surround suppression and response amplitude of postsynaptic
V1 neurons.

Pathway-selective optogenetic stimulation of axon terminals
was also performed in a recent macaque study by Amita et al.
[29]. Using an injectrode, by which the MRI-guided target was
verified based on its neuronal activity, these authors injected AAV2-
CMV-ChR2-EYFP in the tail of the caudate nucleus and optically
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stimulated axon terminals in a subsector of the substantia nigra
reticularis (SNr) and the external globus pallidus (GPe). This exper-
iment showed that optical stimulation of striatal terminals in SNr
causes prolonged excitation of visual-saccadic neurons in the supe-
rior colliculus (SC), and also induces contralateral saccades.

To study the functional role of corticothalamic projections,
Galvan and coworkers infused primary motor cortex (M1) and
premotor cortex (PM) of rhesus monkeys with either AAV2/5-
CaMKIIα-hChR2-EYFP or AAV2/5- CaMKIIα-C1V1-EYFP
[52]. They relied on an injectrode for identifying the relevant
injection zones, based on electrophysiological properties and
behavioral effects induced by electrical microstimulation. Next,
they optically stimulated either the injection zones in motor cortex
or the corticothalamic axon terminals while recording single unit
activity in the vicinity of the stimulation sites. In contrast to short-
latency increases in firing observed in transduced and photo-
stimulated cortical neurons, photo-activation of corticothalamic
terminals yielded long-latency increases or decreases in firing of
thalamic neurons. In combination with electron microscopic
results, these data suggested the recruitment of intra-thalamic
GABAergic circuits by the corticothalamic afferents. Also, this
study did not find evidence for retrogradely labeled neurons in
the thalamus.

These aforementioned studies showed that selective optical
stimulation of axon terminals can be a highly effective approach
to investigate brain pathways. A major issue is that highly selective
anterograde viral vectors need to be injected in the source area
without causing any retrograde labeling of neurons in the target
region. Even a small number of retrogradely neurons in the
intended target area will affect the interpretation of results gener-
ated by such axonal stimulation experiments.

1.3 Stimulation of

Retrogradely

Transduced Cell

Bodies: Use of

Retrograde Vectors

Pathway-selective manipulation can also be achieved by optically
stimulating retrogradely transduced cell bodies. In this approach, a
viral vector with strong retrograde gene transfer properties has to
be injected into the target region at the site of the axon terminals.
This vector transduces remote cell bodies in the source area, and
optical stimulation targets the transduced soma. The retrograde
stimulation approach is appealing since one can alter the activity
of the projection neurons while recording from them at the same
time. Moreover, this approach allows the identification of these
neurons based on their activity induced by the photostimulation
or based on their histochemical and anatomical properties. For
transducing neurons retrogradely, several AAV, CAV, and lentiviral
vectors have been developed (e.g., see Chap. 2). Compared to the
axonal stimulation approach, one needs to achieve high transduc-
tion rates, requiring efficient vectors and usually relatively high
titers. Note that the retrograde-stimulation strategy suffers from a
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similar “selectivity” issue as mentioned in the previous paragraph
for the anterograde strategy. Transduction of anterograde axons in
the intended target area will affect the interpretation of results.
Hence, one should rely on vectors that exclusively transduce neu-
rons retrogradely, which are also exceedingly rare. These issues can
be overcome by using the double infection strategy with combined
retro- and anterograde vectors (see below).

1.3.1 Efficient

Retrograde Vectors

Highly efficient lentiviral vectors that have been used for pathway-
selective perturbations are the HiRet [53] and NeuRet vectors
[54], which are pseudo-typed with fusion glycoprotein type B2
and type E, respectively (see Chap. 2). HiRet transduces both
neurons and glial cells, while the NeuRet vector is largely specific
for neurons. Moreover, the capacity for retrograde gene delivery is
better for NeuRet compared to HiRet, and NeuRet induces fewer
inflammatory reactions. This may be because transgene delivery
into glial cells by the HiRet vector around the injection site may
induce an immune response which can result in damage [21]. The
neuronal specificity of the NeuRet vector reduces the risk of tumor-
igenesis due to the prevention of transgene insertion into the
genome of dividing cells in the brain, which would be beneficial
for potential therapeutic purposes. Thus, NeuRet is a more suitable
vector for retrograde perturbation experiments, both in rodents
and macaques [55]. Recently, it has been shown that a new retro-
grade gene transfer vector (AAV2-retro) is even more efficient than
NeuRet, at least in the rat [23], AAV2-retro may be also very
efficient in many [56] though not all [42, 57] regions of the
primate brain. In general, transduction selectivity, efficiency, and
spread of viral vectors can be considerably different across animal
species, but also across neuron types and areas within the same
species [58, 59]. Hence, they should be tested for each model
species and experimental paradigm.

1.3.2 Double-Infection

Strategies

A third pathway-selective perturbation approach relies on a double-
infection strategy [21–23, 26], through a combination of binary
systems and efficient retrograde transduction. A binary system
consists of two genes. One of them drives the expression of the
other gene when both are delivered to the same neuron. The first
gene usually encodes a transcription activator or a DNA recombi-
nase that binds to a special element on DNAmolecules and induces
transcription. Two widely used binary systems for controlling trans-
gene expression are Cre-recombinase and tetracycline-regulated
systems [22, 23].

The double-infection system is highly selective and was pio-
neered in primates by the groups of Kazuto Kobayashi, Dai Wata-
nabe and Tadashi Isa. They used an efficient retrograde viral vector
(HiRet or NeuRet) carrying the gene coding for an enhanced
tetanus neurotoxin (eTeNT) and a reporter gene (e.g., enhanced



green fluorescent protein; EGFP) behind a tetracycline responsive
element (TRE). It should be noted that the gene for the tetanus
neurotoxin was transformed to have higher expression in mamma-
lian neurons, hence the name “enhanced” tetanus neurotoxin.
When the retrograde viral vector is injected in a target area, axon
terminals incorporate the genetic material that is transported to the
cell bodies of the projection neurons located in the source area. In
that source area an anterograde vector carrying a highly sensitive
Tet-ON sequence (rtTAV16) is injected, to double-transduce the
cell bodies of the projection neurons. This efficient Tet-ON design
enables a quick onset of gene expression. Thus, only in double-
infected neurons eTeNT can be regulated under TET-on control,
only when the antibiotic doxycycline is present. When doxycycline
is administered to the transduced animals, it binds to rtTAV16 in
the double-transduced neurons, which activates the TRE promoter
triggering the expression of the eTeNT and EGFP (see Fig. ).
Thus, double-infected neurons showing fluorescence effectively
produce the neurotoxin, which selectively suppresses synaptic
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Fig. 2 Schematic diagram of the double infection method using a combination of efficient retrograde and
anterograde vectors (adapted with permission from [25]). Doxycycline-controlled transcriptional activation
mechanism includes (1) expression of a variant of reverse tetracycline transactivator (rtTAV16, Tet-on
sequence); (2) binding of rtTAV16 to the tetracycline-responsive element (TRE) exclusively in the presence
of a tetracycline derivative like doxycycline (Dox) and thereby activating transcription; (3) expression of the
fluorescent protein (EGFP) and enhanced tetanus neurotoxin light chain protein (eTeNT) downstream of the
TRE promoter; and (4) eTeNT cleaves the vesicle-associated membrane protein (VAMP) isoform 2 and inhibits
enzyme secretion
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transmission in the target area. Specifically, eTeNT blocks synaptic
transmission of the double-transduced neurons after systemic
administration of doxycycline. When eTeNT is transcribed and
translated, it will be carried to the axon terminals where it cleaves
the vesicle-associated membrane protein 2 (VAMP2) which is nor-
mally required to regulate transmitter release, thereby preventing
docking and fusion of synaptic vesicles containing
neurotransmitter.

Kinoshita and colleagues were the first to use the technique in
the spinal cord of macaques, with the aim to transiently interrupt
transmission of propriospinal neurons [25]. A retrograde vector,
HiRet-TRE-EGFP.eTeNT, was injected into the region containing
motor neurons targeted by the propriospinal neurons, and an
anterograde vector AAV2-CMV-rtTAV16 into the intermediate
zone of the cervical C2–5 segments where their cell bodies are
located. The transient silencing of these propriospinal neurons
showed their critical involvement in the control of hand dexterity.
With the same technique, the authors showed afterward that pro-
priospinal neurons are also involved in the recovery of hand dexter-
ity after a corticospinal tract lesion [60]. In this follow-up study,
NeuRet-TRE-EGFP.eTeNT was used as a retrograde vector, but
AAV-2/DJ-CMV-rtTAV16 as an anterograde vector. In another
study, Isa’s group applied the same double infection method to
target the connections between the superior colliculus and the
pulvinar in monkeys with a lesion in striate cortex. Reversible
inactivation of this pathway, using HiRet-TRE-eGFP.eTeNT as
retrograde vector and AAV1-CMV-rtTAV16 as anterograde vector,
selectively impaired the production of visually guided saccades in
this blindsight model [61].

In a very challenging experiment, Ninomiya and colleagues
succeeded in blocking a cortico-cortical pathway in macaques
using the double infection technique. Specifically, they reversibly
inactivated the connections between ventral premotor and medial
prefrontal cortex, using AAV2-retro-CMV-rtTAV16 as retrograde
vector and AAV-DJ-TRE-EGFP-eTeNT as anterograde vector.
Reversible inactivation of the connections between ventral premo-
tor and medial prefrontal cortex revealed impaired processing of
observed but not executed actions in the context of social action
monitoring [62]. Thus, the double-infection technique is also
useful to target larger cortico-cortical pathways and investigate
their causal contribution in higher cognitive functions of primates.

In the previous examples, the double-infection method was
used in conjunction with either behavioral tests or electrophysiol-
ogy. In a collaborative study between the Vanduffel and Isa groups,
the pathway between the ventral tegmental area (VTA) and the
nucleus accumbens (NAc) was reversibly inactivated using both
HiRet- and NeuRet-TRE-EGFP.eTeNT as retrograde vectors and
AAV2-CMV-rtTAV16 as anterograde vector [63]. The effect of
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Fig. 3 Pathway-selective inactivation of the connections between the ventral tegmental area (VTA) and
nucleus accumbens (NAc) in the macaque using the double-infection technique (reproduced with permission
from Vancraeyenest et al. [63]). (a) A retrograde vector (red syringe) was injected in the NAc, and the
anterograde vector in the VTA (see Fig. 2). (b) Injections were performed bilaterally with a green (Green
Fluorescent Protein, GFP) and a red (mCherry) fluorescent protein in the left (LH) and right hemisphere (RH),
respectively. The double-transduced neurons, as revealed by immunocytochemistry from all sections, are
back-projected to a representative plane through the VTA. These fluorescent neurons effectively produced the
neurotoxin eTeNT when doxycycline is given to the animals. (c) Overview of cortical areas showing an increase
in functional connectivity (FC) induced by the pathway-selective inactivation with other brain areas that is
significantly correlated with the increase in FC between the VTA and NAc. The color scale indicates for each
cortical region the number of area-area pairs showing changes in FC that are significantly correlated with that
of the VTA-NAc pair

this reversible inactivation was assessed on two cognitive tasks
aimed to dissociate motivational from reward-based reversal
learning effects and on whole-brain functional connectivity
(Fig. ). The study revealed a relatively small number of retro-
gradely labeled neurons in the VTA: between 650 and 1500,
which is less than 5% of the total number of dopaminergic neurons
in the VTA of monkeys [ ]. Double-transduced neurons were
largely restricted to the VTA. Moreover, most of these neurons
were dopaminergic as shown by a double staining revealing the
expression of the fluorescent protein in tyrosine hydroxylase
(TH)-positive neurons. Likely, the immunohistochemical identifi-
cation of neurons producing eTeNT in the presence of doxycycline
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is an underestimation of the real number of double-transduced
neurons, since in-situ hybridization (hence at RNA instead of pro-
tein level) revealed an order of magnitude more labeled neurons.
The histological results confirm that surprisingly good cell-type
selectivity can be achieved without the use of specific promoters,
by relying on the specificity of anatomical connections. The major-
ity (~60%) of the connections between VTA and NAc are dopami-
nergic [65]. Despite the relatively low number of double-labeled
neurons detected with immunohistochemistry, reversible inactiva-
tion of these neurons profoundly reduced the ability of these
monkeys to perform trials requiring high effort to obtain a high
reward. Although high-effort motivational behavior was clearly
affected, the monkeys did not show a deficit in reinforcement-
based learning during an object discrimination reversal task—a
task in which this pathway was expected to be critical.

Although dopaminergic signaling from VTA to the NAc was
impaired during the administration of doxycycline, whole-brain
resting state fMRI revealed that fMRI-based functional connectiv-
ity paradoxically increased between VTA and NAc. Moreover, the
functional connectivity between NAc and several other brain
regions also increased. Changes in functional connectivity between
the VTA and NAc, induced by the pathway-selective inactivation,
correlated positively with changes in functional connectivity of
areas located in the temporal pole, orbitofrontal cortex, dorso-
and ventrolateral prefrontal cortex as well as anterior cingulate
cortex (Fig. 3). While seemingly counterintuitive, mesoaccumbal
blockage may increase functional connectivity in relevant functional
networks by reducing the inhibitory output of the predominantly
GABAergic NAc neurons, which also provide a feedback signal to
regulate the DA output of the VTA [66–68]. In turn, this release of
feedback inhibition in the VTA itself may increase the functional
coupling with the latter structure through its extra-accumbal pro-
jection sites. In general, these findings are in line with the reduced
functional connectivity observed in humans after pharmacologically
increased dopamine levels [69]. Thus, dopamine may play an
important role in regulating the functional coupling between
many brain regions.

1.4 Limitations Despite their appeal, pathway-selective perturbations have limita-
tions. A first limitation concerns possible immune responses when
multiple injections are required. Immune responses after a second
injection seem to be idiosyncratic and difficult to predict. Checking
blood plasma for antibodies prior to each experiment may provide
indications about possible immune responses. However, even with-
out preexisting immunity, viral vector injections can produce
immune responses, which may decrease the efficacy of subsequent
injections [70, 71].
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Although for some pathways reasonably good cell-type speci-
ficity can be achieved without a selective regulatory element, for
example in the case of the VTA to NAc pathway [63], there is
significant room for improvement by incorporating cell-type spe-
cific promotors/enhancers in the anterograde vector (e.g., using a
TH promoter for targeting DA neurons). Unfortunately, cell-type
specific promoters for nonhuman primates are still limited, and
those that have been used successfully show typically low transduc-
tion efficiencies, despite their selectivity (e.g., [72]). Transduction
efficiencies of viral vectors are limiting factors in general, in part
because knowledge obtained in other species may not be transfer-
rable to primates. Moreover, knowledge about transduction effi-
ciencies in one brain region of the same species may not even
generalize to other regions of the same species [58, 59].

Another factor that needs to be considered when interpreting
the results of pathway-selective manipulations is that axonal projec-
tions between a source and target area may branch to other areas
(Fig. 1). Hence behavioral results may be explained by the connec-
tion between source and intended target area, but also between
source and non-target area that is connected via the bifurcated
axons. This is particularly relevant for these approaches whereby a
ligand (e.g., for DREADDs) or drug (e.g., doxycycline for a
TET-On system) is given systemically. This possible confound can
be partially mitigated by local infusion of a ligand in the target
region. Good anatomical knowledge about the existence or absence
of branched axons is, however, very useful for the interpretation of
pathway-selective manipulations. This knowledge can be partially
obtained by the injected viral vectors themselves [73].

Another important consideration is the temporal resolution
that one aims to achieve in a given experiment. The doxycycline
TET-on strategy has a temporal resolution of days to weeks [25],
and for pathway-selective chemogenetic approaches the resolution
will be in the order of hours [43]. Regarding doxycycline TET-on
experiments, one has indeed to consider that the antibiotic has to
be given for extensive periods of time. Kinoshita et al. [25] showed
that their effects became apparent after a few days, and behavioral
effects in the Vancraeyenest et al. [63] study emerged only after a
week. The temporal dynamics of a doxycycline TET-on experiment
may depend on the specific experimental paradigm, or possibly the
number of double-transduced neurons. Given the relatively long
periods that doxycycline is given, potential issues related to antibi-
otic resistance may emerge–which have not been documented so
far. If one is interested in dissecting cognitive operations at high
temporal resolution, for example, during different epochs of a task
trial [74], the combination of a pathway perturbation tool with
optogenetics is currently the most ideal tool. Instead of a sequence
coding for eTeNT in the double infection technique, one can insert
a sequence for a depolarizing or hyperpolarizing opsin. This would
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retain the pathway selectivity as only double labeled neurons would
express the opsin. The obvious drawback, however, is that an optic
fiber needs to be inserted in either the source or target region in
order to activate the opsins. As noted earlier, backpropagation of
action potentials and activation of bifurcated axons have to be
considered in the interpretation of the results.

Lastly, some of the efficient retrograde vectors are lentiviral
vectors, which have a higher packing capacity than adeno-
associated viral vectors, yet they may require stricter biosafety reg-
ulations in some institutions, which may limit their use [21].

1.5 Prospects To lift circuit-level whole-brain research in primates to yet another
level, one should consider tools through which activity of multiple
pathways in the same brain can be selectively increased or
decreased, either in combination or in isolation. Different combi-
nations of excitatory and inhibitory DREADDs (activated by dif-
ferent ligands) and/or opsins (activated with light of different
wavelengths), together with a double-infection approach with
highly efficient retrograde and anterograde vectors may soon
bring these exciting possibilities within reach of the primate systems
neuroscience community. Ultimately, precise and selective manipu-
lation of specific pathways may offer great therapeutic value to
battle neurological and psychiatric diseases. The field of pathway-
selective manipulations in primates is built on the vast knowledge
about the use of viral vectors gathered during the past decades in
the realm of gene therapy. It is to be expected that, in the future,
clinicians may also be able to enhance or suppress communication
along specific brain connections which are affected by pathology,
while leaving others unchanged. Such an approach could mitigate
the side effects often observed using more generic approaches
where all connections from an area and their associated functions
are disturbed using nonspecific pharmacological interventions, or
electrical microstimulation (Fig. 1). For example, the study of
Vancraeyenest et al. [63] revealed that reduced activity in the
VTA-to-NAc pathway specifically affects motivational behavior,
while leaving at least some forms of reward-based learning unaf-
fected. Since many psychological disorders, including obsessive-
compulsive behavior, depression, and addiction are characterized
by malfunctioning motivational behavior, reversible up- or down-
regulation of this pathway may someday improve the quality of life
of such patients.
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Glossary

Perturbation Artificial alteration of neuronal activity. This can be an
artificial increase or decrease of activity.

Pathway A specific connection between remote brain regions
via axons originating in a source region (where the cell
body is located) and projecting to a target region
(where synapses are made with postsynaptic cells).

Source area Area housing the soma of the neurons projecting to
the target area.

Target area Area where axon terminals of the projection neurons
from the source area terminate.

Viral vector A tool through which genetic material can be deliv-
ered into cells. Usually nonpathogenic,
non-replicating, modified viruses are used to deliver
genetic material to neurons. The viral vector construct
typically comprises: (i) a viral expression system used
to deliver the opsin/chemogenetic receptor gene;
(ii) a promoter/enhancer fragment supporting cell
type-specific targeting; (iii) genes of interest such as
the genetic information of a designer receptor or
light-activated protein or opsin; and (iv) a reporter
gene to visualize opsin expression levels and to deter-
mine cell-type specificity.

Transduction Is the process by which foreign genetic material is
introduced into a cell by a viral vector.

AAV Adeno-associated vector. One important advantage of
AAVs compared to other vectors is that in transduced
cells, the genetic material is generally not integrated
into the genome of the host cell.

LV Lentiviral vector. These can integrate genetic informa-
tion into the DNA of host cells. More or longer genes
can be packaged in LVs compared to AAVs, in other
words, they have a better packaging capacity.

DREADD Designer receptor exclusively activated by a designer
drug [ ].

Opsin In the context of optogenetics, these light-sensitive
proteins are used to activate (depolarize, e.g., using
channelrhodopsin or ChR2) or inactivate (hyperpo-
larize, e.g., ArchT) neurons by the light of specific
wavelengths [ ].

Anterograde (Transport) from soma to axon terminal
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Retrograde (Transport) from axon terminal to soma
Injectrode A combination of an electrode and infusion device

that allows to record single unit activity prior and
during the injection of a substance (e.g., viral vector
and drug)
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Chapter 11

Pathway-Specific Chemogenetic Manipulation by Applying
Ligand to Axonally Expressed DREADDs

Maricela X. Martinez, Mitchell R. Farrell, and Stephen V. Mahler

Abstract

New tools for controlling neural populations such as opto- and chemogenetics afford unprecedented
precision in pinpointing the neural circuit substrates of behavior. In addition to the ability of these tools
to allow bidirectional control of genetically defined and anatomically defined cell populations, they also
offer special advantages for interrogating the behavioral functions of neural pathways, setting them apart
from more traditional approaches. In this chapter, we outline considerations for planning chemogenetic
pathway-manipulation experiments and describe our protocol for using virally expressed designer receptors
exclusively activated by designer drugs (DREADDs) and axonal application of clozapine-n-oxide (CNO) to
modulate neural pathways in behaving rats.

Key words DREADDs, CNO, Pathway-specific, Axonal, Microinjection, Viral vectors

1 Introduction

1.1 Why Choose

DREADDs Over an

Optogenetic

Approach?

Optogenetic approaches employ light-sensitive channels such as
channel- or halorhodopsins that are expressed in the brain via
viral vectors or other transgenic strategies [1]. When a suitable
wavelength of light is applied during an experiment, the result is
generally strong, reversible, and exceptionally rapid excitation or
inhibition of neurons and pathways. In contrast, chemogenetic
approaches like DREADDs involve inducing the expression of
synthetic G-protein coupled receptors (GPCRs) which engage
endogenous G-protein signaling mechanisms to control cell activity
[2]. DREADDs do not bind endogenous neurotransmitters but
instead, respond to an experimenter-administered drug that is ide-
ally otherwise inert. DREADDs come in several varieties, including
muscarinic-like excitatory (Gs-coupled rM3Ds or Gq-coupled
hM3Dq) or inhibitory (Gi/o-coupled hM4Di) DREADDs, which
respond to compounds that are structurally similar to clozapine
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such as clozapine-n-oxide (CNO; [3], though other chemogenetic
strategies with different mechanisms have also been described
[4–8]).

DREADDs have a less precise temporal window of control than
most optogenetic approaches due to their GPCR-based mecha-
nism, and their activation by a ligand rather than by light. Yet
DREADDs also afford certain advantages over conventional opto-
genetics. DREADDs can be less invasive since optogenetic
approaches typically involve chronically implanted optic fibers cou-
pled that require tethered light sources, thus restricting movement,
and preventing use in some experimental apparatuses (though
noninvasive transcranial or wireless light delivery methods are in
development) [9–11]. In contrast, DREADDs require only appli-
cation of the DREADD agonist drug prior to testing, thus allowing
animals to freely move through even the most complex experimen-
tal testing chambers [12, 13]. DREADDs can also be very useful
for manipulating large or irregularly shaped brain regions, since
when the agonist is systemically administered, all DREADD recep-
tors in the brain will likely be influenced, whereas optogenetic
experiments are typically limited by the ability of nondestructive
intensities of light to spread through the brain [12]. This may be of
particular use for large, primate brains [14–21], facilitating the
potential translational applications of DREADDs. In addition, by
virtue of functioning via self-regulating and -limiting GPCR signal-
ing cascades rather than ion channels [22, 23], DREADDs can be
described as biasing cells toward activity or quiescence [12, 24],
rather than imposing these states, as is usually the case with opto-
genetics. Therefore, chemogenetic platforms like DREADDs
afford the ability to experimentally (and someday maybe therapeu-
tically) stimulate or inhibit activity in select neurons or pathways,
while presumably preserving the temporal dynamics endogenously
generated by the brain (Fig. 1a). Perhaps coupled with the devel-
opment of noninvasive, systemically administered viral vectors
[25, 26 and see Chap. 7], we predict the application of actuatable
systems like DREADDs may be useful in treating psychiatric dis-
orders in the future, echoing similar suggestions by others
[27]. However, much work is required to know where and how
to target such systems to treat disease—this will first require a
deeper understanding of how neural circuits modulate normal
and abnormal behavioral states.

1.2 Targeting Neural

Pathways with

DREADDs

Chemogenetic approaches afford a key advantage over conven-
tional behavioral neuroscience techniques—the ability to target
neural pathways. This can be achieved in two main ways. The first
is by using combinations of viral vectors traveling anterogradely or
retrogradely, expressing Cre or Flp recombinase or related condi-
tional expression systems—a powerful approach with many practi-
cal considerations that are discussed in detail in Chap. 10 of this
volume.
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Fig. 1 DREADD actions on cell firing and neurotransmitter release. (a) Neurons infected with hM4Di, Gi/o-
coupled inhibitory DREADDs exhibit a decrease in firing rate due to engagement of Gi/o signaling when CNO is
administered systemically. No such effects of systemic CNO are generally seen in neurons without DREADDs.
(b) Microinjections of CNO directly upon axon terminals of hM4Di DREADD-expressing neurons modulate
neurotransmitter release by engaging Gi/o signaling presynaptically, allowing pathway-specific modulation. No
such effects of microinjected CNO are generally seen in neurons without DREADDs. (c) Ventral pallidum neuron
cell bodies expressing hM4Di DREADDs are shown, with blue DAPI stain showing cell nuclei, and the
fluorescent red tag mCherry resulting from neuron-targeted viral vector injection. (AAV2-hSyn-hM4Di-
mCherry). Merged image at right. ac anterior commissure. (d) DREADD-expressing axons (red) of ventral
pallidum hM4Di-DREADD expressing neurons are shown in ventral tegmental area, in proximity to dopamine
neurons (defined by tyrosine hydroxylase: TH staining in green). Damage from a cannula implanted above
DREADD-expressing axons, allowing pathway-specific inhibition of this circuit with CNO microinjections, is
visible at top. DAPI is shown in blue. Merged image at right. Scale Bars = 250 μm

Another way to target pathways with DREADDs involves
microinjecting a DREADD agonist such as CNO directly upon
axon terminals of DREADD-expressing neurons, thereby presyn-
aptically modulating neurotransmitter release from the targeted
neurons (Fig.1b). This approach takes advantage of the fact that,
after viral vector transduction, most neurons readily transport
DREADDs (and opsins) to axonal processes, where they are
inserted in presynaptic terminals. We were the first to show that
applying CNO to axonally expressed Gi/o DREADDs reduces the
frequency of inhibitory postsynaptic currents [28]; specifically, in
GABAergic projections from ventral pallidum (VP) to the ventral
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tegmental area (VTA; Fig. 1c, d). We also showed that intra-VTA
CNO microinjection upon VP DREADD-expressing axons also
suppressed cocaine-seeking behavior. Nearly concurrently with
this report, Stachniak et al. [29] similarly demonstrated that axon-
ally expressed inhibitory DREADDs act presynaptically via local
application of CNO to inhibit pathways, using both electrophysio-
logical and behavioral assays to confirm this. Notably, though
Stachniak et al. developed an axon-selective DREADD
(hM4Dnrxn), robust axonal expression is readily seen even with
standard non-axon targeted DREADDs [28, 30–33].

More recently, we extended this work by showing that
engaging excitatory Gq- or Gs-coupled DREADDs via axonal
CNO application facilitates neurotransmitter release, highlighting
the suitability of excitatory DREADD variants for pathway-specific
stimulation of neural circuits [30, 34]. Specifically, we showed that
Gq- or Gs-coupled DREADDs facilitate, while Gi/o-coupled
DREADDs suppress, dopamine release from axon terminals of
VTA dopamine neurons in nucleus accumbens [30]. Moreover,
we found that microinjecting CNO upon Gq-coupled DREADD-
expressing dopamine neuron axons in vivo causes distinct patterns
of behavior depending on whether projections to medial prefrontal
cortex, nucleus accumbens, or basolateral amygdala were stimu-
lated [30]. Clearly, local microinjection of CNO upon DREADD-
expressing neural compartments is a viable strategy for bidirection-
ally controlling anatomically defined neural pathways in vivo.

1.3 Disadvantages of

Axonal DREADD

Agonist Application to

Control Pathways

No neuroscience method is perfect, and pathway control using
DREADDs is no exception. One issue with this approach for use
in behavioral experiments is the necessity of applying the DREADD
agonist via intracranial microinjection. Repeated microinjections
can cause damage to local tissue, so we have typically limited our
experiments to a maximum of eight total microinjections [28, 30,
35–38]. In addition, microinjections can be stressful to animals
(and researchers with unsteady hands!), so comparing CNO to
vehicle microinjections is required to help control for this variable.
Another consideration is the volume and concentration of the
DREADD agonist to be microinjected. In general, larger injection
volumes lead to greater spread [39, 40], which could be advanta-
geous or disadvantageous, depending on experimental aims. We
have used 1 mM CNO in 0.3 or 0.5 μL of 0.5% dimethylsulfoxide
(DMSO) in artificial cerebrospinal fluid, which elicits robust,
DREADD-specific effects when microinjected in vivo in several
different pathways, independently validated across a number of
labs in both mice and rats [28, 30–32, 41–47]. Regardless, since
CNO in the brain can have DREADD-independent effects under
certain conditions, potentially in part via local back metabolism to
clozapine [48–51], comparing the effects of CNO in animals with
or without DREADDs is essential for each new experiment.
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Few studies have reported the use of DREADD agonists other
than CNO (such as JHU60, C-21, or low-dose clozapine [18, 48,
52–54]) directly in the brain to manipulate neurotransmitter
release, though we know of no reason why this would not be
broadly effective. In fact, a recent study in nonhuman primates
administered the DREADD agonist deschloroclozapine intracrani-
ally to inhibit medial prefrontal cortex projections to the lateral
mediodorsal thalamus or the dorsal caudate nucleus, which
revealed pathway-specific changes in working memory and
decision-making [55]. Whether alternative agonists outperform
CNO as a selective DREADD actuator when injected intracranially
must be established in the future, perhaps using head-to-head
comparisons of ligands in well-characterized behavioral tasks, neu-
ral firing, or other outcomes [56].

Next, we provide a detailed protocol for use of intracranial
CNO upon DREADD-expressing axons to manipulate neural
pathways in vivo.

2 Materials

2.1 Preoperative

Supplies

1. Ketamine (MWI Animal Health; MWI 092209).

2. Xylazine (MWI Animal Health; MWI 510650).

3. Hair Clippers (Wahl Clipper Corp; Model MC3).

4. Iodine Pads (Fisher; C12400).

2.2 Viral Injection

Surgery Supplies

5. Stereotaxic Instrument (KOPF; Model 942) with Standard
Holder (KOPF; Model 1770) and Cannula Holder (KOPF;
Model 1776-P1).

6. Scalpel Handle (Fine Science Tools; 91003-12) & Scalpel
Blades (Integra Miltex; 4-111 no.11).

7. Bulldog Clips (Fine Science Tools; 18039-45 & 18038-45).

8. 0.9% Sodium Chloride (ICU Medical; 07983-02).

9. Cotton Tipped Wood Applicators Non-sterile 6″
(Dynarex; 4302).

10. Black Food Color (McCormick).

11. Pipette Puller (Narishige; Model # 1754-6).

12. NanoFil Syringe (World Precision Instruments; NANOFIL).

13. Glass Pipettes (Hirschmann; 9600105).

14. Picospritzer III (Parker; 052-0500-900).

15. Hand Drill & Drill Bits (CellPoint Scientific; Ideal Micro
Drill, 1 mm).
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2.3 Virus Loading

Supplies

16. Viral Vectors (Addgene; e.g., for pan-neuronal expression:
AAV2-hSyn-hM4D(Gi)-mCherry #50475; or for
Cre-dependent expression: AAV2-hSyn-DIO-hM4D(Gi)-
mCherry #44362).

17. Tygon E-3603 Tubing (Sigma Aldrich; Z765244-50FT).

18. 10 mL Syringe (Fisher; BD309604)

19. Vial Caps for Front Filling Virus (DWK Life Sciences;
240,917).

20. Parafilm (Fisher; 13-374-12).

2.4 Cannula

Implantation Supplies

21. Guide Cannulae (23 ga, Plastics One; C232G-2.0/SPC).

22. Screwdriver (Plastics One; 8J0026030X01).

23. Skull Screws 0-80X1/8 (Fisher; NC1249270).

24. Tweezer (Fine Science Tools; 11052-10).

25. Dental Cement and Solvent (Pearson Dental; C73-00-70;
C73-00-78).

2.5 Postoperative

Supplies

26. Sutures (Esutures; D684N).

27. Antibiotic Cream (Globe Triple Antibiotic Ointment).

28. Meloxicam 20 mL (MWI Animal Health; 502,080).

29. Cefazolin 10 mL (MWI Animal Health; MW 008902).

2.6 Microinjection

Supplies

30. Stylets (Plastics One; C232DC/SPC).

31. Stainless Steel Wire (Plastics One; 014BSH/30S).

32. PE20 Tubing (Instech; BPTE-20).

33. 1 μL Hamilton Syringe (Hamilton; 80,100).

34. Syringe Pump (Thermo M365 Orion Sage Syringe Pump).

35. Microinjector Tips (28 ga; Plastics One; C232I/SPC; cut by
manufactured to desired length).

36. Clozapine N-oxide (HelloBio; HB1807-100 mg).

37. DMSO (Sigma Aldrich; D5879-1 L).

38. Artificial Cerebrospinal Fluid (Harvard Apparatus; 59-7316).

3 Protocol

Our lab primarily studies addiction-related reward circuits, and has
used DREADDs coupled with CNOmicroinjections to manipulate
two main pathways during behavior in our work: VTA dopamine
neuron projections to the forebrain (using excitatory and inhibitory
DREADDs) [30, 31], and VP projections to VTA (using inhibitory
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DREADDs; [28]). These general methods are more widely appli-
cable however, and can be adapted for a wide range of pathways, as
shown by our collaborators [32, 57].

3.1 Experimental

Protocol for Targeting

Pathways with Axon-

Targeted DREADD

Manipulations

We use adult male and female Long-Evans rats for such studies,
pair- or trio-housed with ad libitum food and water in a reverse
light-dark cycle colony room. In order to first stereotaxically target
VTA or VP with a DREADD vector, rats are anesthetized with
intraperitoneal injections of ketamine (65 mg/kg) and xylazine
(8 mg/kg), and the fur from the top of the head is shaved, and
iodine is applied to disinfect the area. After placing the rat securely
into the frame of a stereotaxic instrument, an incision along the
midsagittal line of the skull is made with a scalpel, then the skin is
retracted using bulldog clamps. The skull is thoroughly cleaned
with saline, and the skull sutures are lightly dyed with sterile food
coloring to help visualize them. Ensure the skull is flat by compar-
ing the Z coordinate of the skull at bregma and lambda, and adjust
the head until these are level. Either microinjection syringes (e.g.,
Nanofil) or a glass pipette with a Picospritzer can be used to inject
the virus.

Many labs use custom-length microinjection syringes (e.g.,
23–33 ga; [58, 59]) mounted onto a stereotaxic arm to inject
virus directly into the brain. This method minimizes problems
with injector clogs, makes filling the injector easier, and allows use
of automated injection pumps to push slowly and steadily the
desired volume into the brain. However, this approach also may
lead to some unwanted spread of the vector to sites dorsal to the
targeted region, presumably due to back flow along the uniform
gauge needle. To minimize this dorsal spread, we often use house-
drawn glass pipettes instead, with a shank at least 2 mm longer than
the depth of the targeted region (e.g., >10 mm for our lab’s
purposes). This is because we have observed that pipettes tend to
restrict expression to a small, targeted region, presumably since the
tip is very small (30–50 μM), and the increasing-diameter of the
pipette dorsal to the tip helps limit dorsal spread of the vector. See
Fig. 2 for a schematic of these dynamics. We have also found that
slow injection rates, and leaving the injector in place for at least
5 min after injection are also useful for minimizing unwanted vector
spread outside the targeted region.

If using a glass pipette to inject the vector, first use a
stereotaxic-mounted reference glass pipette with a blunted tip to
find bregma/lambda, then find the desired bregma-relative ante-
rior-posterior (X) and medial-lateral (Y) coordinates for your
region of interest. Drill a >1 mm wide hole above the intended
injection site, removing bone fragments and debris that may clog
the pipette, and breach the dura mater with a needle. When the
skull holes above your injection site are ready, it is time to prepare
your viral vector for injection.
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A)

B)

Glass
Pipette

Injection
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Fig. 2 Impact of injection system on viral spread in the brain. Glass pipette and
injection syringe impact on dorsal spread of vector injection, based on our
observations of DREADD expression patterns. (a) Glass pipettes (left) restrict
virus expression to a small, targeted region, and limit dorsal spread due to
tapered shank and small-diameter tip. Injection syringes in contrast allow less
control of dorsal spread along the path of least resistance along the consistent
diameter needle. (b) A closer view of these injection strategies is shown

Smaller injection volumes will achieve a more restricted spread.
Note that different AAV serotypes will spread and express differ-
ently, and they may express quite differently in distinct brain
regions and pathways, so this should always be tested with each
batch of the vector before conducting behavioral experiments.
AAVs should be thawed and aliquoted upon arrival from the sup-
plier, stored at -80 °C, and kept frozen until the time of use. Once
thawed, the AAV can be stored on ice for several hours at least [60],
though we try to keep it at as low a temperature as possible without
re-freezing.

If using a glass pipette (with a tip broken to an internal diame-
ter of 30–100 μm), connect it with Tygon tubing to a 10 mL
syringe, mount it on a manipulatable arm (we use the standard
holder and cannula holder, item 5 in the material list above), and
position it above a well-lit stage such as a vial cap covered with clean
Parafilm. Pipette an aliquot of a vector onto the stage and carefully
maneuver the pipette tip into the drop of vector, then use the large
10 mL syringe to carefully create sufficient suction in the tube to
front-fill the pipette with vector. Draw at least 200 nL greater
volume than will be injected in the brain, as some vector will be
lost or wasted in testing or transfer.
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Connect the filled pipette to the picospritzer using Tygon
tubing, and mount it on the surgical stereotaxic arm in the same
position as the reference pipette, which it will replace. Drip saline
into the drilled holes in the skull, until the liquid is flush with skull
surface, then lower the pipette into the hole in the skull until it
breaks the surface of the saline pool: this is the coordinate you will
use as the skull-relative ventral (Z) coordinate. Lower the pipette
into the brain to the desired coordinate at a brisk pace (for targeting
VTA in adult rats we use bregma-relative coordinates (mm); AP: -
5.5, ML: ±0.8, DV: -8.1, for VP we use: AP: 0.1, ML: ±2.0, DV:
-8.0), then lower it another 100–200 μM, only to slowly retract it
to the original position. This creates a “pocket” into which the virus
can diffuse, which may help restrict/guide injection spread. We
inject 0.2–1 μL of most AAV vectors (for VTA we normally inject
0.5–0.75 μL of a Cre-dependent vector in TH:Cre rats), depending
on the viral serotype, size of the intended area of infection, injection
method, and promoter system—again, testing your protocol in
advance is essential for success! We prefer to inject most vectors
slowly (e.g., <200 nL/min), with Picospritzer pressure kept under
40 psi, and pressure durations from 10 to 100 ms. Leave the
injector in place as long as feasible after injection to allow diffusion
from the injection site (at least 5 min). Ensure that you are actually
delivering the virus, for example by watching the vector move down
the pipette as the injection occurs. When the post-injection waiting
period is complete, withdraw the pipette very slowly at first (e.g.,
1 mm/min), then more quickly as the probe retreats from the
injection site. If injecting bilaterally, test that the injector is still
unclogged, verify that the skull surface is at a similar Z coordinate
on both sides, then repeat the above steps. After surgery, suture the
skin closed, and allow at least 4 weeks incubation time for expres-
sion and axonal transport of DREADDs before proceeding
(though we sometimes start behaviorally training rats about a
week after surgery while the virus is still incubating in experiments
requiring weeks of training prior to test, such as drug self-adminis-
tration/reinstatement).

3.1.1 Cannulae

Implantation

For microinjecting CNO upon DREADD-expressing axons to
manipulate specific neural pathways, intracranial cannulae must be
implanted in their vicinity. This can occur either in the same surgery
as viral transduction described above, or in a second surgery con-
ducted closer to the desired test day. We have found that cannula
placements are maximally accurate when they are implanted closer
to the time of testing (e.g., 2–3 weeks before), compared to long
before the test (e.g., >6 weeks). When planning your cannulae
implantation surgery, you will want to carefully consider the trajec-
tory employed to target the region of interest and avoid allowing
cannulae to penetrate the ventricles, sinuses, or other regions of
importance to the neural circuits under investigation. For example,
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we use a 6° lateral angle to target VTA, to avoid the midsagittal
sinus.

After anesthetizing the animal as described above, mount the
cannulae to be implanted on the stereotaxic arm. Find bregma or
lambda in the X, Y, and Z axes using the tips of both cannulae, and
move the cannulae to the desired X and Y coordinates relative to
this landmark. Mark the skull with ink or a marker, and drill
~1.5–2 mm diameter holes at these sites. Next, move the stereo-
taxic arms aside, and create burr holes at least 5 mm away from
cannulae holes, and not upon skull sutures, using a hand drill.
Screw 3–4 jewelers’ screws into these holes with a fine-tip tweezer
and screwdriver. These screws will serve to anchor the dental
cement “head cap” in place on the skull, holding the cannulae
firmly in place. When screws are in place, lower the cannulae 1 or
2 mm shy of the desired Z coordinate (the microinjector you will
later insert in the cannula will extend the extra 1 or 2 mm beyond
the cannula into the target region). Repeat this procedure for the
other cannula in the opposite hemisphere if bilateral manipulation
is intended. When both cannulae are implanted, mix dental cement,
and apply it carefully to the skull, making sure to encapsulate both
the screws embedded in the skull, as well as the cannulae them-
selves. You may need to apply the cement in several stages, “build-
ing” up the cap to firmly grab both the cannulae as well as the
screws—ensure that cement does not dry bonded to the skin or
wound. When dried, remove the rat from the stereotaxic instru-
ment, and add a suture behind or in front of the head cap to close
the wound if needed. Place steel occluder stylets into the cannulae
to close them, preventing foreign material from entering the brain.
If rats are housed in groups, do not use occluding stylets with
plastic tops, as cage mates will destroy them—occluding stylets
made of metal may be a better choice to cover the plastic threads
on the cannulae upon which cagemates like to chew. Alternatively,
stainless steel wire can be cut to length, with a hook bent at the top
to allow it to be removed for microinjections. Apply antibiotic
cream to the wound, and treat the rat postoperatively with more
cream until healed, pain relievers (e.g., meloxicam), and antibiotics
(e.g., cefazolin) as required and approved by local animal care
protocols. At least 5 weeks after viral injection surgery, when rats
have recovered from cannula surgery (5+ days), behavioral testing
and CNO microinjections may commence.

3.1.2 Microinjection

Procedures

In preparation for microinjections, attach a gas or heat-sterilized
intracranial microinjector onto the end of ~1 m of PE20 tubing,
and fill the tubing/microinjector with sterile water. Ensure there
are no bubbles in the tubing, then secure the free end onto a 1 μL
Hamilton syringe located on a syringe pump. Wipe the microinjec-
tor (cut to extend 1 or 2 mm beyond the end of the cannulae into
the targeted region) with an alcohol pad, and pull back the
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Hamilton plunger ~0.05 μL to generate a small air bubble. Then,
place the dry microinjector tip into the CNO (1 mM) or vehicle
solution (0.5% DMSO in saline), and pull the Hamilton plunger to
the 1 μL position. At this point, a small (~1–2 mm) bubble will be
visible in the clear tubing directly above the top of the microinjec-
tor tip—the movement of this will serve as an indicator that the
drug is flowing into the brain. The air bubble also separates the
drug from the sterile water in the rest of the tubing. Gently handle
the rat, and remove its steel occluder stylets with sharp forceps.
Position microinjectors into each guide cannula, and switch on the
syringe pump. Flow rates for drug injection should be tested with a
pilot cohort of animals, but we generally use a 1 μL/100 s rate.
Switch off the syringe pump upon reaching the appropriate injec-
tion volume according to the Hamilton syringe marking, followed
by a 1min waiting period during which microinjector tips remain in
place in the brain to allow diffusion. Microinjector tips are then
removed, followed by replacement of clean steel occluder stylets.
Behavioral testing may commence 5 or 10 min after the microin-
jection finishes. Critically, since tissue damage accrues following
repeated microinjection tests as mentioned above, counterbalan-
cing vehicle and CNO doses for all tests is a necessity to limit the
possibility of damage-related order effects.

Following all behavioral tests, histological verification of both
DREADD vector injection and cannulation site are critical final
steps for pathway-specific DREADD experiments. We perform
immunofluorescent staining on every sixth 40 μm coronal section
(sliced on a cryostat) to confirm the localization of the DREADD
tag (e.g., mCherry, green fluorescent protein, hemagglutinin), and
quantify the extent to which expression is specific to the brain
region of interest. One may also examine known projection targets
of these neurons, to verify axonally expressed DREADDs in path-
ways of interest. It is advisable to conduct immunohistochemistry
for the tag to amplify its visibility, which is facilitated by cardiac
perfusion of the animal with cold saline, then cold 4% paraformal-
dehyde, followed by cryoprotection in 20–30% sucrose with 0.5%
sodium azide to preserve tissue prior to slicing (see Chap. 15). We
then compare DREADD tag expression patterns to a rat brain atlas,
to determine its localization relative to clear anatomical landmarks
[61]. When possible, use a co-stain that provides objective borders
for anatomical localization (in our case, substance P defines ventral
pallidum borders, and tyrosine hydroxylase helps visualize VTA).
For histological verification of cannula placement, we perform a
Nissl stain on every third section of tissue containing cannula
damage, comparing the tip location to landmarks in a rat brain
atlas [61]. Careful observation of histological data from both viral
expression and cannula sites is very important for understanding
behavioral effects of DREADD manipulations, so we strongly sug-
gest meticulous mapping of viral expression and microinjection
sites in each behaviorally tested animal.
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4 Conclusion

In sum, DREADDs afford excellent, repeatable, and precise control
over targeted neural pathways, greatly facilitating investigations of
the neural circuit substrates of behavior. Though all techniques
have their disadvantages, including DREADDs, microinjecting a
DREADD agonist drug in the vicinity of DREADD-expressing
axons in vivo has great power for advancing our understanding of
the neural circuit substrates of behavior across species.
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Chapter 12

Convection Enhanced Delivery of Viral Vectors

Devon Griggs, Tiphaine Belloir, Jasmine Zhou,
and Azadeh Yazdan-Shahmorad

Abstract

Convection-enhanced delivery (CED) is a pressure-based approach of delivering agents, such as viral
vectors, throughout large regions of tissue. CED is chiefly characterized by injection volumes and flow
rates that far exceed traditional diffusion-based approaches, which improves the feasibility of large-scale,
targeted experimental and clinical research such as optogenetics and gene therapy. We present methods for
MRI-guided CED of optogenetic viral vectors in cortical and deep brain structures of nonhuman primates
as a case study of CED application in large animal models. We also include a discussion of important
experimental materials and parameters, such as cannula designs and infusion flow rates, and a description of
bench-side surgical planning approaches for CED.

Key words Convection enhanced delivery, CED, Optogenetics, Viral vector delivery, Gene therapy,
Nonhuman primates, MRI

1 Introduction

Delivering therapeutic compounds into the brain has been an
ongoing challenge for clinicians and scientists for many years. Tra-
ditional delivery methods such as intravenous administration are
confronted with the blood-brain barrier (BBB) that restricts the
passage of many substances, including viruses, from the systemic
circulation to the brain parenchyma [1, 2].

A typical method to deliver viral vectors to the central nervous
system (CNS) consists of mechanically breaching the BBB by direct
injection of the vector into the region that contains the cells tar-
geted for transduction. The number of transduced cells is limited
by the titer of the vector, its efficiency of infection, and the volume
of vector solution that can be delivered (for example, only 1–5
μL can be introduced into the mouse parenchyma by direct
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injection [3]). The subsequent diffusion of the vector is usually
limited to cells within a few millimeters surrounding the injection
site [4]. To overcome this limited spread of viral vector solutions,
convection-enhanced delivery (CED) has been widely used in
recent years in different animal models and clinical trials [5] t
deliver a variety of therapeutic compounds to the CNS. Originally
developed in the early 1990s, this technique involves injecting
therapeutic agents directly into the brain interstitial spaces (brain
parenchyma) by creating a pressure gradient at the tip of a catheter.
Unlike diffusion that operates along a concentration gradient
requiring long time scales and high concentrations for injected
therapeutic agents to drive their flow, the increased flow rate with
CED results in a pressurized extracellular bulk flow which creates a
more homogeneous distribution of agents, larger infusion volumes,
and reduced infusion time [6].

In practice, a cannula is inserted into the interstitial spaces of
the brain using stereotaxic guidance (or visual identification of
anatomical structures), and a pump is used to create the pressure
gradient that will drive the flow and infuse the desired agent. The
technique comes with some physical limitations such as backflow
[5]. Backflow, also known as reflux, occurs when the injected fluid
travels back up the path of the cannula rather than penetrating the
targeted tissue [7]. To limit this problem, Krauze et al. developed a
reflux-resistant step cannula design [8]. This can effectively reduce
reflux by placing fused silica tubing within the injection needle to
create a perpendicular step that reduces the backflow of fluid. The
optimization of more efficient cannula designs has also been
reported elsewhere [9], and the choice of the appropriate cannula
design for specific experimental needs will be further discussed in
the Notes section of this chapter (see Subheading 4.2), along with
other experimental considerations including flow rates and safety
measures (see Subheading 4.8).

Another difficulty researchers face while implementing CED is
the accuracy of cannula placement for delivery. While CED can be
performed without real time monitoring such as magnetic reso-
nance imaging (MRI), liveMRI during CED is usually desired both
in humans and large animal models to make the delivery methods
more efficient by preventing off-target injections, and thus increas-
ing the likelihood of surgical success [10–12]. Viral vectors can be
administered along with an MRI tracer such as gadoteridol or
gadopentetic acid (Gd-DTPA) to monitor optimal placement of
the injection. This also has the advantages of identifying if any
reflux is occurring (especially at higher flow rates) or if the injected
sample is leaking, and to allow for immediate corrections of flow
rate or needle placement if necessary. In nonhuman primates
(NHPs) in particular, it has been shown that there is a direct
correlation between gadoteridol distribution and virus transduc-
tion [13], suggesting that MR contrast agents of an appropriately
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calibrated concentration can approximate viral vector spread. CED
was originally investigated for the treatment of tumors like gliomas
because it offers several advantages including targeted delivery, a
homogeneous distribution (as opposed to the Gaussian distribu-
tion observed in diffusion-based methods), and a high concentra-
tion of delivered molecules with lower undesired systemic
absorption [5, 14, 15]. Since the distribution of the delivered
agent is affected by hydrostatic pressure rather than diffusion, the
molecular weight of the molecule is not usually a limiting factor,
making CED applicable to a wide range of compounds including
viral vectors for chemogenetics, optogenetics, and gene therapy in
general.

In the early years, CED was used in gene therapy research to
increase the distribution of adeno associated virus (AAV) in the
brain of non-human primates [16]. Since then, CED has been used
to deliver a variety of viral vectors including lentiviruses [17] and
AAVs of different serotypes such as AAV2 [18]. In addition to large
animal models such as NHPs and pigs [19, 20], CED has also been
used in smaller animal models including rats [16, 21] and mice
[22]. Specifically, Carty et al. demonstrated successful use of CED
for increased transduction of the mouse CNS with different sero-
types of recombinant AAV vectors. CED, including CED of viral
vectors, has also been conducted in human brains experimentally
[5]. However, results have been mixed (e.g., [5]) and further
refinements are required before CED becomes standard clinical
practice.

Most of the time, the injection directly targets the cells to be
transduced, but in some cases, cells located in other regions dis-
tanced from the injection site can also be transduced by using
anterograde or retrograde viral vectors. CED’s broad coverage
can facilitate transduction of downstream or upstream neurons
based on anterograde or retrograde transport, depending on exist-
ing neuronal projections. For example, Kells et al. have previously
shown that CED infusion of AAV2 vector into NHP thalamus
results in efficient transduction of thalamocortical neurons, leading
to widespread expression of the transgene in the cortex through
axonal transport [23, 24].

This chapter describes in detail the methods for MRI-guided
convection-enhanced delivery of optogenetic viral vectors into
NHP brains through injections in either cortical [25] or deep
structures such as the thalamus [24]. The protocol is divided into
three major steps: first, the acquisition of presurgical MR images as
a baseline reference to help plan for the injection location and
trajectory, second, the implantation of a cannula array providing
support and guidance to the cannula during the injection, and
third, the injection of the viral vector to the targeted region. Key
points of histological examination relevant to these methods are
also discussed.
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2 Materials

In this section, the materials needed to perform a CED injection
procedure to achieve large-scale expression in NHP are listed. For
our cortical CED procedure, two adult male rhesus macaques were
involved: monkey G (8 yom, 17.5 kg) and monkey J (7 yom,
16.5 kg). Two female and one male adult rhesus macaques were
involved in our thalamic CED procedure: monkey A (9 yof,
7.5 kg), monkey B (11 yof, 6.5 kg) and monkey H (8 yom, 8.7 kg).

2.1 Baseline Imaging To allow for precise targeting and online monitoring, CED infu-
sions are performed under MR guidance. Presurgical anatomical
MR images are required as baseline reference to determine the
optimal injection location and trajectory. Materials needed for the
baseline MR imaging are the following: MR-compatible volatile
anesthesia device (isoflurane), MR-compatible stereotaxic frame
(KOPF, 1430 MRI), MR imaging software (Pixmeo, OsiriX MD
10.0), macaque brain atlas [26].

2.2 Cannula Array

Implantation

The infusion system consists of a reflux-resistant cannula inserted
into the brain with the help of a cannula array. This section lists the
materials needed for the implantation of the cannula array, includ-
ing materials needed to fabricate a custom-made cannula array and
a reflux-resistant cannula.

2.2.1 Reflux-Resistant

Cannula

The choice of the cannula type and design depends on the experi-
mental needs and targeted brain region and is further discussed in
the Notes section (see Subheading 4.2). For the cortical CED
procedure, we fabricated a custom 1 mm stepped-tip reflux-resis-
tant cannula using: 30 cm long silica tubing with 0.32 mm ID and
0.43 mm OD, 7.5 mm long silica tubing with 0.45 mm ID and
0.67 mmOD (Polymicro Technologies), cyanoacrylate, and a razor
blade. For the thalamic CED procedure, a ceramic/fused silica
reflux-resistant cannula with a 3 mm stepped tip can either be
purchased (MRI Interventions, Irvine, CA) or custom-made
using similar materials as the cortical version.

2.2.2 MR-Compatible

Cannula Array and

Chamber

The cannula array is used to provide guidance and stability for the
cannula during the injection procedure. The cannula array design is
to be adapted based on the cannula design itself and on the brain
region targeted. For our cortical delivery procedure, we fabricated a
custom MR-compatible cannula array designed to sit in a custom
MR-compatible cranial chamber. Both the cannula array and the
cranial chamber were made with the following materials: 3D design
software (Inventor), a 3D printer (uPrinter SE 3D printer Stratasys,
MN, USA) and acrylonitrile butadiene styrene (ABS) plastic
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filament (Stratasys, MN, USA). The cannula array also includes a
nylon cannula injection grid that can be machined according to the
steps described in Subheading 3.2.2.

2.2.3 Cannula Array

Implantation

Materials needed for the cannula array implantation are as follows: a
device for volatile anesthesia (isoflurane), MR-compatible stereo-
taxic frame (KOPF, 1430 MRI), MR imaging software (Pixmeo,
OsiriX MD 10.0), macaque brain atlas [26], heating pad, clippers,
cleaning solutions, saline solution (0.9% NaCl), set of surgical tools
(forceps, needle drivers, scalpel, scissors), a surgical elevator (Lan-
genbeck Elevator, Wide Tip,VWR International, LLC.), trephine
(GerMedUSA Inc, SKU:GV70-42), suture, custom-made CED
cannula array, plastic screws (Plastics 1 0-80 × 1/8 N), titanium
screws, dental acrylic (Henry Schein, Inc. 1013117).

2.3 Viral Vector

Delivery

A surgical procedure using standard aseptic technique is required
for the MR-guided CED infusion delivering the viral vector to the
targeted brain region.

Materials needed for this step are the following: Saline (0.9%
NaCl), wet sterile absorbable gelatin sponge (“Gelfoam”, Pfizer
Inc.), sterile antimicrobial incise drape (3 M), vitamin E capsule
(Pure Encapsulations, LLC.), MR-compatible volatile anesthesia
device (isoflurane), MR-compatible stereotaxic frame (KOPF,
1430 MRI), MR imaging software (Pixmeo, OsiriX MD 10.0),
contrast agent gadoteridol 2 mM Gd-DTPA (Prohance, Bracco
Diagnostics, Princeton, NJ), 0.2 and 0.5 mL High-Pressure IV
Tubing (Smiths Medical Inc., Dublin, OH, USA),
MR-compatible pump (Harvard Apparatus, Holliston, MA,
USA), MR-compatible 3 cc syringe (Harvard Apparatus, Holliston,
MA, USA), Perifix Clamp Style Catheter Connector (B-Braun,
Bethlehem, PA, USA), reflux-resistant cannula (see Subheading
3.2.1). Viral vector (see Subheading 4.4): for our cortical delivery
procedure, we used AAV vectors with a CamKIIa promoter driving
expression of C1V1 fused to EYFP, titered at 2.5 × 1012 virus
molecules/mL (AAV2.5-CamKII-C1V1-EYFP, Penn Vector
Core, University of Pennsylvania). For our thalamic delivery proce-
dure, we used AAV vectors with CamKIIa promoter and ChR2
opsin (AAV2.2-CamKII-ChR2(H134R)-YFP), titer: 1.02 × 1013

virus molecules/mL and (AAV2.9-CamKII-ChR2(H134R)-YFP),
titer: 5.26 × 1012 virus molecules/mL.

2.4 Verification of

Expression with

Immunochemistry

Materials needed for harvesting and sectioning the brain are the
following: regular and heparinized phosphate-buffered saline
(PBS), 4% paraformaldehyde in PBS, 30% sucrose solution, cryostat
or microtome and cryoprotectant. For immunostaining: 3% hydro-
gen peroxide in PBS, 50% ethanol, normal donkey serum and
Triton X-100 required for blocking, primary rabbit polyclonal
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anti-YFP antibody (Abcam, RRID: AB_303395 or similar), bioti-
nylated donkey anti-rabbit antibody (Jackson
Immunoresearch, RRID: AB_2340593 or similar), ExtrAvidin
(Sigma-Aldrich), and diaminobenzidine chromogenic reagent
(Sigma-Aldrich). For mounting the stained sections: gelatin-coated
slides, xylene, coverslip, and D.P.X. mounting media (Sigma-
Aldrich).

3 Methods

In this section, we are presenting the practical steps to perform an
MRI-guided CED delivery of optogenetic viral vectors into the
NHP brain. The technique can be used for injecting into both
surface and deep regions as we have demonstrated in our previous
work by successfully injecting into the cortex [25] and the thalamus
[24] of rhesus macaques. The steps described here are based on
these two examples: they present many similarities; however, we
include information about their differences and how to adapt the
technique to the experimenter’s needs. We recommend that the
experimenters test CED with relevant parameters and cannula
designs in a gel model prior to surgical operations (see
Subheading 4.3).

3.1 Baseline Imaging Baseline anatomical MR images are needed to determine the opti-
mal placement of the cannula array implant and to define the
stereotaxic coordinates to guide the injection of the viral vector to
the target site. The method to acquire baseline images is detailed
hereafter.

• The animal is sedated and intubated and general anesthesia is
maintained under isoflurane (concentration changed between
0% to 5% as needed, depending on vital signs such as respiratory
rate and heart rate). The animal’s temperature, heart rate, oxy-
gen saturation, electrocardiographic responses, and end-tidal
partial pressure of CO2 are monitored throughout the
procedure.

• The animal is placed in the MR-compatible stereotaxic frame,
connected to the portable MR-compatible isoflurane machine
and transported to the MRI scanner (3 T).

• StandardT1 (flip angle= 9°, repetition time/echo time= 668.6,
matrix size = 192 × 192 × 80, slice thickness = 1 mm) and T2
(flip angle = 130°, repetition time/echo time = 52.5, matrix
size = 256 × 256 × 45, slice thickness = 1 mm) anatomical MR
images are acquired as baseline reference and for surgical
planning.
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The acquired T1 and T2 images are used to determine the
placement of the craniotomy for the implantation of the cannula
array. The location of the craniotomy can be precisely deter-
mined by matching the area of interest from MRI with the
macaque brain atlas [26]. In addition, these baseline images
can be used to define the trajectories to target the brain region
for viral delivery in stereotaxic coordinates using, for example,
Osirix software.

• After imaging, the animal is recovered from anesthesia and
transported to the animal housing area.

3.2 Cannula Array

Implantation

The viral vector is injected via a reflux-resistant cannula. (The steps
needed to fabricate the cannula itself (Fig. 1a, b) are described in
Subheading 3.2.1.). An MR-compatible cannula array providing
access to the brain is needed to support the cannula during injec-
tion (Fig. 1). The following section describes the implantation of
the cannula array (Fig. 1g, h) and the fabrication steps of its
different components including the injection grid (Fig. 1c, d) and
the cylinder (Fig. 1e, f) supporting the injection grid in the cranial
chamber (Fig. 1e, f).

Fig. 1 Reflux-resistant cannula, MR-compatible cannula array and MR imaging. (a) Photograph of the custom-
made 1 mm tipped reflux-resistant injection cannula used for our cortical delivery. (b) Photograph of the 3 mm
tipped reflux-resistant cannula used for our thalamic delivery procedure (c, d) Custom-designed nylon
injection grid. (e, f) Schematics of the MR-compatible cylinder that can be rotated within the cranial chamber
for more flexible positioning of the cannula. (g) MR-compatible cannula array with fixed cylinder position. The
arrows point to the cavities designed to be filled with wet sterile absorbable gelatin keeping the surface of the
brain moist during the injection. (h) Cannula inserted in the injection grid. (i) MR image of the brain taken after
cannula array implantation for the cortical injection. (j) MR image of the brain showing the implanted cannula
arrays for a thalamic injection. (Modified from refs. [24, 25] with permission)
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3.2.1 Reflux-Resistant

Cannula Fabrication

The choice of the cannula type and design depends on the experi-
mental needs and targeted brain region (see Subheading 4.2). For
our thalamic delivery experiments, we used a ceramic/fused silica
reflux-resistant cannula with a 3 mm stepped tip (MRI Interven-
tions, Irvine, CA; Fig. 1b). For the cortical delivery, we designed
and fabricated a 1 mm stepped-tip cannula (Fig. 1a) following the
steps below:

• A 30 cm long silica tubing with 0.32mm ID and 0.43mmOD is
cut for the inner silica tubing using a razor blade.

• Two pieces of different lengths of silica tubing with 0.45 mm ID
and 0.67 mm OD are cut: one 7.5 cm long and the other 5 cm
long. The 7.5 cm outer tubing is adhered to the 30 cm inner
tubing with cyanoacrylate such that the inner tube extends
1 mm beyond the outer tube, making the reflux-resistant step.
To ensure that the cyanoacrylate does not enter the inside of the
inner tubing, the cyanoacrylate is placed on the outside of the
inner tubing far from the cannula tip and the inner tubing is
then slid inside the outer tubing. In practice, the glue may fuse
the two tubes together with a stepped tip of inappropriate
length—resolve this by trimming the tip to the appropriate
length with a razor blade.

• The 5 cm long silica tubing is glued to the other end of the inner
tubing for attachment to the clamp style catheter connector.

Test the cannula in a gel model before surgical use (see
Subheading 4.3).

3.2.2 MR-Compatible

Cannula Array and Cranial

Chamber Fabrication

MR-compatible cannula arrays are needed to provide support to
the cannula during the MR-guided CED infusion. For cortical
delivery, we designed and fabricated a custom cannula array
(Fig. 1g, h) which consisted of a cannula injection grid (Fig. 1c,
d) meant to be inserted into a cylinder. The cylinder was either fixed
or allowed to rotate within the MR-compatible cranial chamber
(Fig. 1e, f) mounted on the animal’s skull. The cranial chamber is
designed to fit the skull curvature of the animal and 3D printed out
of acrylonitrile butadiene styrene (ABS0 plastic). The fabrication
steps of the cortical CED-specific cannula array are described
hereafter.

• The nylon cannula injection grid (Fig. 1c, d) is machined
according to the following dimensions: the length and diameter
of the injection grid are 15.00 and 12.00 mm, respectively. The
injection grid pattern consists of 0.8 mm diameter holes forming
three concentric circles (diameter to hole center: 1.6, 3.2, and
4.8 mm) around the center of the grid.
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• The MR-compatible cylinder is 3D printed out of acrylonitrile
butadiene styrene (ABS0 plastic) and allows for rotation of the
cylinder, thus extending the range of the injection region
(Fig. 1e, f).

• The cannula injection grid is threaded and the corresponding
cavity of the cylinder is tapped such that both pieces exhibit the
same threading. The nylon injection grid is inserted by screwing
it into the tapped hole of the MR-compatible cylinder.

3.2.3 Cannula Array

Implantation

The cannula array implantation location depends on the targeted
injection sites. In our case, for cortical CED, the regions of interest
were the motor cortex and the somatosensory cortex (M1 and S1).
For the thalamic delivery, we centered the implant on the
pre-planned trajectories defined in the baseline imaging section.
The steps to implant the array are otherwise similar:

• The animal is sedated and intubated and general anesthesia is
maintained with standard anesthetic monitoring as described in
Subheading 3.1. The animal is then placed in the
MR-compatible stereotaxic frame and connected to a portable
MR-compatible isoflurane machine.

• A sagittal incision is made with a scalpel, approximately 2 cm
from the midline with a length of about 5 cm. The underlying
soft tissue is retracted from the skull using elevators.

• A circular craniotomy is created using a trephine, to provide
access to the pre-planned trajectories for injections. The center-
ing point of the trephine is lowered past the cutting edge of the
trephine. An indentation is created at the center of the planned
craniotomy sufficiently deep in the skull to anchor the trephine
using the adjustable centering point. Caution should be exer-
cised to avoid completely penetrating through the depth of the
skull as this could cause damage to the underlying neural tissue.
The area is periodically flushed with saline as needed to maintain
tissue moisture and provide cooling throughout the craniotomy
procedure. Once the center is made, the trephine is lowered
onto the skull and rotated clockwise and counterclockwise
while applying downward pressure until the bone cap can be
removed with forceps. Caution should be taken to avoid damag-
ing the underlying tissue with the trephine. The size of the
craniotomy depends on the size of the array to be implanted.
In our case of cortical CED, the craniotomy has a 25 mm
diameter; for the thalamic CED, 15 mm.

• A fine suture (size 6-0) is threaded (surgical loupes can be used
for more precision) through the dura in the center of the crani-
otomy and the dura is lifted by gently pulling the suture from the
surface of the brain creating a tent in the center of the
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craniotomy. The dura is punctured close to the center of the tent
using fine ophthalmic scissors to avoid damaging the brain.
Then the dura is cut from the center to the edge of the craniot-
omy and along the edge with fine ophthalmic scissors.

• The custom-made, MR-compatible cranial chamber is mounted
to the skull on top of the craniotomy to provide cannula support
during CED infusion. The chamber is secured to the skull such
that the curvature of the chamber flange aligns well with the
curvature of the skull. Plastic screws and dental acrylic or a few
titanium screws are used to secure the chamber to the skull.

• The cannula array is then inserted into the cranial chamber.

3.3 Viral Vector

Delivery

Before starting the CED infusion process, anatomical MR images
are obtained to guide the delivery of viral vectors to the target site
(see Subheading 3.1 for details of MR sequence specifications)

3.3.1 Preinfusion

Preparation • The cannula array implantation and viral vector delivery can be
performed in either one or two surgeries. If the viral infusion
surgery is scheduled after the animal fully recovers from the
implantation, the animal’s skin around the implant needs to be
prepared using standard aseptic techniques prior to the follow-
ing procedures.

• The animal needs to be kept in the MR-compatible stereotaxic
frame throughout the viral vector delivery procedure. The
implanted grid is filled with sterile saline (0.9% NaCl) for visua-
lizing the injection trajectories with T2 MR images similar to
that in Fig. 1i, j. Meanwhile, the chamber cavities are filled with a
sterile gelatin solution to maintain the moisture in the brain.

• To maintain the sterility of the MR-compatible cylinder during
animal transport from the preparation suite to the MRI scanner
and during MR infusions, the cylinder and exposed skin need to
be covered with a sterile drape. Then, the animal is connected to
a portable MR-compatible isoflurane machine and transported
to the MRI scanner.

• To measure the distance from the cannula injection grid to the
surface of the brain during imaging, the top of the grid is marked
with a vitamin E capsule which is visible in T1 images (not
shown). Then, T1 and T2 MR images are acquired, which are
used to determine the depth of injection from the top of the grid
and the optimal cannula guides for reaching the target infusion
site, respectively.

3.3.2 MR-Guided

Infusion

Both cortical and thalamic CED infusions are accompanied by real-
time MR imaging to guide the delivery and monitor the spread of
viral vectors. For infusions without live MRI monitoring, see Sub-
heading 4.5.
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• The thawed viral vector is mixed with the MR contrast agent
gadoteridol in a 250:1 ratio using a sterile pipette. The mixture
is then vortexed and loaded into a 0.2 mL high-pressure IV
tubing using the pipette.

• A sterile field is created outside the MR scanner, and a long
extension line (3–5 m high-pressure IV tubing primed with
saline) is connected to an MR-compatible 3 cc syringe. This
syringe-tubing assembly is then connected to the 0.2 mL IV
tubing previously loaded with the virus. Finally, the reflux-resis-
tant cannula is connected to the distal end of this assembly with a
clamp style catheter connector. Note that to account for the
possible loss of viral vector mixture in the IV tubing and con-
nectors (dead volume), we prepared twice the amount of virus
solution needed in this MR-compatible setup.

• The syringe should be placed into an MR-compatible pump
while the pump controller (not MR-compatible) is left in the
scanner control room. The baseline anatomical MR images
obtained previously can be used to select the cannula injection
grid location and insertion depth needed to reach the target
infusion site. (For comments on planning infusions deep in the
brain, see Subheading 4.6). Specifically, T1 images can be used to
calculate the distance between the top of the injection grid
(marked earlier by the vitamin E capsule) and the cortical sur-
face. Then, the target insertion depth is marked on the cannula
using sterile tape.

• As the cannula is manually inserted (see Subheading 4.7 on
cannula insertion and removal speed) through the cannula-
guide array to the target depth labeled by the tape, a slow flow
(0.5 μL/min) should be maintained in the infusion line so that
the penetrated tissue will be less likely to clog the cannula needle
during the insertion process. Once the insertion is completed
and infusion begins, the flow rate should start at 1 μL/min and
be gradually increased to 5 μL/min with 1 μL/min steps for
both cortical and thalamic delivery (see Subheading 4.8 for
comments on flow rates and safety).

• Once the infusion starts, flash T1 weighted images are taken
every 2 min to achieve online monitoring of the viral vector
infusion. Around 10 μL of viral vectors should be infused first,
after which MR images are used to verify the correct cannula
placement indicated by the spread of the contrast agent. The
cannula should be adjusted within the grid when necessary to
reach the correct infusion site and depth.

• For cortical delivery, the infusion rate should be reduced by
1 μL/min steps after infusing ~40 μL of the vector and stopped
after ~50 μL are injected (see Fig. 2a). Multiple injections can be
done at the same time if the placement of the cannula array
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Fig. 2 MR imaging during infusion to monitor the distribution of viral vectors. (a) Temporal monitoring of the
spread of 50 μL viral vectors during cortical infusion in S1 of monkey G. (b) Temporal monitoring of the spread
of 246 μL viral vector during medial thalamic infusion in monkey H. (Modified from refs. [24, 25] with
permission)

allows. For two of our animals that received thalamic CED, we
infused the viral vector at the anterior and posterior thalami
simultaneously. The infusion was monitored through online
MR images and stopped when the entire thalamic area was
covered (see Fig. 2b). Based on our animals, the infusion volume
to the thalamus varied between 80 and 250 μL per site depend-
ing on the number of infusion locations and the size of the
thalamus. The MR images should be continuously monitored
for signs of reflux during the infusion process (see
Subheading 4.5).

• After the infusion, the cannula is left in place for 10 min to
prevent the backflow of viral vectors and then removed from
the brain (see Subheading 4.7). The cylinder should be covered
with a sterile drape at the end of injections before the animal is
transported back to the operating room. Depending on the next
experimental step, the cannula array can be left in place,
explanted, or replaced with other implantable devices such as a
titanium chamber and artificial dura for optogenetic
experiments [25].

If the construct delivered via viral vectors includes a reporter gene
(e.g., YFP, HA, etc.), histological analysis is performed through
immunohistochemistry staining to confirm the intensity and loca-
tion of reporter expression in the brain tissues.

Immunohisto-

chemistry

• We allowed between 4 and 12 weeks for the virus to express in
the brain tissue before validating optogenetic expression. For
histological validation of viral vector expression at the end of all
experiments, the animal is deeply anesthetized with pentobarbi-
tal or euthanasia solution, and then transcardially perfused with
heparinized phosphate-buffered saline (PBS) and 4% parafor-
maldehyde (PFA) in PBS. The brain is then harvested and
post-fixed by immersion in 4% PFA/PBS at 4 °C for 24 h. It is
then sliced into 6 mm thick coronal blocks using a custom
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matrix and transferred into 30% sucrose for incubation. For
sectioning, each brain block needs to be frozen and then cut
into 50 μm thick sections on a cryostat to be stored at-20 °C in
cryoprotectant or at 4 °C in PBS.

• For immunoperoxidase staining, the 50 μm sections are washed
in PBS and incubated in 3% hydrogen peroxide/PBS for 10 min
to quench endogenous peroxidase activity. Then, the sections
are rinsed in 50% ethanol once and washed with PBS, after which
they are blocked in 5% normal donkey serum in PBS for at least
1 h. After blocking, the sections are incubated in the primary
rabbit polyclonal anti-YFP antibody mixture for 48 h at 4 °C.
They are then rinsed with PBS and incubated in the biotinylated
donkey anti-rabbit antibody at 4 °C for 12 h. Finally, the sec-
tions are rinsed and incubated in ExtrAvidin at room tempera-
ture for 6 h, and a diaminobenzidine (DAB) chromogenic
reagent is added to detect the presence of peroxidase and thus
mark the location of YFP expression. Sections are incubated with
DAB for at least 10 min until desired stain intensity develops.
The sections are then mounted onto gelatin-coated slides and
imaged using a wide-field light microscope (Fig. 3c, g).

• For cortical CED, we saw that the YFP expression in S1 (Fig. 3c,
e) matched the viral vector distribution observed from MR
images (see Fig. 3b for an example). For thalamic CED, in
addition to the strong YFP expression in the thalamus, layer-
specific YFP-positive cells were observed at distinct cortical
regions corresponding to their thalamocortical projections
(Fig. 3f, g).

4 Notes

4.1 CED for Smaller

Brains

A similar detailed protocol for implementing CED in rodent brains
can be found elsewhere [27]. Both deep [28] and cortical [21]
CED have been demonstrated in rat brains. Typically, these surgical
procedures are carried out without MRI guidance and the cannula
is directly attached to the syringe. Additionally, the implantation of
a cannula array may not be necessary. For deep injection, flow rates
up to 3 μL/min with a stepped-tip cannula were shown [28], which
is similar to successful CED in large brains [24]. However, the
cortical injection was limited to a flow rate of 0.6 μL/min, even
with a stepped-tip cannula [21]. Of note, flow rates in the range of
0.4–1.0 μL/min tested in agarose gel produced less reflux when
preceded by a flow rate of 0.25 μL/min, a technique that was used
in vivo [21]. These rates still exhibit advantages in speed and
volume of delivery over standard diffusion-based methods
although they are up to roughly an order of magnitude lower
than those which have been achieved in large brains.
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Fig. 3 Histological sections to verify cortical and thalamic CED expression. (a) Baseline coronal MR image of
monkey G. (b) Spread of contrast agent after cortical infusion for the MR coronal slice in A. (c) A coronal tissue
section stained with peroxidase reflecting expression of the EYFP-reporter, from approximately the same site
in A and B. The inset shows stained tissue in higher magnification. (d) A coronal section stained with anti-YFP
antibody showing the mediolateral aspect of YFP expression in S1 of monkey J. The black arrowhead indicates
the location of the cannula track. The black frame is microscopically enlarged in E to show the laminar
distribution of the YFP-positive cells. (e) YFP-positive cells are located predominantly in layers II–III and V–VI
after cortical infusion. (f) Coronal sections to verify expression after thalamic infusion in monkey H. Row 1:
single arrowheads point to prefrontal cortex; double arrowheads point to YFP in the cingulate cortex; Row 2:
single arrowheads show YFP in the insular cortex. The black frame is microscopically enlarged in G to show
the laminar distribution of the YFP-positive cells (including corticothalamic cell bodies and thalamocortical
axon terminals); Row 3: double arrowheads point to YFP expression in retrosplenial and posterior cingulate
cortex. While thalamic YFP expression matches the MRI distribution of viral vector, the distinct YFP expression
in cortical areas produced by retrograde and anterograde transmission of the virus also corresponds to the
known distribution of thalamocortical and corticothalamic projections. (g) Nissl and Immunoperoxidase
co-staining that shows the layer-specific distribution of YFP-positive axons and cell bodies across layers in
S1 of monkey H. (Modified from refs. [24, 25] with permission)

4.2 Cannula Designs Experimenters should carefully consider which cannula design
would be most appropriate for their specific experimental needs.
The basic cannula design is the open port cannula, which is essen-
tially a cylinder and is susceptible to reflux. To improve reflux
resistance a number of designs have been proposed. We and others
use a cannula with a stepped tip which is a good balance between
cannula design complexity and reflux resistance [8, 21, 24, 25, 28,
29]. Another design is the porous hollow fiber cannula which has
millions of nanoscale openings. Some special cases may call for a
balloon-tipped catheter, where the catheter tip may be inflated to
fill a resection cavity. An additional cannula variety is a multi-port
cannula which has multiple openings along the cannula, but we
recommend caution in selecting this version because it is common
for fluid to favor the proximal openings of the cannula [30]. The
designs mentioned above are discussed in depth elsewhere
[9]. More recently, a recessed-step catheter has been proposed
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Fig. 4 Recessed-step catheter. A catheter designed to reduce reflux by
incorporating a “recessed” step. (Modified from ref. [31] with permission)

(Fig. 4) [31] which shows promising improvements over the
stepped-tip design, however, the technology has not been widely
adopted [29].

4.3 Gel Models We suggest that CED be tested bench-side in advance of surgery.
Agarose, a clear hydrogel that approximates the fluidic andmechan-
ical properties of the brain, is commonly used for modeling bench-
side CED tests [7, 8, 21, 28, 29, 31–36]. Gel concentrations vary
by publication, but we suggest 0.6% (w/v) [29, 32, 37]. For the
dry component of the mixture, we differ from our peers by using
agar powder (Benchmark Scientific, A1700, Sayreville, NJ, USA)
and locust bean gum powder (Modernist Pantry LLC, Eliot, ME,
USA) in a 4:1 ratio [29, 37] because we have found that injections
into 0.6% gel produced from this mixture are more replicable than a
gel made from agar powder alone (data not shown). To make the
agarose, we mix the dry powder mixture into phosphate-buffered
saline. Note that locust bean gum tends to clump and should be
chopped finely before it is mixed into the phosphate-buffered
saline. Then we heat the solution in a microwave oven until it
begins to boil. At this point, we pause to swirl the solution for a
few seconds, and then place it back in the microwave to repeat the
process until the cumulative microwaving time has reached 2 min.
After cooling briefly to produce minimal warping of our plastic
3D-printed molds, we pour the solution into the molds and allow
them to set at room temperature for about 2 h. Further details on
our agarose production method are published elsewhere
[37]. Mold choices may differ depending on experimental aims.
When infusion test runs with a specific location of the brain of a
specific subject are needed, use a mold of the brain produced with
our previously published method [37]. When CED parameters
(e.g., flow rate, injection volume, and cannula design) require
investigation, use molds which produce gel blocks with flat sides
for imaging (e.g., [8, 29]). In some cases, a flat side can be added to
a brain mold so as to capitalize on both strategies simultaneously



238 Devon Griggs et al.

Fig. 5 Gel modeling. (a) 3D printed plastic mold of a partial NHP hemisphere. (b)
CED infusion of yellow food coloring into gel at three different points in time.
(Modified from ref. [37] with permission)

(Fig. 5). Trypan blue dye is commonly used to visualize the spread
of injection through the gel [8, 28, 31, 34], although we use yellow
food coloring as a non-toxic alternative [29, 37]. Note that injected
dye may diffuse throughout the gel over time, so measurements of
dye spread should be made during injection or shortly afterwards.
This is of particular importance in cases where multiple injections in
close proximity are needed (e.g., [25]): we still encourage experi-
mentation with gel models but we caution that the first infusion
may diffuse during the second infusion, making measurement of
the injected region more difficult.

4.4 Viral Vector

Selection

Selecting the most appropriate viral vector construct for a given
experiment is a critical question that other chapters of this textbook
discuss deeply (e.g., see Chapters 6 and 16). In this note, we chiefly
aim to make the reader more acutely aware of two experimental



CED of Viral Vectors 239

factors which become more pertinent with CED. The first factor is
the region of viral delivery. Because CED can spread viral vectors
throughout large volumes of neural tissue, experimenters should
carefully plan injection procedures so as to avoid off-target effects.
In some cases, existing publications may contain methods for tar-
geting specific brain regions in specific species (e.g., [28]). In other
cases, experimenters may need to develop their own infusion pro-
tocols. Regardless, we recommend experimenting with gel-based
infusion models (see Subheading 4.3) and, where appropriate,
in vivo dye infusions to refine surgical techniques and thus reduce
experimental risk during viral vector infusions. The second factor is
more nuanced. Viral vectors injected into one region of the brain
can, in some cases, transport antero- or retrogradely to distant
regions of the brain and produce off-target effects. To illustrate
this, consider adeno-associated viruses (AAVs), a family of viruses
whose behavior varies by serotype. For example, in primates AAV6
exhibits predominantly retrograde transport [38] while AAV2 exhi-
bits predominantly anterograde transport [23]. These phenomena
make AAV serotypes powerful tools to investigate neural connec-
tions in the brain. In conjunction with CED, these properties
enable experimenters to spread optogenetic expression across
wide volumes of the brain. For example, we have shown that
CED of optogenetic viral vectors in the thalamus of macaques can
generate expression throughout large regions of the cortex
[24]. However, with this experimental flexibility comes risk of
error: researchers should plan experiments and surgical procedures
carefully to meet their desired outcomes and avoid off-target
effects.

4.5 Infusion Without

Live MRI Monitoring

Live MRI monitoring of infusion is not always logistically available
or feasible. In such cases, surgical materials and methods are largely
similar to those described above, albeit somewhat simplified.
Firstly, equipment does not need to be MRI-compatible. Addition-
ally, one can eliminate the cannula array and some of the tubing
because the animal does not need to be moved into and out of the
MRI machine. Depending on the cannula design, the experimen-
ters may be able to connect the cannula directly to the syringe
mounted to the injection pump.

Lack of MRI monitoring does present the challenge of asses-
sing the success of delivery; thus, we encourage the experimenters
to closely watch the cortex near the cannula for any sign of reflux
during the cannula insertion, infusion, and extraction process. If
reflux is detected, we recommend terminating the infusion and, if it
is experimentally feasible to do so, make a second infusion attempt
at a nearby location. As an additional measure, tubing between the
injection pump and the cannula can be partially filled with dark oil
(located far from the viral vector being delivered) to track the
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progress of the fluid through the line. Alternatively, others have
used food coloring to aid in tracking fluid flow [39]. This will help
assess that the line is not clogged and that fluid is moving through
the line during surgery. A simple calculation based on IV line inner
diameter will help experimenters confirm the volume and flow rate
of delivery. Additionally, experimenters may co-infuse the viral
agent with a manganese-based MRI contrast agent which has a
longer half-life than gadolinium-based contrast agents used in live
MRI monitoring and is effective for post-operative imaging
[29, 40] (see Chapter 13).

4.6 Targeting Deep

Brain Structures

Baseline MRI data should be used for surgical planning of CED in
large animal models. This is especially true when targeting deep
structures to ensure that the cannula does not pass through ven-
tricles or other brain structures of interest. For example, we
inserted a cannula at an angle in the macaques to reach the thalamus
without passing through any ventricles [24].

4.7 Cannula

Insertion and Removal

Speed

Insertions of needles with 0.7176 mm diameter were tested at
different insertion speeds, 1.8, and 0.2 mm/s, in multiple tests.
The data indicate that faster insertions reduce tissue damage and
backflow [7]. We reason that tissue with less damage seals around
the cannula better, and thus reduces backflow. We suggest that, as a
general rule, insertions be performed quickly and smoothly. In
contrast with cannula insertion speed, the optimal speed of cannula
removal has not been researched to our knowledge. In our earlier
work we removed the cannula slowly [41], however, we have tried
quick and smooth manual withdrawals in a few in vivo cases and we
have not observed issues.

4.8 Flow Rates and

Safety

While CED can accommodate flow rates much higher than stan-
dard diffusion-based techniques, there remain practical limitations.
The risk of reflux generally increases in likelihood and severity with
increased flow rates [21], as illustrated by Fig. 6. One study found
that with a stepped-tip cannula, a flow rate of up to 10 μL/min can
be used [8]. Similarly, in our work, we have effectively used rates up
to 5 μL/min with stepped-tip cannulas in NHPs [25]. In our cases,
we increased the flow rate gradually from 1 to 5 μL/min in incre-
ments of 1 μL/min, in order to mitigate the potential negative
effects of a sudden flow rate change. An additional parameter to
consider is cannula diameter: in general, CED can be performed at
higher flow rates without reflux when smaller cannula diameters are
used [8]. Decisions about the flow rate for a particular experiment
should be made in light of other practical considerations, such as
the amount of time an animal can be anesthetized, the experimental
tolerance for backflow, and data available from injection trials
with gel models (see Subheading 4.3) or other in vivo experiments.
Flow rates for smaller brains (e.g., rats) are discussed in see
Subheading 4.1.
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Fig. 6MRI of CED with and without significant reflux. Low reflux along the path of
the cannula at 5 μL/min (a) and high reflux at 8 μL/min (b) as indicated by
arrows. (Modified from ref. [53] with permission)

5 Conclusion

In this chapter, we have discussed methods of MRI-guided CED in
cortical and deep structures of the NHP brain as representative
methods of CED in large animal models. CED is an efficient
method for widespread and uniform viral vector transduction,
which makes it a powerful tool for neuroscientific pursuits, espe-
cially when complemented with large-scale neuroengineering tech-
niques. For example, we have combined CED of optogenetic viral
vectors with large-scale imaging, electrophysiological recording,
and optogenetic modulation [25, 42–44] for the purpose of study-
ing stimulation-induced plasticity across large regions of the cortex
[45–47]. Considering our recent developments of imaging techni-
ques [48] and transparent neural interface technology in NHPs
[49–51], along with a growing database of NHP optogenetic
experiments [52], the prospective demand for large-scale viral infu-
sion methods in translational research is high. More generally, CED
equips researchers to study viral vector delivery-based gene thera-
pies at large scales with greater efficiency. While CED is not yet
widely adopted in the clinic, recent work suggests that CED is
promising for future use in humans [5], especially when considered
together with therapies that would benefit from large-scale infu-
sions, e.g., treatment of brain tumors [9]. We expect that continued
refinements in CED methods, such as improvements in cannula
designs and utilization of MRI-guided infusions, will continue to
increase the adoption of CED in neuroscience research and as a
therapeutic tool.
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Chapter 13

Multichannel Microinjector Arrays for Efficient Viral Vector
Delivery into Rhesus Monkey Brain

Nanami L. Miyazaki, Bing Li, and Mark A. G. Eldridge

Abstract

Effective delivery of viral vectors to target brain regions is critical for using genetically encoded molecular
tools such as chemogenetics, optogenetics, and fluorescent indicators. Compared to rodent models,
applications of genetically encoded tools in nonhuman primates have progressed slowly due to challenges
in injecting larger volumes of brain tissue and the limited availability of transgenic lines. Stereotaxic and
hand-held injections have been used to infuse viral constructs into the nonhuman primate brain, but at the
cost of speed and dense expression, respectively. Here, we present a novel injection method using custom
multichannel microinjector arrays to deliver viral vectors efficiently and with dense expression into cortical
regions of rhesus macaques. We describe in detail the methods for building and implementing three types of
multichannel microinjector arrays. In addition, we describe the methods for co-infusing manganese for
postoperative validation of injection targeting using MRI.

Key words Viral vector delivery, Chemogenetics, Optogenetics, Nonhuman primates

1 Introduction

Many applications of genetically encoded molecular tools—chemo-
genetics, optogenetics, fluorescent indicators—depend on the pre-
cise delivery of viral constructs to target brain regions. Methods for
intracranial delivery of viral vectors and drugs through stereotaxic
injections have been well-described in rodent models [1–3]. The
availability of a wide variety of transgenic lines, particularly in mice,
have further enhanced the applications of genetically encoded
molecular tools [4–6].

In comparison, the use of optogenetics, chemogenetics, and
genetically encoded indicators has expanded more slowly in non-
human primate (NHP) models ([7–11] and for comprehensive
review [12]). Methods for stereotaxic injection have proven suc-
cessful when the target region is relatively small [13, 14], but the
larger brain size of many NHPs poses challenges in expressing viral
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constructs densely and uniformly enough to produce behavioral
effects. The difficulty in generating transgenic NHPs has limited
cell-type specific expression [15], although recent developments of
selective enhancers show promise for addressing this issue [16–19].

Currently, there are two main strategies for delivering viral
vectors into the NHP brain: (1) stereotaxic injections [13, 14,
20] and (2) hand-held injections [21, 22]. Stereotaxic injections
allow for precise delivery but are slow, which causes difficulty when
targeting a large volume of tissue. The use of convection-enhanced
delivery (see Chap. 12) can increase the speed of stereotaxic injec-
tions, but it often comes at the cost of reduced localization, as
infusate under high pressure can travel back up the needle track,
resulting in the transduction of tissue overlying the target site
[23, 24], see Chap. 12 for approaches to reduce back reflux]. In
addition, injections into deep ventral regions from the dorsal sur-
face can produce unwanted damage, and obstruction by the tem-
poral bone can limit access to temporal regions. Hand-held
injections, which rely on referencing visual landmarks on the brain
surface, have been used to deliver chemogenetic constructs to
ventral regions, but this approach can result in patchy
expression [21].

Recently, we reported a novel approach to delivering viral
vectors into cortical areas of the rhesus monkey using a suite of
multichannel microinjector arrays, allowing for efficient and precise
viral vector delivery [25]. In this chapter, we describe in detail the
methods for (1) building previously reported and newly designed
multichannel microinjector arrays, (2) implementing these new
devices for delivery of viral vectors into the rhesus brain and
(3) co-infusing manganese for postoperative validation of targeting
accuracy using MRI. The three injector arrays described are the
ventral 2 × 2 array, linear 1 × 4 array, and linear 3 × 3 array. The
purpose of the ventral 2 × 2 array is to allow stable injections of
large volumes of the virus at low speed into visualized cortex on the
lateral and ventral aspects of the brain that cannot be reached with a
standard arm-mounted injection device without deriving stereo-
taxic coordinates (Fig. 1a). The linear 1 × 4 array allows for efficient
injections into sulcal regions (Fig. 1b). The linear 3 × 3 array allows
for a dense coverage of dorsal aspects of the brain.

2 Multichannel Microinjector Array Assembly

2.1 Ventral 2 × 2

Array Assembly

1. Cut the 31G needles to 2.5 mm length using the Dremel rotary
tool with a cutting wheel attachment or the KLS 246 laser.
Clear any potential blockages in the needles after cutting using
a Hamilton cleaning wire.

2. Insert hypodermic tubing into each channel of 3D-printed
manifold (Fig. 2b).
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Fig. 1 Target regions accessible by multichannel microinjector arrays. (a) 2 × 2 ventral array enables access to
ventral areas such as area TEO and TE. (b) 1 × 4 linear array enables access to sulcal regions at varying
depths

Fig. 2 Ventral 2 × 2 microinjector array. (a) Components of ventral 2 × 2 array: (1) 31G needles, (2) 3D-printed
manifold, (3) hypodermic tubing, (4) silicone tubing, (5) 23G wire. (b) CAD model of assembled array. Orange
inset indicates attachment of 26G needle to silicone tubing. (c) Photograph of assembled array

3. Secure silicone tubing to each hypodermic tube (Fig. 2b). On
the other end of the silicone tubing, insert the beveled end of
the 26G NanoFil needle (Fig. 2b inset). The blunt end of the
26G NanoFil needle will attach to a NanoFil syringe.

4. Check flow through each channel:

1. Draw up deionized water (Milli-Q water) into the NanoFil
syringe.

2. Secure the NanoFil syringe to the 26G NanoFil needle at
the end of each silicone tubing.
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Table 1
Components for ventral 2 × 2 microinjector array assembly. Assembly under a microscope is
recommended

Label Item Quantity Company Catalog # Comments

(1) 31G needles 4 BD 328468 Cut to 2.5 mm length

(2) 3D-printed manifold 1 n/a n/a 3D-printed
https://3dprint.nih.gov/

discover/3dpx-01
6894

(3) 30G hypodermic tubing 4 Component
Supply

HTX-30R 0.14 mm inner diameter
0.305 mm outer diameter
Cut to 35 mm length

(4) Tygon ND100–80
microbore silicone
tubing

4 Component
Supply

TND80–010 0.01 mm inner diameter
0.03 mm outer diameter
Cut to 15 cm length

(5) 23G wire 1 Beebeecraft CWIR-
BC0006-
02A-S

Cut to 20 cm length

(8) 26G NanoFil needles 4 World
Precision
Instruments

NF26BV-2

(6) 100 μL NanoFil syringe 1 World
Precision
Instruments

NANOFIL-
100

Krazy Glue Maximum
Bond

As
needed Elmer’s

Products

85 cps viscosity at room
temperature

Hamilton cleaning wire As
needed

Hamilton 18,300

Dremel 4000 High
Performance Variable
Speed Rotary Tool

Robert Bosch
Tool
Corporation

F0134000AW Used to cut 31G needles

409 15/16″ cutting
wheel

Robert Bosch
Tool
Corporation

2615000420 Attachment for Dremel
rotary tool

KLS 246 pulsed Nd: YAG
laser

LASAG Alternative tool to cut
31G needles

ProJet 6000 HD 3D
printer

3D Systems 3D printer used to print
multichannel
microinjector
manifolds

Accura ClearVue 3D Systems Material used for 3D
printer

https://3dprint.nih.gov/discover/3dpx-016894
https://3dprint.nih.gov/discover/3dpx-016894
https://3dprint.nih.gov/discover/3dpx-016894
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3. Slowly infuse deionized water through each channel to
confirm flow. Infusion can be done by hand or using the
pump control unit.

4. Once the flow has been confirmed, remove and empty the
NanoFil syringe. Flush out each channel with air to expel
any remaining deionized water.

5. Secure interface between hypodermic tubing and 3D-printed
manifold using Krazy glue.

6. Insert 31G needles into the dorsal surface of the 3D-printed
manifold. Ensure that the bevels are facing the same orientation
and all needles protrude 2 mm from the dorsal surface of the
3D-printed manifold (Fig. 2b).

7. Secure 31G needles in place using Krazy glue, ensuring no glue
flows into the needle itself.

8. Check flow through each channel (repeat Step 4).

9. Secure 23G wire to the hypodermic tubing using Krazy glue,
approximately 20 mm from the 3D-printed manifold (Fig. 2b).
The wire will be used to secure the multichannel microinjector
array to the injector pump apparatus during surgery.

10. Optional: Apply Krazy glue across the 4 hypodermic tubes
where the 23G wire is attached for additional stability.

2.2 Linear 1 × 4

Array Assembly

1. Insert 33G NanoFil needles through each channel of the
3D-printed manifold. Ensure that the bevels are facing the
same orientation and all needles are the same length with
respect to the 3D-printed manifold (Fig. 3b).

2. Secure silicone tubing to the blunt end of each NanoFil needle
(Fig. 3b). On the other end of the silicone tubing, insert the
beveled end of the 26G NanoFil needle (Fig. 2b inset). The
blunt end of the 26G NanoFil needle will attach to a NanoFil
syringe.

3. Check flow through each channel (see Subheading 2.1, step 4
for details).

4. Secure the interface between the NanoFil needles and the
3D-printed manifold using Krazy glue.

5. Secure 23G wire into the center slot of the 3D-printed mani-
fold using Krazy glue (Fig. 3b). The wire will be used to secure
the multichannel microinjector array to the injector pump
apparatus during surgery.

2.3 Linear 3 × 3

Array Assembly

1. Insert 33G NanoFil needles through each channel of the
3D-printed manifold. Ensure that the bevels are facing the
same orientation and all needles are the same length with
respect to the 3D-printed manifold (Fig. 4b).
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Fig. 3 Linear 1 × 4 microinjector array. (a) Components of linear 1 × 4 array: (1) 23G wire, (2) silicone tubing,
(3) 3D-printed manifold, (4) 33G needles. (b) CAD model of assembled array. (c) Photograph of assembled array

Table 2
Components for linear 1 × 4 microinjector array assembly. Assembly under a microscope is
recommended

Label Item Quantity Company Catalog # Comments

(1) 23G wire 1 Beebeecraft CWIR-
BC0006-
02A-S

Cut to 20 cm length

(2) Tygon ND100–80
microbore silicone
tubing

4 Component
Supply

TND80–010 0.01 mm inner diameter
0.03 mm outer diameter
Cut to 15 cm length

(3) 3D-printed manifold 2 n/a n/a 3D-printed
https://3dprint.nih.gov/
discover/3dpx-016896

(4) 33G NanoFil needles 4 World Precision
Instruments

NF33BV-2

(8) 26G NanoFil needles 4 World Precision
Instruments

NF26BV-2

https://3dprint.nih.gov/discover/3dpx-016896
https://3dprint.nih.gov/discover/3dpx-016896
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(continued)

Label Item Quantity Company Catalog # Comments

(6) 100 μL NanoFil
syringe

4 World Precision
Instruments

NANOFIL-
100

Krazy Glue Maximum
Bond

Elmer’s Products 85 cps viscosity at room
temperature

ProJet 6000 HD 3D
printer

3D Systems 3D printer used to print
multichannel
microinjector manifolds

Accura ClearVue 3D Systems Material used for 3D printer

2. Attach silicone tubing to the blunt end of each NanoFil needle
(Fig. 4b). On the other end of the silicone tubing, insert the
beveled end of the 26G NanoFil needle (Fig. 2b inset). The
blunt end of the 26G NanoFil needle will attach to a NanoFil
syringe.

3. Check flow through each channel (see Subheading 2.1, step 4
for details).

4. Secure the interface between the NanoFil needles and the
3D-printed manifold using Krazy glue.

5. Secure 23G wire into the outside slot of the 3D-printed mani-
fold using Krazy glue (Fig. 4b). The wire will be used to secure
the multichannel microinjector array to the injector pump
during surgery.

3 Multichannel Microinjector Array Use

3.1 Array Use

Protocol # Item Quantity Company Catalog # Comments

Unsterilized items:

(1) Pump 11 Elite
Nanomite
Infusion/
Withdrawal
Programmable
Syringe Pump

1 Harvard
Apparatus

70–4507

Manipulator
stand

1 Kopf
Instruments

1749

Micromanipulator 1 Kopf
Instruments

1760–61 or
1760
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Fig. 4 Linear 3 × 3 microinjector array. (a) Components of linear 3 × 3 array: (1) 23G wire, (2) silicone tubing,
(3) 3D-printed manifold, (4) 33G needles. (b) CAD model of assembled array. (c) Photograph of assembled
array

Table 3
Components for 3 × 3 microinjector array assembly. Assembly under a microscope is recommended

# Item Quantity Company Catalog # Comments

(1) 23G wire 1 Beebeecraft CWIR-
BC0006-
02A-S

Cut to 20 cm length

(2) Tygon ND100–80
microbore silicone
tubing

9 Component
Supply

TND80–010 0.01 mm inner diameter
0.03 mm outer diameter
Cut to 15 cm length

(3) 3D-printed manifold 1 n/a n/a 3D-printed
https://3dprint.nih.gov/
discover/3dpx-016895

(4) 33G NanoFil needles 9 World
Precision
Instruments

NF33BV-2

(8) 26G NanoFil needles 9 World
Precision
Instruments

NF26BV-2

https://3dprint.nih.gov/discover/3dpx-016895
https://3dprint.nih.gov/discover/3dpx-016895
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(continued)

# Item Quantity Company Catalog # Comments

(6) 100 μL NanoFil syringe 9 World
Precision
Instruments

NANOFIL-
100

Krazy Glue Maximum
Bond

Elmer’s
Products

85 cps viscosity at room
temperature

ProJet 6000 HD 3D
printer

3D Systems 3D printer used to print
multichannel microinjector
manifolds

Accura ClearVue 3D Systems Material used for 3D printer

Fig. 5 C-arm dimensions (in inches). (a) Side view. (b) Top view. (c) 3/4 view

# Item Quantity Company Catalog # Comments

Sterilized items:

(2) C-arm 1 n/a n/a Dimensions in Fig. 5
Machined in-house

(3) Metal dowel 1 n/a n/a 5/16″ (7 mm)
diameter
~9″ (23 cm) length

(4) 6–32 nylon screws 6–12 McMaster-
Carr

94323A581 6 screws for
4-syringe holder
12 screws for
9-syringe holder

(5) Syringe holder 2 n/a n/a 3D-printed

(continued)
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# Item Quantity Company Catalog # Comments

1 for holding
syringes
1 for holding vials
containing virus
https://3dprint.nih.
gov/discover/3
dpx-016897 (for
4 syringes)
https://3dprint.nih.
gov/discover/3
dpx-016898 (for
9 syringes)

(6) 100 uL NanoFil
syringe

World
Precision
Instruments

Quantity should
match number of
channels on array

(7) T-depressor 1 n/a n/a 3D-printed
https://3dprint.nih.
gov/discover/3
dpx-016899 (for
4 syringes)
https://3dprint.nih.
gov/discover/3
dpx-016900 (for
9 syringes)

(8) 26G NanoFil
needles

>2 World
Precision
Instruments

NF35BV-2 Used to load mineral
oil and virus into
syringes. If the vial
containing virus is
larger than a
1.5 mL Eppendorf
tube, use a longer
needle to
accommodate for
a larger vial.

Mineral oil

Plastic petri dish Used to hold sterile
water to test
multichannel array
flow

Multichannel
microinjector
array

1 n/a n/a Custom-made (refer
to 2. Multichannel
Microinjector
Array Assembly)

Hamilton
cleaning wire

1 Hamilton 18300 Used for
troubleshooting

Scissors 1 Used for
troubleshooting

https://3dprint.nih.gov/discover/3dpx-016897
https://3dprint.nih.gov/discover/3dpx-016897
https://3dprint.nih.gov/discover/3dpx-016897
https://3dprint.nih.gov/discover/3dpx-016898
https://3dprint.nih.gov/discover/3dpx-016898
https://3dprint.nih.gov/discover/3dpx-016898
https://3dprint.nih.gov/discover/3dpx-016899
https://3dprint.nih.gov/discover/3dpx-016899
https://3dprint.nih.gov/discover/3dpx-016899
https://3dprint.nih.gov/discover/3dpx-016900
https://3dprint.nih.gov/discover/3dpx-016900
https://3dprint.nih.gov/discover/3dpx-016900
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# Item Quantity Company Catalog # Comments

Allen wrenches
(various sizes)

Used to adjust
micromanipulator-
infusion
pump interface

Phillips-head
screwdriver

1

Before surgery day
Before gas (ethylene oxide) sterilizing all items, check the
micromanipulator-infusion pump setup. The orientation of the
C-arm can change the orientation of the syringes which can then
impact infusion. While it is possible to make adjustments during
surgery, testing the setup in advance can minimize time loss during
surgery.

Surgery day

1. Store the virus on dry ice until ready for use. If using manga-
nese for postoperative MR imaging, prepare the virus accord-
ing to the protocol outlined in Subheading 3.4.

2. Set up a separate station near the surgical table to prepare the
infusion pump and microinjector array. Attach infusion pump
unit to the micromanipulator (Figs. 6a and 7a).

3. Don sterile PPE. Place a sterile drape over the setup area.

4. Attach the C-arm and metal dowel component to the micro-
manipulator (Figs. 6c and 7b).

5. Secure syringe holder to the bottom of the metal dowel. Secure
the T-depressor into the plunger block/capture of the infusion
pump injection unit (Figs. 6d and 7c).

6. Load NanoFil syringes with 30 μL of mineral oil per syringe
using a 26G NanoFil needle, avoiding the introduction of air
bubbles.

7. Secure the second syringe holder to the top of the metal dowel.
The vial containing the virus can be placed in this syringe
holder (Fig. 6d).

8. Don a second pair of gloves to handle nonsterile items. Thaw
virus and place vial into the second syringe holder (Fig. 6d).

9. Discard the second pair of gloves to expose sterile under-
gloves. Attach a 26G NanoFil needle to one preloaded syringe
and expel mineral oil to 20 μL in the syringe. Keeping the
NanoFil needle attached, load the desired volume of virus,
avoiding the introduction of air bubbles. Repeat for the
remaining syringes (Fig. 6d, inset).

10. Place the virus-loaded syringes into the syringe holder, ensur-
ing that the syringe flange aligns with the barrel flange capture



Fig. 6 Multichannel microinjector array apparatus for ventral 2 × 2 array. (a) Components of multichannel
microinjector array apparatus: (1) Pump 11 Elite Nanomite Infusion/Withdrawal Programmable Syringe Pump,
(2) C-arm, (3) metal dowel, (4) nylon screws, (5) syringe holder, (6) 100 μL NanoFil syringe, (7) T depressor,
(8) 26G NanoFil needle. The orange dotted line indicates proper alignment of 100 μL NanoFil syringe and
barrel flange capture on the syringe pump. (b) Schematic of apparatus assembly. (c) Attachment of C-arm. (d)
Attachment of T depressor, syringe holder and additional syringe holder for virus withdrawal. (e) Placement of
syringes. (f) Attachment of multichannel microinjector array. The orange arrowhead indicates the screw which
holds the 23G wire in place. (g) Assembled micromanipulator-injector pump apparatus mounted onto a
stereotaxic frame

Fig. 7 Multichannel microinjector array apparatus for linear arrays. (a) Attachment of injector pump to a
micromanipulator. (b) Attachment of C-arm. (c) Assembly of microarray injector array components. (d)
Assembled micromanipulator-injector pump apparatus mounted onto a stereotaxic frame. Rotation along
the coronal plane allows access to lateral areas
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on the infusion pump injector unit (indicated by the orange
dotted line in Fig. 6a, e).

11. Using the control unit, lower the T-depressor until the syringe
plungers fit snugly into the recessed wells of the T-depressor.
Ensure that syringes are straight and parallel from all directions
to ensure even infusion (Fig. 6e).

12. Fill a spare Nanofil syringe with sterile water. Attach the needle
end of one channel of the multichannel microinjector array to
the spare Nanofil syringe. By hand, slowly infuse sterile water
through the channel and check flow. Repeat for the remaining
channels. Once the flow is confirmed, flush each channel
with air.

13. Secure the flexible 23G wire on the multichannel microinjector
array to the syringe holder (Fig. 6f right panel). Connect the
needles of the multichannel microinjector array, connected to
the end of the tubing, to each syringe (Figs. 6f and 7c).

14. Move the micromanipulator-injector pump unit to the stereo-
taxic frame on the operating table contralateral to the injection
site (Figs. 6g and 7d).

15. Check initial flow through all channels of the multichannel
microinjector array using an infusion rate of 1–3 μL/min.
Once the proper flow is confirmed and air bubbles are flushed
out, reduce the infusion rate to 0.05 μL/min. Do not stop
the pump.

16. Position the multichannel microinjector array into the area of
interest. In addition to moving the array using the dials on the
micromanipulator, the flexible 23G wire on the multichannel
microinjector array can be used to adjust the angle and posi-
tioning. For injections using the linear arrays, position the
multichannel microinjector array parallel to the metal dowel
holding the C-arm (Fig. 7d). This ensures that the angle
measurements taken from the micromanipulator dial should
closely reflect the angle of the needles on the multichannel
microinjector array. Refer to Fig. 8a–b for an example of the
ventral 2 × 2 microarray placement on area TEO.

17. Begin infusion at 0.5 μL/min for the desired volume (typically
10–20 μL per channel).

18. Once the infusion is finished, reduce the infusion rate to
0.05 μL/min and wait 10 min before withdrawing the multi-
channel microinjector array. If performing multiple injections
within a single tract using the linear array, wait 1 min before
moving between depths and 10 min before withdrawing
completely from the tract.

19. Once the injections are completed, flush each channel of the
array using alcohol, deionized water, and air three times each.
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Fig. 8 Ventral 2 × 2 microinjector array efficiently delivers viral vector to area TEO. (a) Schematic of the
injection site. (b) Intraoperative photograph showing multichannel microinjector array placement (orange
dashed area indicates area TEO). (c) Injection site visualization with postoperative MR imaging of manganese
contrast agent (white hyper signal indicates injection site). (d) DAB staining of GFP expression. The scale bar is
2 mm

3.2 Array Use

Additional Notes

• Leaks can occur from the interface between the array needles
and tubing. Usually, this can be resolved by cutting the end of
the tubing and reattaching to the array needles.

• Blockages can occur within the array needles. Use the Hamilton
cleaning wire to clear out any debris or blockage within the
needle. Maintaining positive pressure by running the pump at
a slow rate can facilitate this process.

• Although this protocol states that a final volume of 20 μL o
mineral oil should be used in each syringe, the volume can be
altered to accommodate more or less virus. The mineral oil helps
to expel the small volume of virus remaining in the array tubing.
At least 5 μL of mineral oil in each syringe is recommended to
account for dead volume in the array tubing.

• Ensure that the tubes containing the virus can fit into the syringe
holder prior to surgery. The syringe holder can accommodate
0.2 mL PCR tubes, 1.5 mL Eppendorf tubes and snugly fits
100 μL virus tubes. If the tubes containing virus do not fit, use
an alternative method or transfer to a smaller tube.

• The C-arm dimensions (Fig. 5) provided are the standard for all
multichannel arrays. The diameter of the C-arm can, however,
be altered if needed as seen in Fig. 6.

3.3 Manganese

Contrast Visualization

In vivo methods to visualize injections, other than histological
analyses, are critical to verify injection accuracy and ensure that
the intended area was targeted prior to the commencement of
behavioral and/or electrophysiological testing or histology. They
also offer an opportunity for touch-up injections. PET imaging
using radioligands that bind to DREADD receptors, opsins, or
other proteins of interest offer visualization of expression in target
regions [25; see Chap. 14]. PET imaging is the gold standard for
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visualizing and quantifying expression. Co-infusion of manganese
contrast reagent with the viral vector, followed by a postoperative
MRI scan, enables rapid verification of the injection targeting [25]
and has been validated in in vitro studies [24; see Chap. 1]. We
demonstrate the utility of this method with lentiviral injections into
area TEO expressing FuGE-syn::GFP (20 μL/site at 0.5 μL/min,
8 sites, 160 μL total, 2 × 109 IU/mL) using the ventral 2 × 2 array
followed by a postoperative MRI scan. Comparison between the
manganese contrast signal and the histological analyses confirm
that the signals align (Fig. 8c, d).

Here, we outline the methods for preparing the manganese
contrast reagent and mixing it with the virus. The manganese-
virus solution is compatible with the microarrays described above
(refer to 3. Multichannel Microarray Array Use).

3.4 Manganese-

Virus Co-infusion

Protocol Manganese(II)chloride
tetrahydrate

Sigma M8054

Molecular grade water Thermo
fisher

BP2819100

0.22 μm filter 1 Corning 430513

500 mL sterile receiver
bottle

1 Corning 430282

1. Make a 100 mM solution of manganese(II)chloride in molec-
ular grade water under a sterile hood.

2. Filter solution through a 0.22 μm filter into a sterile receiver
bottle.

3. Dilute 100 mM stock solution to 10 mM working manganese
solution.

4. Add 10 mM manganese solution to virus to produce a final
concentration of 0.1–0.5 mMmanganese (e.g., 1–5 μL of stock
solution in a 100 μL aliquot). Ensure the virus is at room
temperature prior to mixing to prevent precipitation of man-
ganese. Mix thoroughly by gently pipetting the full volume a
few times.

5. Use the virus-manganese solution for the desired injection
method.
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Chapter 14

Methods to Verify Expression and Function of DREADDs
Using PET

Yuji Nagai and Takafumi Minamimoto

Abstract

The chemogenetic technology, designer receptors exclusively activated by designer drugs (DREADDs),
offers reversible and remote control of neuronal activity and behavior in rodents and monkeys. In vivo
verification of DREADD receptors and their function is valuable for long-term studies in nonhuman
primates and future clinical application. Here we describe the protocols for positron emission tomography
(PET) imaging to verify the expression and function of DREADDs in living monkeys.

Key words DREADDs, Chemogenetics, Positron emission tomography, Monkey, Nonhuman pri-
mates, Reporter imaging, Functional imaging

1 Introduction

Chemogenetics, such as designer receptors exclusively activated by
designer drugs (DREADDs), are a suite of genetic tools used to
manipulate neuronal/non-neuronal cell activity through receptors
or channels that are genetically engineered to bind specific exoge-
nous ligands, usually biologically inert molecules. Among chemo-
genetic tools, muscarinic receptor-based DREADDs are the most
popular and widely used [1, 2]. Activation of a modified humanM3
muscarinic receptor (hM3Dq) enhances neuronal activity, and a
modified M4 receptor (hM4Di) silences it. DREADDs have been
widely used to modify neuronal activity and behavior in rodents.
They have also proven to be effective in nonhuman primates,
allowing reversible manipulation of activity across a specific neuro-
nal population in large and discontinuous brain regions that are
beyond the reach of pharmacological, electrical, or optogenetic
manipulation strategies [3–8]. In addition, they allow for pathway
and cell-type specific manipulation in nonhuman primates [9–
12]. These represent the therapeutic potential of DREADDs for
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human brain disorders [13, 14]. Yet, successful chemogenetic
behavioral manipulation is still challenging in nonhuman primates’
studies. Arguably, efficient transduction of the DREADD gene into
target neuronal populations and establishing sufficient and stable
receptor expression are key factors for successful chemogenetic
manipulation. Fluorescent light systems are available to detect fluo-
rescent markers that can be used for verifying DREADD expression
in vivo. However, such verification is not easily attained from deep
brain structures and does not provide direct information about the
level and extent of transgene expression. Another challenge is to
readout chemogenetic effects on neuronal systems in nonhuman
primates, where in vitro assays such as slice preparations are gener-
ally impractical.

Positron emission tomography (PET) is an in vivo molecular
imaging technique that allows for the three-dimensional and quan-
titative mapping of positron-emitting radiotracers typically labeled
with 11C and 18F. Using a radiolabeled compound that selectively
binds to DREADDs as a radiotracer, PET enables the visualization
of the location, area, and level of DREADD expression in vivo. We
have visualized DREADD expression in mice [15] andmonkeys [4]
using 11C-labeled clozapine as a PET probe, enabling ‘imaging-
guided chemogenetics’ (Fig. 1). Currently, several PET probes are
available with a superior selectivity for muscarinic DREADDs over
clozapine, including [18F]JHU37107 [16], [18F]7b [17], and
[11C]deschroloclozapine (DCZ) [3]. Moreover, PET also enables
the study of neuronal function using [18F]fluorodeoxyglucose
(FDG) as a metabolic marker. When combined with DREADDs,
FDG-PET provides metabolic mapping reflecting chemogenetic
induced neuronal activity [3, 18, 19] (see Note 1: other functional
imaging). These two imaging methods are useful for verifying

Fig. 1 Concept of PET-imaging guided chemogenetics. PET imaging provides a means to visualize the location
of, and measure the stability of, DREADD expression in vivo. After viral vector injection (a), it provides critical
information on whether the correct region has been affected and when the expression level has stabilized (b).
It is a useful screening procedure prior to beginning a series of behavioral experiments (c). When in vivo
expression is found to be insufficient or not targeted to the expected tissue, additional vector injections can be
made to achieve ideal expression (b → a)
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DREADD function in neuroscience research from mice to nonhu-
man primates, and will probably be a valuable tool for future clinical
applications.

Here we describe detailed protocols for PET imaging of
DREADD expression using [11C]DCZ and DREADD-induced
metabolic changes using [18F]FDG, specifically in nonhuman
primates.

2 Materials

2.1 Animal

Preparation

This chapter focuses on Macaque monkeys injected with viral vec-
tors expressing muscarinic DREADDs (hM3Dq or hM4Di). Since
it takes several weeks for the expression level of DREADDs to
stabilize [4], PET measurement is recommended to be performed
at least 30 days (4 weeks), ideally 45 days or later (>6 weeks), after
vector injection. Structural magnetic resonance (MR) images can
be acquired beforehand to create an overlay image to confirm the
location of DREADD expression with reference to brain structures.
The animal needs to be fasted overnight before the PET scan.

2.2 PET Scanner A microPET Focus220 scanner (Siemens Medical Solutions USA,
Malvern, PA), which yields a 258 mm diameter × 76 mm axial field
of view (FOV) and a spatial resolution of 1.3 mm full width at half
maximum at the center of FOV, is used.

2.3 PET Tracer and

Drug Preparation

We have developed PET imaging methods to visualize the expres-
sion of muscarinic DREADDs using [11C]DCZ which is applicable
for mice and monkeys [3, 10]. [11C]DCZ is synthesized in the
laboratory as described previously [3].

[18F]FDG is used to visualize DREADD-induced metabolic
changes in neuronal activity. [18F]FDG is an established tracer for
glucose metabolism and is commercially available from radiophar-
maceutical suppliers. It can be synthesized in-house using methods
described previously [20, 21].

To activate the excitatory muscarinic DREADDs, DCZ
(HY-42110, MedChemExpress) is dissolved in 1–2% dimethyl sulf-
oxide (DMSO) in saline to a final volume of 0.1 mL/kg.

3 Methods

3.1 DREADD

Expression Imaging by

PET with [11C]DCZ

[11C]DCZ-PET is used for visualizing muscarinic DREADDs
(hM4Di and hM3Dq) in vivo to evaluate the location, area, and
level of expression (Fig. 2a) (see Note 2: occupancy).

3.1.1 PET Scan 1. Anesthetize the monkey. Initially, sedation is achieved with
intramuscular injection of ketamine (5–10 mg/kg) and



266 Yuji Nagai and Takafumi Minamimoto

Fig. 2 Visualization of hM4Di expression in the amygdala using PET with [11C]DCZ. (a) Illustration of PET
imaging with [11C]DCZ in monkeys. (b) Illustration of the location of viral vector injections. hM4Di expressing
vector is injected into the right amygdala. (c, d) Subtracted parametric images of [11C]DCZ specific binding
(BPND) superimposed on to an individual MR image. hM4Di expression in the right amygdala is clearly visible
(c). Also, hM4Di expression in the projection area, ventral striatum, is visible in the subtracted image (d). Scale
bars are 10 mm. R, right; L, left; S, superior; I, inferior; A, anterior; P, posterior

xylazine (0.2–0.5 mg/kg) and maintained with isoflurane
(1–3%) through an intubated tracheal tube. The subject is
then placed in a supine position, and the head is secured.

2. Vital information (body temperature, heart rate, SpO2,
end-tidal CO2, etc.) is monitored throughout the PET
procedures.

3. Transmission scan: to correct the scatter and attenuation, trans-
mission scan is acquired for about 20 min with a 68Ge source.

4. Emission scan: emission scan is acquired for 90 min after
intravenous bolus injection of [11C]DCZ (185–370 MBq).

5. Reconstruction: PET images are reconstructed with filtered
back-projection using a Hanning filter cut-off at a Nyquist
frequency (0.5 mm-1) with attenuation and scatter correc-
tions. Time frames consist of 27 frames (frames × min: 5 × 1,
5 × 2, 5 × 3, and 12 × 5).
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3.1.2 Data Analysis To assess the DREADD expression level, the specific binding of
[11C]DCZ is calculated as the regional binding potential relative to
nondisplaceable radioligand (BPND). BPND is calculated by using
an original multilinear reference tissue model (MRTMo) [3, 22,
23] (seeNote 3: other models, Note 4: signal underestimate). The
cerebellum is used for a reference region where displaceable bind-
ing is negligible (see Note 5: reference region). The analysis is
performed as follows using PMOD software (PMODTechnologies
Ltd, Zurich, Switzerland):

1. Average the PET images over a period from 30 to 90 min.

2. Perform Rigid matching function of PMOD Fusion tool to
anatomically match the averaged PET images to individual MR
images (see Note 6: extracted brain image). Then, apply the
same parameters to PET images from individual time points.

3. Draw volumes of interest (VOIs) on the target region(s) and
cerebellum by referring to the MR images.

4. Obtain a time-activity curve for each VOI.

5. Calculate the VOI-based BPND using MRTMo with the cere-
bellum as a reference region and an initial equilibration time
(t*) is 15 min.

6. Create the BPND images from the dynamic-series PET image
using MRTMo with the cerebellum as a reference region and
t* = 15 min.

7. Perform the above procedure for the data from each scan.

3.1.3 Consideration of

Off-Target Binding

The BPND value of [11C]DCZ consists of target binding to musca-
rinic DREADDs and off-target binding to endogenous binding
sites [23]. Therefore, to estimate expression level, it is important
to consider off-target binding in the target region. The simplest
procedure is to calculate a ΔBPND image by subtracting the BPND

image of the pre-vector scan from that of the post-vector scan.

1. Perform a Rigid matching function to match the BPND images
to individual MR images using the parameter obtained from
Subheading 3.1.2, step 2.

2. Perform subtraction between the pre- and the post-vector
images using the statistical parametric mapping software
(SPM12, The Wellcome Centre for Human Neuroimaging,
UCL Queen Square Institute of Neurology, London, UK;
www.fil.ion.ucl.ac.uk).

When PET data before viral vector injection is not available and
the target region is confined to one hemisphere without expressing
DREADD in the other hemisphere (such as axon terminal), the
following procedure can be used to construct subtraction images
using BPND images with left-right flipping and anatomical
standardization.

http://www.fil.ion.ucl.ac.uk
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1. Perform a Rigid matching function to match BPND images to
individual MR images using the parameters obtained in Sub-
heading 3.1.2, step 2.

2. Duplicate the individual MR and matched BPND images, and
flip them right and left.

3. Original and flipped MR images are anatomically standardized
to standardMR images [24] by Elastic deformation function of
PMOD Fusion tool. The deformable matching parameters are
followings: sampling rate = 1.0 mm, calculate inverse transfor-
mation, nonlinear warping (with iterations = 16, frequency
cutoff = 25, and regularization = 1.0), and affine transforma-
tion before nonlinear warping. The original and flipped BPND

images are also anatomically standardized using the parameters
obtained from the original and flipped MR images, respectively
(see Note 7: standardization).

4. Calculate the subtraction image between the standardized
original and the flipped BPND images using SPM12.

5. Return the subtracted image to the individual MR space using
inverse standardization parameters to verify the DREADD-
positive locations and areas.

The subtraction BPND image allows visualization of the loca-
tion and area of DREADD expression (Fig. 2c). It can also detect
DREADD expression at axon terminals in dense projections
(Fig. 2d) (see Note 8: detect projection). If a high expression level
is predicted (BPND ~0.5 from baseline), [11C]DCZ PET can detect
the DREADD expression without subtraction (Fig. 3c). We rou-
tinely use [11C]DCZ PET to monitor the development and stabili-
zation of DREADD expression for long-term behavioral
experiments (~3 years).

3.2 DREADD

Functional Imaging by

PET with [18F]FDG

PETwith [18F]FDG can assess changes in neuronal activity induced
by DREADD manipulation [3, 18] because changes in regional
[18F]FDG uptake reflect changes in local neuronal activity
[25, 26]. We routinely evaluate DREADD-induced metabolic
changes by comparing the difference of [18F]FDG uptake between
DREADD agonist and vehicle treatment conditions (Fig. 3a). We
also estimate agonist dose-dependent metabolic changes [3]. Note
that there is a risk of excitotoxicity and/or epileptic seizures when
excitatory DREADDs are strongly activated. We recommend start-
ing with a low dose of DCZ (1–10 μg/kg) for hM3Dq and
100 μg/kg or lower for hM4Di [3].

3.2.1 PET Imaging

1. Fasting for at least 6 h to prevent the increase in blood glucose
level.

2. Anesthetize the monkey (sedated with ketamine and xylazine
and maintained with isoflurane), place it in a supine position,
and immobilize its head (see Note 9: awake condition).
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Fig. 3 Functional metabolic mapping of hM3Dq activation in a monkey using PET with [18F]FDG. (a) Illustration
of hM3Dq activation imaging with [18F]FDG. After DCZ or vehicle administration, [18F]FDG is injected and a PET
scan is immediately started to assess DREADD-induced metabolic changes. (b) Illustration of viral vector
injection expressing hM3Dq into one side of the amygdala. (c) A coronal section of parametric [11C]DCZ image
of specific binding (BPND) overlaying the corresponding MR image. R, right; L, left. (d) A subtraction image of
[18F]FDG SUVR (DCZ minus Vehicle conditions) in the same position as shown in (c). Scale bars are 10 mm

3. Monitor vital information throughout the PET procedures.

4. Measure plasma glucose level before the scan because the glu-
cose level may affect the distribution of [18F]FDG in the brain
[27, 28]. If the glucose level is not within a normal range
[67 ± 16 mg/dL (mean ± twice of standard deviation), male
rhesus monkeys under fasting condition [29]], the PET data
should be used carefully.

5. Transmission scan: the transmission scan is acquired for about
20 min with a 68Ge source to correct the scatter and
attenuation.

6. Emission scan: the emission scan is acquired for 60 min imme-
diately after intravenous bolus injection of [18F]FDG
(111–222 MBq). Pretreatment of DCZ or vehicle is 1 min
before [18F]FDG injection (seeNote 10: pretreatment timing).

7. Reconstruct the images in the same way as [11C]DCZ-PET.
Time frames consist of 12 frames × 5 min.
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3.2.2 Data Analysis The [18F]FDG uptake is usually evaluated by using standardized
uptake value [SUV, regional radioactivity (Bq/mL) × body weight
(g)/injected radioactivity (Bq)]. However, the SUV can be affected
by body conditions (i.e., the depth of anesthesia, body tempera-
ture, and plasma glucose level). We regularly use the SUV ratio
(SUVR) normalized by the mean value of the whole brain. The
analysis is performed as follows using PMOD software.

1. PET images are motion-corrected and converted to SUV
images.

2. SUV images are created as an average of 30–60 min. The
duration can be determined independently for each experiment
since it depends on the agonist used and the timing of pretreat-
ment. The scan duration also needs to be adjusted accordingly.

3. Perform Rigid matching function to match the averaged
images with individual MR images.

4. Draw volumes of interest (VOIs) on the target region(s) and
the whole brain with reference to individual MR images.

5. Calculate the SUV for each VOI.

6. Calculate the SUVR; dividing the SUV of the target region
(s) by the whole brain SUV. Construct the SUVR image by
dividing the SUV image by the whole brain SUV.

7. Calculate the difference in SUVRs between DCZ and vehicle
pretreatment conditions. This difference reflects the metabolic
change induced by DREADD manipulation.

The subtraction SUVR images are also useful for mapping
metabolic change (Fig. 3d). The subtraction image is constructed
as follows:

1. Perform Rigid matching function to match the SUVR images
to the individual MR images using the same parameters as
obtained in the previous step 3.

2. Create the subtraction images between DCZ and vehicle pre-
treatment conditions using SPM12 software.

The network-level statistical analysis can also be performed
based on multi-subject or multi-scan data [18, 19].

Validation

The parametric [11C]DCZ binding map reflects the distribution of
DREADD expression. This can be verified via histological assess-
ment. We routinely perform immunohistochemical staining using
anti-M3 and -M4 antibodies [3]. Because endogenous M4 recep-
tors are abundant in the brain, we also visualize coexpressed protein
tags (e.g., GFP and HA) [4].
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4 Notes

1. Functional MR imaging [30, 31] has also been used for asses-
sing DREADD-induced changes in neuronal activity.

2. PET measurement with [11C]DCZ is used to evaluate the
occupancy of the DREADD agonist. An occupancy study can
estimate the optimal dose range of agonists [3].

3. BPND may be obtained using other kinetic models, such as the
simplified reference tissue model [32] and Logan noninvasive
model [33].

4. The reference model was validated to provide useful informa-
tion about the DREADD expression, although it underesti-
mates BPND value of [11C]DCZ at DREADD-positive brain
regions, compared to the ‘gold-standard’ kinetic model using
the arterial input function [23].

5. When the cerebellum is the target region, VOI can be deli-
neated except for the DREADD expressed area if the area is
smaller than one-third of the cerebellum. However, if the
expression area is larger, the arterial input function is needed.

6. When Rigid matching between PET and MR images, it is
recommended to extract brain images from MR images to
obtain precise matching.

7. Since left and right hemispheres are not perfectly symmetrical,
anatomical standardization is essential. Anatomical standardi-
zation can be performed by other softwares, such as SPM,
FMRIB software library (FSL, https://fsl.fmrib.ox.ac.uk/fsl/
fslwiki), Advanced normalization tools (ANTs, http://stnava.
github.io/ANTs/), etc.

8. We visualized hM4Di expression at the axon terminal in the
substantia nigra (terminals of the putamen neurons) [3] and in
the caudate nucleus and mediodorsal nucleus of the thalamus
(those of the dorsolateral prefrontal cortex neurons)
[9]. Mapping of axon terminal hM4Di expression is useful for
synaptic silencing via local agonist infusion [9].

9. We successfully assessed the changes in neuronal activity
induced by hM3Dq excitation regardless of anesthetized states.
However, assessing activity change due to inhibition via
hM4Di can be relatively difficult under an anesthetized state,
in which neuronal activity is largely decreased. In such cases, we
recommend to consider [18F]FDG PET measurement under
conscious, head-fixed conditions [34–36].

10. For [18F]FDG functional imaging, it is necessary that the
agonist starts activating DREADDs prior to the onset of
[18F]FDG uptake. Therefore, when using a poor brain pene-
trable agonist like CNO, pretreatment should be done at least
15 min before [18F]FDG injection.

https://fsl.fmrib.ox.ac.uk/fsl/fslwiki
https://fsl.fmrib.ox.ac.uk/fsl/fslwiki
http://stnava.github.io/ANTs/
http://stnava.github.io/ANTs/
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Chapter 15

Reporter Selection and Postmortem Methods to Verify
Transgene Expression

Kate S. Heffernan, Yoland Smith, and Adriana Galvan

Abstract

The accurate localization of transgene expression after viral vector delivery is essential to the interpretation
of experiments based on genetic-based approaches, such as chemo- or optogenetics. Postmortem histolog-
ical analysis can be used to examine the injection target, the extent of the virus transduction, the types of
cells expressing the transgene, and the subcellular localization of the protein. In this chapter, we will provide
a general description of methods to identify transgene expression, immunocytochemistry protocols, and
examples of specific protocols. We close the chapter with an example of an application of electron
microscopy to identify the localization of transgene expression.

Key words Immunohistochemistry, Fluorescence, Immunoperoxidase, Immunogold light micro-
scope, Electron microscope, Reporter protein

1 Introduction

Genetic-based approaches to manipulate or monitor neuronal
activity have become routine tools in neuroscience research. Most
of these studies rely on the use of viral vectors to deliver the genetic
material of interest to neurons or other brain cell types. The accu-
rate and sufficient expression of the transgene is the most important
component of these experiments. In vivo methods (such as imaging
or fiber photometry) have been used by some experimenters to
assess transgene expression [1, 2]. Evidently, there is value in
these methods since they may allow researchers to correct insuffi-
cient expression or mistargeted injections prior to extensive behav-
ioral testing. However, the currently available in vivo approaches to
analyze transgene expression have limited spatial resolution and do
not provide information about cellular localization. To date, post-
mortem histological analysis remains the gold standard for accurate
and detailed assessment of transgene expression. Postmortem
examination can help to address questions about the precision of
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the injection target, the extent of the virus transduction, the types
of cells expressing the transgene, and the subcellular localization.
Thus, the information gained with histological examination is inte-
gral to the interpretation of functional data garnered during studies
based on viral vector administration and can be used to refine future
studies.

Target of Postmortem Verification: Transgene of Interest or
Tag Protein
Histological assessment is based on brain tissue localization of the
proteins (or the corresponding mRNA, see below) for which
genetic sequences were delivered by the viral vector. In a few
cases, the protein of interest (POI, e.g., the opsin or chemogenetic
receptor) will be detected, but most often, a reporter (label or “tag”
protein) is used to label the transgene in the tissue. Since the
pioneering optogenetic studies that used the fusion of the chan-
nelrhodopsin (ChR2) with a green fluorescent protein to visualize
ChR2-expressing neurons with fluorescent and confocal micro-
scopes [3], the fusion of the opsin to tag proteins has become the
most commonly used approach to identify transduced proteins in
in vivo or ex vivo experiments and postmortem tissue.

However, fluorescent proteins are not needed in many applica-
tions, and overexpression could result in their aggregation or reten-
tion in the cytoplasm [4]. An alternative approach is to use epitope
tags, that is, short antigenic peptide sequences that can be identified
with immunohistochemistry [5]. A recently developed group of tag
proteins (“spaghetti monster” fluorescent proteins) combine
GFP-like fluorescent proteins and various tag epitopes [6].

The tag proteins are either expressed as fusions to the protein of
interest, or as separate entities. In the former case, they are termed
“fused” proteins, while in the latter case, their expression is regu-
lated by inclusion in the viral vector of an internal ribosome entry
site (IRES) or a P2A sequence, that directs the viral genetic material
to express the two proteins separately. Although this can be a
convenient approach, the expression of the tag protein does not
reliably indicate the expression of the POI (since the two proteins
may be expressed in different subcellular compartments). In addi-
tion, some reports indicate that the addition of an IRES sequence
can reduce the expression of the transgene of interest [7].

Methods for Postmortem Verification
While other methods can provide information about levels of
expression of a transgene (e.g., Western blots), histological meth-
ods provide information about its pattern of regional, cellular, and
subcellular localization. The efficient use of these approaches
depends on the integrity of the brain structures under study and
the resolution scale, which expands from nanometer (electron
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microscopy studies using very small blocks of brain) to centimeter
(light or confocal microscopy analysis using whole brain sections),
depending on the type of microscopy being used. At any level,
innovative approaches such as serial block-face scanning electron
microscopy or clarification of brain tissue, may provide three-
dimensional information and allow digital reconstruction of the
neuronal structures.

Histologic methods can be divided in two types: those based on
the visualization of proteins (the POI itself or the tag protein
associated with it), and those based on identification of nucleic
acid sequences coding for these proteins. The latter type uses
complementary DNA or RNA probes to localize the corresponding
sequence in the tissue sections by means of in situ hybridization,
FISH, and RNAscope. These approaches will not be discussed here,
the reader is referred to [8, 9] for more details. In this chapter, we
will describe histologic methods to identify the POIs using (in most
cases) antibodies directed against the POI or the tag proteins
(immunohistochemistry). We will first comment on the advantages
and limitations of these methods and will then provide a general
protocol to use these approaches at the light and electron micro-
scope level.

The simplest approach to visualize viral-mediated expression of
endogenous proteins is through the endogenous fluorescence sig-
nal of the fluorescent tag proteins. This method requires only a few
preparatory steps for observations under the microscope, allowing
for rapid discrimination of transduced tissue. However, if the
endogenous fluorescence of the proteins is weak, it may not be
detectable. In such cases, an immunohistochemical approach could
be advantageous. One could use a primary antibody against the
fluorescent protein, followed by a secondary antibody that provides
a fluorescent signal, thus enhancing the endogenous fluorescence
(Fig. 1a). A major advantage of the fluorescence method is that it
allows for the use of multiple fluorophores that have emission
signals at different wavelengths and serve to discriminate more
than one protein. The method is commonly used, for example, to
determine if the POI is expressed in a specific phenotypically-
characterized cell type. A drawback of fluorescent preparations
(endogenous or antibody-enhanced) is that the fluorescence fades
with time.

Regular light microscopy is commonly used to visualize brain
sections that have been treated with antibodies and revealed with
peroxidase or a similar technique (see below). Immunoperoxidase
is a highly sensitive technique that allows the identification of even
very low levels of antigens. Tissue prepared with this method can be
counterstained to facilitate the identification of brain regions or
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Fig. 1 Examples of visualization of GFP in macaque brain tissue using different immunohistochemistry
methods. Neurons in various brain regions of macaque express GFP after AAV transduction. (a)
GFP-expressing neurons in the motor cortex. GFP was revealed with primary antibodies against the protein
and secondary antibodies conjugated to a green fluorophore. The nuclei of neurons were identified with NeuN
and a red fluorophore, to verify the neuronal expression of GFP. (b) GFP-expressing neurons in the putamen.
GFP was revealed using immunoperoxidase. (c, d) Electron microscope micrographs of GFP-expressing
dendrites (Den) in ventrolateral (c) and pulvinar (d) nuclei of the thalamus. In (c), GFP was visualized using
the immunoperoxidase method. Note the dark amorphous product of the peroxidase reaction. In (d), gold
particles were used to identify GFP. Note that the gold particles are located at the plasma membrane. Panel A
from Galvan et al., 2016 and panel C from Galvan et al., 2012. (Both reproduced under Creative Commons
Attribution 4.0 International License)

cellular profiles during the light microscope observations. Light
microscopy observations are used to assess regional and subregional
patterns of expression of POIs (Fig. 1b).

Electron microscopy (EM) is the gold standard when one aims
to characterize the subcellular and subsynaptic localization of POIs.
The successful detection of antibodies at the EM level results from a
balance of technical conditions that preserve the antigenic sites and
the tissue ultrastructure. The antibodies bound to the POIs must
be labeled using electron dense markers to allow EM visualization
(such as peroxidase reaction product or gold particles (Fig. 1c, d,
see below).

These various visualization methods offer complementary
information on protein localization, and thus a comprehensive
assessment of transgene distribution at the cellular, subcellular
and subsynaptic levels can be achieved through a combination of
these techniques.
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In this chapter, we will provide a general description of immu-
nohistochemistry protocols, followed by examples of specific pro-
tocols. We close the chapter with an example of an application of
EM methods to identify the localization of transgenes. **

General Protocol Description
Note: Timing for all incubation steps can be found in
Subheading 10.

2 Tissue Preparation

We use rhesus macaques in our laboratory, but mice and rats may
also be used with minor adjustments in the procedure. Monkeys are
deeply anesthetized with pentobarbital (100 mg/kg, i.v.), and
transcardially perfused with an oxygenated Ringer’s solution fol-
lowed by a fixative solution of 4% paraformaldehyde and 0.1%
glutaraldehyde. Paraformaldehyde is commonly used and appropri-
ate for most antigens. In some cases, formaldehyde can mask epi-
topes, but this is a consequence of all fixation procedures. The
addition of glutaraldehyde to the perfusion fixative solution is
necessary for electron microscopy methods [10, 11]. Compared
to formaldehyde, glutaraldehyde yields higher cross-linking,
making it an excellent choice when ultrastructural preservation is
needed. However, glutaraldehyde does have disadvantages, such as
the addition of free aldehyde groups which must be removed or
blocked-in later steps.

Following perfusion, the brain is extracted from the skull and
post-fixed in 4% paraformaldehyde for 24 h. Successful perfusion
will result in white tissue. Pink tissue suggests that blood is still
present in the tissue, causing increased background staining and
poor structural preservation. Poor perfusion can be mitigated to a
degree by extending the post-fixation period.

Sections are usually cut in 60 μm-thick coronal sections using a
vibrating microtome for electron microscopy and immunoperox-
idase studies, and a freezing microtome for fluorescent studies. If
sectioning on a freezing microtome, tissue is first cryoprotected in a
phosphate buffer (PB) solution containing 30% sucrose to prevent
the formation of ice crystals.

3 Storage of Tissue

Following cutting, sections can be stored in an antifreeze solution
containing 3 parts ethylene glycol, 3 parts glycerol, 3 parts distilled
water, and 1 part sodium dihydrogen orthophosphate buffer and
stored at -20°C.



280 Kate S. Heffernan et al.

4 Preparation of Tissue for Light Microscopy and Fluorescence Microscopy

To remove the anti-freeze solution, rinse the sections with phos-
phate buffered saline (PBS).

5 Blocking Aldehydes and Endogenous Signals

5.1 Aldehydes Following rinses, if glutaraldehyde was used in the fixative solution,
incubate the sections in a sodium borohydride solution (1% w/v in
phosphate buffered saline). This reduces the aldehydes introduced
by glutaraldehyde fixation, a necessary step to allow proper recog-
nition of the epitopes of interest [12].

5.2 Biotin If a biotinylated secondary antibody is to be used, blocking endog-
enous biotin may be necessary. Preincubating sections with avidin
(0.01% w/v in PBS) will bind to any endogenous biotin, and then
subsequently rinsing with PBS and incubating sections with biotin
(0.001% w/v in PBS) will occupy any biotin binding sites on the
avidin. Egg white and skim milk can be used as sources for avidin
and biotin respectively, but rinses with distilled water should replace
PBS as PBS will precipitate egg white proteins.

5.3 Peroxidase In cases where the perfusion was unsuccessful, blocking endoge-
nous peroxidase is necessary. Red blood cells contain peroxidase
which will result in high background staining. Preincubation of
sections in 10% hydrogen peroxide in distilled water will decrease
the unwanted background.

5.4 Lipofuscin This pigment is common in aging and accumulates in the cytoplasm
of most cell types [13]. Lipofuscin can cause high background
staining and should be blocked using a cupric sulfate solution or
sudan black B [14]. We recommend incubating sections in a solu-
tion of cupric sulfate in 50 mM ammonium acetate (pH adjusted
to 5.0).

6 Permeabilization and Blocking

Sections must then be permeabilized and nonspecific targets
blocked. The degree of permeabilization depends upon the loca-
tion of the antigen of interest. For antigens in the plasma mem-
brane, permeabilization may destroy the target, and thus
incubations without a permeabilization agent should be tried first.
For antigens in the cytoplasm, a degree of permeabilization will be
needed, and antigens in the nucleus typically require the greatest
degree of permeabilization. Common permeabilization detergents
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include Triton-X 100, Tween-20, and saponin. Triton-X is pre-
ferred over Tween-20 and saponin when a greater degree of per-
meabilization is needed, for example, in the case of a nuclear
antigen.

Blocking is necessary to prevent nonspecific binding of the
primary antibody and should immediately precede primary anti-
body incubation. The blocking agent should always be serum of the
species in which the secondary antibody is raised (see next section).
Never use a serum from the same species in which the primary
antibody was raised, as this will cause nonspecific binding.

7 Selection and Incubation of the Primary Antibody

The immunohistochemistry technique allows, first and foremost,
the detection of specific proteins in biological specimens. The
reliability and sensitivity of these techniques are dependent on the
use of highly specific antibodies that bind to the POI, without
significant cross-reactivity with other unrelated proteins in the
tissue under study [15]. Any immunohistochemistry experiment
should be supported by adequate controls. The optimal control is
to test the antibodies specificity in tissue lacking the target antigen
(i.e., in gene knock-out mice). When this is not an option, alterna-
tive controls to consider are immunoblotting of brain tissue or
transfected cells, pre-adsorption of primary antibodies with their
corresponding antigenic peptides, and omission of the antibodies
from the tissue incubation [16, 17].

Antibodies have two heavy chains and two light chains. Anti-
body subtypes vary from species to species. In humans, there are
five isotypes: IgM, IgD, IgG, IgA, and IgE. Antibodies have two F
(ab) segments and an Fc segment. The F(ab) segments are linked by
disulfide bonds and contain two constant domains and two variable
domains which are the antigen binding sites. The primary antibody
should be raised in a different animal species from the one used to
generate the tissue to be studied. When using multiple primary
antibodies for co-localization studies in single sections, they should
all be raised in different species to avoid cross-reactivity and non-
specific binding. Additionally, primary antibodies can be polyclonal
or monoclonal. Polyclonal antibodies recognize multiple epitopes
on the antigen of interest and therefore typically provide a greater
signal, which can be an advantage if there is low expression of the
antigen of interest. However, there is increased susceptibility to
cross-reactivity and background staining. Monoclonal antibodies
only recognize one epitope on the antigen of interest, and therefore
result in less background staining and cross-reactivity but may need
to be used at higher concentrations to generate optimal staining.
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8 Selection and Incubation of the Secondary Antibody

The choice of the secondary antibodies depends on the method of
interest (fluorescent versus immunoperoxidase) and the species in
which the primary antibody was raised. The secondary antibody
should be raised in the same species as the blocking serum and
directed against the species of the primary antibody (i.e., donkey
serum used for blocking, rabbit primary antibody, donkey anti-
rabbit secondary). For immunoperoxidase methods, a biotinylated
secondary antibody is needed. For fluorescent methods, the sec-
ondary must be conjugated to a fluorophore. It should be noted
that there are primary antibodies that are available already conju-
gated to a fluorophore (direct method). These types of primary
antibodies are usually less sensitive and can also result in a greater
degree of nonspecific binding, and thus will only be briefly
discussed.

9 Overview of Different Detection Methods

9.1 Indirect Method In direct methods, the primary antibody is directly conjugated to a
reporter. The reporter can be enzymatic, as in the case of horserad-
ish peroxidase (HRP) for chromogenic reactions, fluorescent, or a
colloidal gold particle. However, most neuroscience studies rely on
indirect methods in which the primary antibody incubation is
followed by incubation with a secondary antibody that is conju-
gated to the reporter (Fig. 2). The indirect method allows for signal
amplification since two or more secondary antibodies can bind to
one primary antibody. Thus, indirect is preferred when the antigen
of interest has low expression, or when there is a greater degree of
endogenous signals (i.e., higher background noise) from any of the
contributors described in the section above.

9.2 Avidin-Biotin

Complex (ABC) Method

The ABC and the peroxidase anti-peroxidase methods (the former
described in this section, the latter immediately below) rely on the
use of a peroxidase enzyme (usually horseradish peroxidase (HRP))
to reveal the antigenic sites. In the presence of H2O2 and sub-
stances such as benzidine derivatives, HRP produces an insoluble
reaction product, of characteristic color that is easily identified
under the light or electron microscope.

The ABC method (Fig. 3) is a chromogenic stain that yields
high amplification of the signal, and therefore an excellent noise-to-
signal ratio [18]. After incubations with a primary antibody and
biotinylated secondary antibody, the sections must be incubated in
an avidin-biotin complex (ABC) solution. The ABC solution con-
tains avidin, which has four biotin binding sites, and a biotinylated
enzyme (HRP). Since avidin has four biotin-binding sites, multiple
biotinylated enzymes can bind to one molecule of avidin, forming a



Post-Mortem Methods for Transgene Verification 283

Fig. 2 Indirect method of immunolabeling. The antigen to be located (for the
purpose of this chapter, the protein of interest (transgene or tag protein)) is
identified by a primary antibody, which is, in turn, bound by a secondary antibody
produced against the species the primary antibody was raised in. The secondary
antibody is conjugated to a visible marker (in this example, a fluorescent protein)

Fig. 3 The avidin-biotin complex (ABC) procedure of immunolabeling. As in
Fig. 2, the antigen is bound by a primary antibody, and this by a secondary
antibody. The secondary antibody is conjugated to biotin molecules. The peroxi-
dase enzyme is also conjugated to biotin molecules. Avidin, an egg white
protein, binds up to four molecules of biotin. The biotinylated enzyme and avidin
form a lattice complex of multiple biotinylated enzymes
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lattice complex. During incubation, open biotin binding sites are
occupied by the biotinylated secondary antibody, linking the ABC
to the biotinylated secondary. Following these steps, the applica-
tion of a solution containing DAB or other chromogen and hydro-
gen peroxide results in a chromogenic reaction. DAB is oxidized in
the presence of peroxide and peroxidase, and since the biotinylated
enzyme (horseradish peroxidase) is tethered to the site of the
antigen, a brown precipitate forms at the binding sites.

9.3 Peroxidase Anti-

Peroxidase (PAP)

Method

The PAP method relies on three main steps to increase sensitivity.
Sections are first incubated in a primary antibody, followed by a
secondary antibody, and then PAP complex [19]. The secondary
antibody is unconjugated and comprised of two available binding
sites: a site that reacts with the primary antibody, while the other
remains available to bind with the PAP complex in the following
step. The PAP complex is comprised of two anti-peroxidase anti-
bodies and three peroxidase molecules (Fig. 4). Subsequent steps
include a chromogenic reaction with a substrate such as DAB. Since
three peroxidase molecules are bound to every secondary antibody,
the PAP method results in a greater signal amplification than the
indirect method. The PAPmethod is also useful in tissues with high
endogenous biotin because it results in less background staining
than the ABCmethod. Even in tissues with low endogenous biotin,
such as the brain, PAP decreases unwanted background signal. PAP
does not include avidin, which is positively charged and can bind to
nucleic acids as well as other molecules, increasing background
staining [18]. This method is only possible for chromogenic stains,
and not immunofluorescent approaches since the PAP complex
contains peroxidase.

Fig. 4 The peroxidase-antiperoxidase (PAP) procedure of immunolabeling. The
antigen is bound by a primary antibody, which is in turn bound by an unconju-
gated secondary (“linking”) antibody. The linking antibody will get bound to an
antiperoxidase antibody, generated in the same animal species as the primary
antibody which recognized the antigen of interest
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Both peroxidase-based approaches can be adapted for EM. The
electron-dense, insoluble amorphous reaction product of immuno-
peroxidase can be easily visualized at the EM. The limitation of this
approach is the limited spatial resolution because the diffuse perox-
idase reaction product does not allow assessment of the precise
localization of the antigen (Fig. 1c). Also, if the antigen is abun-
dant, the amorphous reaction product may conceal important
ultrastructural details (e.g., synaptic specializations). It remains,
however, an excellent and highly sensitive method to identify in
which cellular elements the antigen is expressed.

9.4 Immunogold

Method

This method is used, most commonly, for EM preparations. To
identify the precise localization of a protein at the subcellular level,
it becomes necessary to use nondiffusible markers to identify the
antigenic sites. Nondiffusible colloidal gold provides a higher spa-
tial resolution than the diffusible peroxidase reaction product.
Thus, the immunogold technique is the method of choice to
study the spatial relationship between synapses and receptors or
transporter proteins. However, in spite of the improved spatial
resolution, the immunogold method is not as sensitive as the
immunoperoxidase approach, because it lacks the amplification
steps inherent to the immunoperoxidase technique. In the immu-
nogold method, the secondary antibody is coupled to a colloidal
gold particle (~1–10 nm in diameter) that shows up as a black dot
under the electron microscope. Gold particles can help to discrimi-
nate, for example, if the POI is located in the plasma membrane or
the cytoplasm (e.g., Fig. 1d). In the case of opsins and chemoge-
netic receptors, location at the plasma membrane of these trans-
genes is an essential prerequisite to achieve neuromodulation (see
below for examples) [4, 20].

10 Example Protocols

10.1 Immuno-

fluorescence Protocol

1. Take sections out of the antifreeze storage solution and wash
with PBS.

2. Pretreat sections with 10% hydrogen peroxide for 20 min
(optional—helpful for poor perfusion).

3. If glutaraldehyde was used during fixation, remove excess alde-
hydes. Prepare 1% sodium borohydride in PBS and incubate
sections under chemical hood for 20 min. Rinse sections with
PBS at least 4–5× or until all bubbles are gone.

4. Permeabilize and block. Prepare a solution of 1% bovine serum
albumin, 5% serum (should be the species in which the second-
ary antibody was raised), 0.3% TritonX-100, in PBS. Incubate
sections on a shaker for 1 h at room temperature.
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5. Primary antibody incubation. Prepare a solution of 1% bovine
serum albumin, 1% serum (should be the species in which the
secondary antibody was raised), 0.3% TritonX-100, and the
primary antibody of interest in PBS. Incubate the sections on
a shaker overnight at room temperature.

6. Rinse sections 3× for 5 min in PBS.

7. Secondary antibody incubation. Prepare a solution of 1%
bovine serum albumin, 1% serum (should be the species in
which the secondary antibody was raised), and the secondary
antibody of interest in PBS. This is also an appropriate time to
add a counterstain, such as DAPI. Incubate sections on a shaker
for 1 h at room temperature. Make sure the sections are in a
covered container or wrap the container in foil to prevent
bleaching.

8. Rinse sections 3× for 5 min in PBS.

9. Quench autofluorescence. Prepare a 10 mM cupric sulfate
solution in 50 mM ammonium acetate buffer. Adjust the pH
to 5.0. Incubate sections on a shaker for 30 min at room
temperature.

10. Rinse sections 3× for 5 min in PBS.

11. Mount the sections on slides and allow them to dry for an hour
at room temperature to increase adhesion to the slide. After
drying, coverslip using an appropriate mounting medium such
as Vectashield (Vector Laboratories) or Fluoromount-G
(Thermo Fisher).

12. Seal the outer edges of the coverslip with nail polish.

10.2 Light

Microscopy ABC

Immunoperoxidase

Protocol

1. Take sections out of the antifreeze storage solution and wash
with PBS.

2. Pretreat sections with 10% hydrogen peroxide for 20 min
(optional—helpful for poor perfusion).

3. If glutaraldehyde was used during fixation, remove excess alde-
hydes. Prepare 1% sodium borohydride in PBS and incubate
sections under chemical hood for 20 min. Rinse sections with
PBS at least 4–5× or until all bubbles are gone.

4. Permeabilize and block. Prepare a solution of 1% bovine serum
albumin, 1% serum (should be the species in which the second-
ary antibody was raised), 0.3% TritonX-100, in PBS. Incubate
sections on a shaker for 1 h at room temperature.

5. Primary antibody incubation. Prepare a solution of 1% bovine
serum albumin, 1% serum (should be the species in which the
secondary antibody was raised), 0.3% TritonX-100, and the
primary antibody of interest in PBS. Incubate the sections on
a shaker overnight at room temperature.
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6. Rinse sections 3× for 10 min in PBS.

7. Secondary antibody incubation. Prepare a solution of 1%
bovine serum albumin, 1% serum (should be the species in
which the secondary antibody was raised), 0.3% TritonX-100,
and the secondary antibody of interest in PBS. Incubate sec-
tions on a shaker for 90 min at room temperature. During this
incubation, prepare avidin-biotin complex (ABC) solution,
according to your kit instructions, for step #9.

8. Rinse sections 3× for 10 min in PBS.

9. Incubate sections in ABC solution on a shaker for 90 min at
room temperature.

10. Rinse sections 2× for 10 min in PBS. Rinse 1× for 10 min in
0.05 M pH 7.6 Tris–HCl buffer.

11. Prepare DAB solution. Prepare Tris–HCl buffer containing
0.025% DAB, 10 mM imidazole, and 0.05% hydrogen perox-
ide under a chemical hood on a stir plate. Wait to add the
hydrogen peroxide until the sections are ready for incubation.
Incubate sections in DAB solution on a shaker for 10 min at
room temperature.

12. Rinse sections 4–5× with PBS to stop the peroxidase reaction.

13. Mount sections on slides and allow them to dry out, preferably
overnight.

14. Place slides in a slide holder. Dehydrate sections by placing the
slide holder briefly in graded dilutions of ethanol (50%, 75%,
95%, 100%).

15. Place the slide holder in xylene. Coverslip slides using a hard-
ening mounting medium.

10.3 Pre-Embedding

Electron Microscopy

ABC

Immunoperoxidase

Protocol

1. Take sections out of antifreeze storage solution and wash
with PBS.

2. Since glutaraldehyde is highly suggested for sufficient ultra-
structural preservation, it should have been used in the perfu-
sion solution. Therefore, one must remove excess aldehydes.
Prepare 1% sodium borohydride in PBS and incubate sections
under chemical hood for 20 min. Rinse sections with PBS at
least 4–5× or until all bubbles are gone.

3. Prepare a cryoprotectant solution of 0.05 M PB, 25% sucrose,
and 10% glycerol adjusted to pH 7.4. Place sections in the
cryoprotectant solution and freeze at -80°C for 20 min.
Thaw sections and move to a graded series of cryoprotectant
solution diluted in PBS. For example: place the tissue in
100, 70, 50, and 30% cryoprotectant solution in PBS for
10 min each, followed by 10 min in PBS.

4. Wash sections in PBS 3× for 10 min.
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5. Block. Prepare a solution of 1% normal serum (should be the
species in which the secondary antibody was raised) and 1%
bovine serum albumin in PBS.

6. Primary antibody incubation. Prepare a solution of 1% bovine
serum albumin, 1% serum (should be the species in which the
secondary antibody was raised), and the primary antibody of
interest in PBS. Incubate the sections on a shaker for 48 h at
4°C. Wash sections in PBS 3× for 10 min.

7. Secondary antibody incubation. Prepare a solution of 1%
bovine serum albumin, 1% serum (should be the species in
which the secondary antibody was raised), and the biotinylated
secondary antibody of interest in PBS. Incubate sections on a
shaker for 2 h at room temperature. During this incubation,
prepare avidin-biotin complex (ABC) solution, according to
your kit instructions, for step #9.

8. Rinse sections 3× for 10 min in PBS.

9. Incubate sections in ABC solution on a shaker for 90 min at
room temperature.

10. Rinse sections 2× for 10 min in PBS. Rinse 1× for 10 min in
0.05 M pH 7.6 Tris–HCl buffer.

11. Prepare DAB solution. Prepare Tris–HCl buffer containing
0.025% DAB, 10 mM imidazole, and 0.05% hydrogen perox-
ide under a chemical hood on a stir plate. Wait to add the
hydrogen peroxide until the sections are ready for incubation.
Incubate sections in DAB solution on a shaker for 10 min at
room temperature.

12. Rinse sections 4–5× with PBS to stop the peroxidase reaction.

13. Keep sections in PBS at 4 °C overnight.

14. Desalt. Wash sections 3× for 5 min each in PB (0.1 M pH 7.4).

15. Prepare a 1% osmium tetroxide solution in PB. Make sure the
sections are flat (no folding). Remove the PB and add the 1%
osmium tetroxide solution dropwise. Let sections incubate for
20 min.

16. Wash sections in PB once for 2 min and 3× for 5 min.

17. Dehydrate. Prepare 1% uranyl acetate in 70% alcohol solution
and keep in the dark. The uranyl acetate solution must be
stirred for approximately 15 min to dissolve. During this
15-min waiting period, place sections in 50% alcohol. Filter
the uranyl acetate solution and then place sections in the
solution for 35 min. Then, transfer sections to a 90% alcohol
solution for 15 min. Transfer sections to 100% alcohol for
10 min, and then to fresh 100% alcohol for 10 more minutes.
Transfer sections to propylene oxide for 10 min, and then to
fresh propylene oxide for 10 more minutes.
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18. Embed. Prepare resin (our lab uses Durcupan but other resins
can be used) as described. Pour resin into disposable aluminum
dishes and carefully place sections in the resin, ensuring that the
entire section is covered. Let the sections sit for 12 h at room
temperature.

19. Mount. Cover a hotplate with aluminum foil and set the tem-
perature to 50 °C. Lightly cover slides and coverslips with
mineral oil. Place the aluminum dishes containing the resin
and sections from step #18 on the hotplate. Once the resin
liquifies, transfer the sections to the oiled slides. Cover the
slides with oiled coverslips and spread the resin by carefully
pressing on the coverslip to force air bubbles out.

20. Polymerize the resin. Place the slides in an oven at 60 °C for
48 h.

21. Identify areas for block preparation. Using a razor blade,
remove the coverslip around the area of interest. Wear safety
goggles and protective gloves (such as Kevlar), as the glass will
break into small pieces.

22. Once the coverslip over the area of interest has been removed,
place the slide on a hot plate set to 50 °C. After a few minutes,
remove the slide from the hot plate. Using a scalpel, carefully
cut out a square of tissue that contains the area of interest.
Remove the square of tissue and superglue to a resin block.

23. Wait 24 h to begin cutting on an ultramicrotome.

24. Cut 60 nm sections on an ultramicrotome and collect on
single-slot pioloform-coated copper grids.

25. Prepare lead citrate solution and stain grids for 5 min.

11 Application Example: Use of EM Methods to Identify DREADDs

We have conducted high-resolution EM-immunogold studies to
examine the ultrastructural localization of opsins and DREADDs
[4, 20]. To be functional, these proteins should be expressed at the
cellular plasma membrane where opsins can be activated by light
stimulation and DREADDs can be bound by their agonists. Here
we discuss our studies to localize DREADDs, hM4Di, and
hM3Dq, after transduction with AAVs, in different brain regions
of monkeys and mice [4]. We used primary antibodies against
mCherry or hemagglutinin (HA) tag, followed by secondary anti-
bodies coupled to nanogold particles.

The first group of animals (mice and monkeys) received intra-
cerebral injections of AAV-hSyn-hM4Di-mCherry. In monkey neu-
rons, the immunogold particles indicating mCherry (hM4Di) were
found in the cytoplasm of dendrites, and only a small proportion
was bound to the plasma membrane (Fig. 5a). In mice tissue, a
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Fig. 5 Electron microscope images showing ultrastructural localization of tag
proteins to identify hM4Di in monkeys. The pre-embedding immunogold
technique was used to reveal mCherry in the subthalamic nucleus (a) or HA
tag in the amygdala (b). Gold particles were found mostly in the cytoplasm of
dendrites (Den, red arrows) when hM4Di was coupled to mCherry, while the
fusion of the DREADD to HA tag resulted in expression of the receptor at the
plasma membrane (green arrows)

larger proportion of gold particles were found in the plasma mem-
branes of dendrites, but many of the particles were also seen in the
cytoplasmic space. The sparse expression of hM4Di at the plasma
membrane expression could reduce the functional effects of sys-
temic administration of DREADD agonists, particularly in monkey
neurons.

We hypothesized that a different tag fused to the hM4Di might
improve the transport of this DREADD to the plasma membrane.
The haemagglutinin (HA) tag is a small 9 amino acid epitope of the
haemagglutinin of the influenza virus, which was first used as a
fusion protein more than 30 years ago [21]. A second group of
animals received intracerebral injections of AAVs in which the
hM4Di was fused with the HA tag sequence, while the mCherry
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sequence was omitted. This change resulted in prominent detection
of the gold particles at the plasma membranes of dendrites, both in
monkey (Fig. 5b) and mouse neurons.

Our results indicate that the tag protein may have an important
influence on the localization of the expression of the transgene of
interest. In studies where the fluorescence is not needed, the use of
HA and other short epitope tags [5] could help improve the
transport of the protein of interest to the membrane. These studies
underscore the importance of careful and thorough characteriza-
tion of protein expression to interpret the result of opto- or che-
mogenetic studies.
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Chapter 16

Considerations for the Use of Viral Vectors in Nonhuman
Primates

Martin Bohlen and Sébastien Tremblay

Abstract

The development of new genetic tools has revolutionized our ability to study the functional role of specific
neuronal populations and circuits generating behavior. Although this revolution has already taken place in
small animal models such as mice, adoption of these techniques has been relatively slow for animals more
closely related to humans, such as nonhuman primates. Current challenges include effective delivery to
much larger structural targets in the primate brain, cell-type specific transduction, and immunological
responses. In this chapter, we will review some of the challenges and considerations that are specific to using
these viral technologies in the nonhuman primate brain. Ultimately, these challenges can be met with new
advances in surgical technique and gene therapy that will spin out new viral vectors with enhanced features
able to compensate for the limitations of current vectors. As the existing challenges are circumvented, this
will lead to a revolution in primate neuroscientific research and a greater understanding of the functional
role circuits play in complex behaviors relevant to human neurological and psychiatric diseases.

Key words Optogenetics, Chemogenetics, Viral delivery, Viral vectors, Gene therapy, Nonhuman
primates, Monkeys

1 Introduction

This chapter covers a range of topics relating to the administration
of vectors used to deliver exogenous genes encoding neuronal
actuators and sensors to target cellular populations. It covers factors
related to the modification of both the viruses and their genomes,
routes of delivery, and the validation for proof of efficacy. While the
prior chapters in this book relate these topics to all experimental
models, this chapter will attempt to directly focus on the matura-
tion of approaches to develop and test genetic tools specifically for
use in the nonhuman primate (NHP) model. For a detailed survey
of best practices in NHP optogenetics, and for access to the raw
data used to generate some of the recommendations made in this
chapter, we refer the reader to the following open science
resource [1].

Mark A. G. Eldridge and Adriana Galvan (eds.), Vectorology for Optogenetics and Chemogenetics,
Neuromethods, vol. 195, https://doi.org/10.1007/978-1-0716-2918-5_16,
© This is a U.S. government work and not under copyright protection in the U.S.; foreign copyright protection may apply 2023
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Fig. 1 Proportion of publications per 100,000 citations by year on PubMed, 2000–2021 involving optogenetics
(blue line) or chemogenetic (red line), to studies using optogenetics (purple) or chemogenetics (green) in
primates. This proportion was calculated by taking the total number of publications discovered for a given year
and search term, divided by the total number of publications uploaded to PubMed for the same year then
multiplying that number times 100,000. (For more information on how this data was calculated, the reader is
referred to: https://esperr.github.io/pubmed-by-year/about.html Source: https://esperr.github.io/pubmed-by-
year/)

There have been several detailed reviews covering the use of
neuronal actuators such as those used in optogenetics and chemo-
genetics in primate neuroscientific investigations [2–6]. Although
the number of publications coming out each year using these
neuronal actuators is increasing rapidly, it would appear that there
is a lack of global enthusiasm to adopt such techniques in the
primate neuroscientific community (Fig. 1). Conversely, a recent
sampling of primate labs has revealed that there is, in fact, a large
number of primate labs attempting to implement these approaches
[1]. The dichotomy between the efficacy of these approaches in
phylogenetically lower species like rodents, flies, and fish compared
to primates suggests a failure in translation. Further, while the
published literature on the matter has shown some behavioral
effects in NHPs, these effects tend to be more subtle than those
elicited with more established approaches like electrical stimulation
or pharmacological activation/inhibition [7]. In contrast, much of
rodent research has provided a multitude of convincing behavioral
responses to optical or chemogenetic activation or inhibition. Thus,
there is still a critical need to refine and optimize these approaches
in the primate for neuroscientific research. Much of the refinement
will require expertise in the principles of gene therapy and primate
neurobiology.

https://esperr.github.io/pubmed-by-year/about.html
https://esperr.github.io/pubmed-by-year/
https://esperr.github.io/pubmed-by-year/
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This closing chapter will address some of the important surgical
and genetic considerations for the use of viral vectors in NHP
experiments specifically. We will highlight technical caveats to
avoid and best practices to adopt to maximize the success of future
experiments in NHP. More importantly, the value in performing
such refinements will extend well beyond the confines of basic
neuroscientific research and carry important implications for clini-
cal gene therapies targeting disorders in nearly every excitable cell
of the primate body, human and nonhuman alike.

2 Mechanical Considerations in NHP Experiments

2.1 Brain Size and

Surgical Approaches

The macaque brain is approximately 200 times the size of a mouse
brain, and a similar transformation holds when translating from a
macaque to the human brain [8] (Fig. 2). Conventionally, viral
injections are made through a single needle, which is used to slowly
infuse viral vectors directly into a targeted structure within the
brain. Making a single, targeted injection in rodents is often suffi-
cient to achieve neuronal transduction throughout the targeted
structure, but is rarely enough to get complete transduction in
much larger primate brains. This is believed to be a major culprit
for the mixed behavioral effects seen with optogenetics and che-
mogenetics approaches in NHP.

At present, there are three ways that neuroscientists are
attempting to compensate for the larger primate brain. The first
approach consists of makingmultiple, single intraparenchymal infu-
sions throughout the target structure. While this approach is effec-
tive at delivering viral vectors to the entirety of the structure, it is
time intensive, meaning prolonged sedation times (unless the

Fig. 2 Relative comparison of brain size in mice, macaque monkeys, and humans. Larger brains require
adapted techniques for viral vector injection and actuation. (Image from Herculano-Houzel [8])
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injections are done when animals are awake and restrained [9]) and
risks for the animal. Namely, passing the needle multiple times
through the brain parenchyma increases the propensity for direct
damage to the tissue and vasculature. Such trauma, in-turn, pro-
motes local, as well as circulating immunological agents to the
injection sites, providing molecular signals for inflammation and
the potential fostering of a larger-scale immunological response
that can hinder future transduction [10]. Most viral vector experi-
ments in NHP have applied this injection technique, with mixed
results [1]. A second, more time-efficient approach is the simulta-
neous, slow infusion of viral vectors through an array of needles (see
Chapter 15). This approach allows the simultaneous infusion of
viral vectors throughout the structure of interest [11]. Array injec-
tions suffer a similar pitfall relating to multiple needles potentially
causing local tissue and vascular trauma. Particularly pertaining to
the vasculature, with a single needle, it is possible to avoid starting a
penetration through a surface vessel, while this may be more diffi-
cult with an array of needles. This technique requires an open-brain
surgery under sedation, which offers direct visualization of cortical
targets and reduces uncertainty about effective targeting. At the
moment, this new technology cannot be used in awake animals or
to target deeper brain targets, and the array is not yet commercially
available.

A third, alternative approach is to perform convection-
enhanced delivery (CED; see Chapter 12). CED is an approach
borrowed from gene therapy where large-scale transduction is
achieved through the rapid (~5000 nl/min) delivery of a large
volume (~50 μL/site) of viral solution [12–16]. The appeal of
CED is that it only requires a single needle penetration and the
infusion completes faster than conventional injections because of
the high infusion rate (<30 min). A downside of CED is that to
prevent reflux of the infused solution along the injection tract, a
“reflux-resistant” cannula needs to be used. These larger cannulas
(e.g., 670 μm diameter with a 120 μm step on all sides) can cause
significant dimpling as they are driven into the brain, which can lead
to incomplete penetration when the cortical surface is targeted.
Thus, mixing the viral vector with an MRI contrast agent like
gadolinium or manganese salt to confirm injection locations in
the MRI is highly recommended [13, 16]. Despite these precau-
tions, some investigators have concerns with the use of CED. For
one, reflux of the viral solution along the injection tract often leads
to transduction in off-target areas (Fig. 3a) [16]. Reflux was also
observed by one of the authors (Tremblay) under the microscopic
observation of cortical injection sites in about half of the injections
attempted (Fig. 3b). This has important implications for chemoge-
netic approaches that use systemic administration of ligands, or any
other approaches that require a restricted transgene expression.
These ligands will interact with the chemogenetic receptors
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Fig. 3 Reflux of viral solution using convection-enhanced delivery (CED) in the macaque brain. Experiments
were pre-approved by the IACUC of the institutions where these were conducted. (a) Reflux seen in the MRI
scanner using contrast agents (e.g., Gadolinium) mixed with the viral solution (arrows). (b) Reflux directly
observed using a surgical microscope during open brain surgery in the operating room

wherever they are expressed in the brain, potentially resulting in
off-target effects when reflux is present. Second, the high injection
pressure used in CED can sometimes lead to damage of the brain
tissue, as confirmed through neuropathological examination
[14]. Thus, infusion rates are recommended to be kept at or
below 5000 nL/min. Third, expensive, commercially available
CED cannulas (e.g., MRI Interventions Inc.) have an even larger
diameter that causes significant trauma along the penetration tract.
Smaller, cheaper, custom-designed CED cannulas built in-lab for
less than $100 have worked well in the hands of the authors by
combining 450 μm stainless steel sleeves (MacMaster-Carr
#8987K73) with 33Ga Hamilton needles. These cannulas can be
entirely made out of 304 stainless steel if the injections are con-
ducted outside of theMRI and be connected directly to a Hamilton
syringe to avoid the use of tubing in the injection line. Leaks, air
bubble infiltration, and clogging when using tubing and fittings in
the experimental injection setup are common problems when the
needle and the syringe are not directly connected.

Exposing the cortex for the purpose of conducting conven-
tional or CED injections implies performing a surgical opening in
the dura mater in NHP. This is not required in rodents where
needles are traditionally driven through the much thinner, trans-
parent dura. Although performing an initial dural flap on the NHP
brain is feasible using the proper technique and microdissection
tools, performing a subsequent second or even third opening of the
dura for the purpose of follow-up experiments (optogenetic stimu-
lation or performing additional injections) is much more challeng-
ing. If the dura was sewed back in place at the end of the first
surgery, the surgeon can expect a significant degree of adhesions
between the dura and the underlying meningeal layers upon
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Fig. 4 Reopening of the dura mater in a follow-up surgery. (a) Significant
adhesions between the dura mater and the underlying cortex is observed at
reopening. (b) Addition of a Tecoflex layer in between the dura and the cortex
during the first surgery prevents dural adhesions with the cortex

reopening (Fig. 4a). The same is true if the dural flap was initially
replaced by a layer of dura regeneration matrix (e.g., Durepair,
Medtronic #282452) to protect the exposed cortex. These dural
replacement products made of collagen invite significant growth of
fibrotic tissue that forms tight bonds with the underlying cortex. It
becomes practically impossible to re-expose the injection site with-
out causing significant damage to the underlying parenchyma. To
circumvent this problem, we recommend inserting a thin layer of
biologically inert material (e.g., Tecoflex EG-93A, thickness =
0.005”, The Lubrizol Corporation) in between the cortex and
the dura before closing the dural flap with sutures. This leads to a
significant reduction in adhesions and makes it much easier to
reexpose injection sites without any trauma to the brain tissue
(Fig. 4b).

2.2 Using Cranial

Chambers to Deliver

Viruses to the Brain

The use of cranial chambers for an acute neurophysiological record-
ing of single neurons in awake, behaving primates is a widespread
practice in NHP neuroscience laboratories. Chambers are surgically
secured to the skull to provide long-term access to the brain paren-
chyma. Through a chamber, it is possible to precisely lower single
or multi-electrode probes with the help of a micro-manipulator
(e.g., NAN Drive, Kopf Instruments). The same apparatus can be
used to lower an injection cannula instead of a recording electrode,
which was the first technique adopted by primate researchers to
deliver viral vectors carrying opsin genes intraparenchymally to the
brain of NHP [17]. Although it is still widely used more than a
decade later, this technique presents important challenges that can
lead to experimental failure. Here, we will discuss techniques to
deliver viral vectors through standard recording chambers, and the
alternative “cranial window” technique using artificial dura.
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2.2.1 Using Standard

Cranial Chambers

Standard cranial chambers, for example, those sold by Crist Instru-
ments Inc., are meant to be installed on top of a circular craniot-
omy. The dura is usually left intact during this procedure to offer
some protection to the otherwise exposed cerebral cortex. As a
consequence, the gyral, sulcal, and vascular cortical landmarks are
hard to visualize, making it difficult to determine the location of
target cortical structures based on those landmarks. We recom-
mend using an MRI-guided neuronavigation system, such as the
Brainsight Vet system (Rogue Research Inc.), to plan the position-
ing of the chamber based on 3D MRI/CT reconstructions of the
skull and brain. Less expensive alternatives including specialized
MRI-based software for custom implants are also recommended
[18, 19]. In addition to identifying target structures in the X-Y
plane, depth is also an important variable to test before conducting
an injection through a chamber. An overestimation of depth can
lead to the injection being placed in the white matter or a deeper
structure, and underestimation can lead to diffusion of the viral
solution in the meninges where it can mix with the cerebrospinal
fluid and travel to distant nontarget sites. To refine the target
selection, investigators can conduct extensive electrophysiological
“mapping”, whereby recording electrodes are lowered at different
chamber coordinates and depths to identify a 3D coordinate where
neural activity is reliably observed. The mapping is also important
to identify a region of interest based on the neurophysiological
properties of the neural population (e.g., direction-selective cells
in MT). An investigator can then reuse the same 3D coordinates
and the same micro-manipulator apparatus to inject the viral solu-
tion at the recorded target location.

Data recently collected from many NHP research laboratories
indicate that most investigators will wait 4–8 weeks between viral
vector injection and experimental stimulation to allow time for the
transgene to express (Fig. 5; [1]). During that time, a significant
amount of granulation and fibrotic tissue can grow in the chamber
on top of the dura. This new tissue can have a significant impact on
the trajectory of the neural probe as it descends through the dura to
reach its target site. Small angular deviations of the probe’s trajec-
tory will be compounded if the target site is deeper within the
brain. Moreover, the brain is not perfectly immobile within the
cranial cavity. Over days or weeks, the brain tissue underneath the
chamber may deviate slightly, leading to potential misalignment
with previously defined 3D coordinates [20]. Finally, in the case
of cortical injections, the inability to observe the cortex directly
within the chamber prevents confirmation of expression based on
the epifluorescence of reporter proteins, like eYFP, that are fused to
the opsin. Therefore, optogenetic stimulation experiments through
cranial chambers have to make the assumption that the transduc-
tion was successful, that the brain did not shift with relation to the
skull, and that the granulation/fibrotic tissue does not significantly
deviate the trajectory of the neural probe.
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Fig. 5 Distribution of wait times (incubation) between viral vector injection and beginning of experiments in
~1000 injection tests in NHP. (Data from Tremblay et al. [1])

Several of these caveats can be avoided by using some addi-
tional precautions. First, to make sure that the injection is targeted
to the exact location where the neural population of interest resides,
many investigators use an “injectrode”, which combines a record-
ing electrode with an injection cannula. Several technical papers
detail how to build such devices in the lab [21, 22]. The injectrode
allows one to ascertain that the viral solution is delivered within the
grey matter at the correct depth by providing an electrophysiologi-
cal confirmation of the presence of neurons with properties of
interest. Second, angular deviations of the neural probe caused by
granulation tissue can be limited by performing a dural scrape to
remove the granulation tissue before the start of stimulation experi-
ments. Also, regular cleaning of the chamber is needed to avoid
infections and may slow down the growth of granulation tissue.
Third, it is recommended that, for optogenetic studies, experimen-
ters inject the viral solution over a relatively large area of the target
site either by using convection-enhanced delivery or multiple serial
injections. This will maximize the chances that transduced neurons
will be encountered several weeks after incubation despite possible
translation of the cortex and deviations of trajectories inside the
chamber. Overall, cranial chambers afford access to a relatively large
area of cortical and subcortical tissue (~3 cm2) to conduct
subsequent stimulation, recordings, and inject additional viruses if
required. With proper implantation and care, chambers can be
maintained for years, allowing for successful long-term experiments
in NHPs.
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Fig. 6 Cranial windows with transparent artificial dura in NHP. (a) Direct visualization of the cortex and its
vasculature through a cranial window with the naked eye. (b) Visualization of epifluorescence following viral
vector injection through the window. Red dots correspond to injection sites. (Image from Nakamichi et al.
[151])

2.2.2 The Use of Cranial

Windows

The ability to confirm the expression of the transgene in the target
tissue before the beginning of experiments is key. As mentioned
above, confirmation is difficult to achieve with standard recording
chambers where dural and granulation tissue prevents direct obser-
vation of epifluorescence from the cortex. While an in vivo fluores-
cence detector has been proposed for use in chambers, this custom
device has not seen widespread adoption in the community [2]. In
general, fiber photometry assessments require the insertion of a
relatively large fiber into the brain to assess the transgene expres-
sion. The downside of this is that each insertion caused tissue
damage. Thus, to observe in vivo epifluorescence of the transduced
tissue, some investigators have adopted “cranial window” style
chambers that use a transparent artificial dura. These windows
were originally developed by Ruiz et al. [20] and allow direct
visualization of the cortex through the artificial dura (Fig. 6).
Using epifluorescence imaging, it is possible to observe the time
course of viral expression in the cortex and confirm the success of
the transduction before beginning experiments [23]. Investigators
have reported that the use of expensive fluorescence stereomicro-
scopes is not necessary to perform such epifluorescence imaging
and that much cheaper fluorescent goggles, such as the ones sold by
NightSea Inc. (e.g., Dual Fluorescent Protein Flashlight), do an
excellent job (Fig. 7).

Despite these advantages, cranial windows have their draw-
backs. For one, they are not commercially available and need to
be designed in-lab. Second, they require special surgical skills that
include the ability to perform a precise durotomy to insert the
artificial dura between the arachnoid layer and the margin of the
durotomy. Third, they require a significant amount of maintenance
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Fig. 7 Epifluorescence seen on a postmortem macaque brain using a fluorescent
flashlight designed for marine exploration (NightSea Inc.). Yellow spots (marked
by *) represent opsin expression in cortex

to prevent tissue growth that can obscure the window over time
[20]. Fourth, the pressure exerted by the artificial dura on the
underlying cortex can lead to compression of the cortical tissue,
as observed postmortem by some investigators [23]. Despite these
caveats, some investigators conducting studies of the cortical sur-
face will opt for a cranial window instead of a standard chamber
because of the huge benefit of being able to directly see the tissue
that is being investigated. This is of course only possible when the
injected tissue is on the cortical surface; the epifluorescence is
invisible to the experimenter if the injection targets are deeper.
Those windows also afford the opportunity to shine light directly
on a large area of the cortex from a light source resting outside the
brain. This can be useful for achieving behaviorally meaningful
stimulation using optogenetics.

In vivo confirmation of the expression of the transgene is highly
valuable, but it may not involve direct observation of epifluores-
cence in the tissue. Methods for assessing expression using PET
imaging are described in Chapter 14. The laboratory of Michael
Michaelides at NIDA is developing variants of popular viral con-
structs that are visible using non-invasive positron emission topog-
raphy (PET) [24]. For example, by fusing the Ligand Binding
Domain of the Estrogen Receptor alpha (ERa-LBD) to effector
proteins such as opsins or DREADDs, this method offers a dock for
PET-visible ligands, such as (18)F-fluorestradiol, that are used
routinely in the clinic [25, 26]. When combined with anatomical
scans (e.g., MRI T1), this allows 3D visualization of the expression
of the transgene in the brain (Fig. 8), and can be repeated several
times to study the time course of the expression. Although this
noninvasive imaging technique has not seen widespread adoption
yet, it holds great promise both for NHP basic and preclinical
research and for eventual clinical applications of these neuromodu-
latory techniques in human patients.
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Fig. 8 FES-PET localizes ChRERα opsin in squirrel monkey. Comparison of scans pre-AAV (top) and 7 weeks
following injection of AAV-ChRERα (bottom) enables visualization of ChRERα expression in the left motor
cortex injection site (indicated by white arrow in bottom left image). Data is shown as average standard uptake
value ratios (SUVR) 30–60 min post-FES injection (pituitary used as reference region given endogenous
binding of FES observed in pre-AAV scan). (Image courtesy of Dr. Michaelides, NIDA)

3 Viral Considerations in NHP

At present, the most effective approach to deliver exogenous (non-
self) genes to targeted cells of NHPs is with viral vectors. This
section will describe some of the more common capsids and some
of their fundamental features that should be considered, providing
a basic framework for the reader.

3.1 Viral Capsid AAV is a small (~22 nm) non-enveloped dependovirus belonging to
the parvovirus family virus with a ~4.7 Kb packaging capacity
[27]. AAV was first identified as a contaminant in adenoviral stocks
(hence the name, Adeno-Associated) [28]. In the wild-type form,
the AAV capsid contains a linear, single-stranded DNA genome
containing two genes, the left open reading frame contains the
rep gene while the right contains the cap gene, the 5’ and 3’ ends
are flanked by 145 bp inverted terminal repeats (ITRs)
[29, 30]. The rep gene encodes four replication proteins: Rep78,
Rep68, Rep52, and Rep40 (the numbers 78, 68, 52, and 40 desig-
nate each protein’s molecular weight). The four rep proteins are
required for AAVassembly and packaging of the genome into newly
synthesized capsids [31]. The cap gene encodes three capsid pro-
teins (Vp1, Vp2, and Vp3) [32]. The AAV capsid is a collection of
60 subunits with a ratio of Vp1:Vp2:Vp3 = 1:1:10 [32]. In the
wild, differences in the amino acid sequences of Vp1-3 influence
capsid structure, in turn influencing receptor binding, enabling a
given capsid to recognize and transduce different cell types. Thus,
these subtle structural differences are how AAV serotypes are

3.1.1 Adeno-Associated

Virus (AAVs)
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defined [33]. AAV1-12 were all isolated or detected in different
primate species including humans, chimps, baboons, and macaques
(rhesus, cynomolgus, and nemestrina) [33].

A Brief Note on AAV Nomenclature
As a vector, AAV1-12 can be stripped of its wild-type genomic
payload and, to be functional, the only thing that is required is
the inverted terminal repeats (ITRs) on the ends of the new
genome. These ITR ends are necessary for packaging the new
genome into the, now recombinant, capsid, hence the frequently
reported letter “r” immediately in front of the AAV when describ-
ing a vector. Another point worth mentioning is that the dominant
choice ITR for packaging genomes into rAAVs is the AAV2 ITR.
The significance of this is that often in the literature a vector is
referred to as, for example, rAAV2/9-CAG-GFP. In this example,
“r” means that this is a recombinant capsid where the wild-type
genome has been stripped and replaced with a “CAG” promoter
and the gene encoding “GFP” (i.e., green fluorescent protein), the
“2” refers to the AAV2 ITR that has been used to flank the pack-
aged genome, and the “9” indicates that the genome has been
packaged in the AAV9 capsid. Given the frequency with which the
AAV2 ITR is used, one can assume that the AAV2 ITR is being used
to package a genome of interest, even if that is not reported in the
capsid name. Further, it is frequently assumed that the vector is
recombinant if one is delivering exogenous genes like an actuator/
indicator/anatomical marker, so the “r” is often not reported.
Thus, rAAV2/9-CAG-GFP and AAV9-CAG-GFP are functionally
considered equivalent. AAV serotype is a predictor of success along
several dimensions: transduction efficiency, viral spread from the
injection site, cell specificity of transduction in a given neuroana-
tomical structure, resiliency to immune responses, and pattern of
transgene expression.

In primate exogenous actuator research, AAV5 has been used
more commonly, but AAV1, AAV2, AAV6, AAV7, AAV9, and
AAV5/9, for example, have all been used as well; for review please
refer to the following: [2–6]. Comparisons of AAV serotype trans-
duction following primate cortical injections have revealed
GFP-positive neurons from AAV9 over 10 mm from their injection
sites. AAV2 and 6 diffused, but not nearly as far, while AAV8
showed little spread from the injection site [34]. For the wild-
type AAVs, by comparing glial to neuronal transduction in histo-
logical sections, injections of different AAV serotypes into the
primate brain resulted in the following patterns of neuronal trans-
duction specificity: AAV1 > AAV5 > AAV7 > AAV9 > AAV8 >
AAV2 [35, 36]. Markakis et al. [37] showed that, of all tested AAV
capsids, AAV2 transduced more neurons than glia, suggesting that
capsid structure can provide some degree of cell-type specificity.
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3.1.2 Chimeric AAVs Newly engineered capsids with enhanced or desirable features are
increasingly becoming popular. These capsids are most often devel-
oped using either rational design or directed evolution (described
below). Fundamentally, the rational design of AAV capsids involves
grafting amino acid sequences with known functions from one AAV
into the sequences encoding another capsid [38]. This provides a
mechanism to harness known, desirable properties from multiple
AAV serotypes. For example, a 5 amino acid sequence from AAV1
grafted into AAV2 resulted in enhanced AAV2 receptor binding to
produce higher muscle fiber transduction and reduced immunoge-
nicity [39]. In another case, the amino acid sequences from AAV9
encoding the galactose-binding footprint engrafted into AAV2,
which has a heparan sulfate-binding footprint, resulted in a chime-
ric AAV2 that could bind to both receptors and thereby enhanced
the chimeric vector’s transduction capacity [40]. The alternative
approach is to use directed evolution which is a technique where
genes encoding the Cap genes from different AAV serotypes are
randomized using error-prone PCR. Through this process, numer-
ous unique, hybrid serotypes are generated which, when combined,
form a large library of hybrid AAVs. Capsids are injected, then
tissues are harvested, and sequenced to determine which capsids
are present in the target tissue/cell type. Through iterative testing,
capsids with the most desirable features are selected, while the rest
are discarded. Thus, directed evolution is a form of rapid AAV
Darwinian evolution [41–44].

Some Examples of Chimeric AAV Capsids
AAV2g9: The development of rAAV2g9 used rational design to
merge the galactose-binding footprint from rAAV9 with rAAV2,
which contains a heparan sulfate-binding locus. This merger allows
rAAV2g9 to reproduce the binding of both rAAV9 and rAAV2 for a
gain of function [40]. In rodents, rAAV2g9 features enhanced
transduction capacity, extended spread, retrograde transport, and
minimal leakage from the central nervous system to mitigate
off-target effects [40, 45]. Further, a recent report suggests that
two simple arginine amino acid point mutations, R585A and
R588A, in the capsid have a robust influence on rAAV2g9 propen-
sity to diffuse from the injection site and provide post-transduction
retrograde transport in rats [46]. There are no reported tests of this
capsid in the NHP optogenetic database. We tested it in one animal
and found that it successfully transduced both neurons and glia at
the injection site. We also found evidence for minor retrograde
transport in some neuronal populations known to project to the
injection site and no obvious differences between the rAAV2g9 and
rAAV2g9R585A, R588A serotypes in their propensity for diffusion
from their cortical injection sites (Bohlen, unpublished
observation).
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AAV-DJ AAV-DJ was an early capsid developed through AAV
capsid directed evolution. Its initial development was to escape
anti-AAV neutralizing antibody detection and to transduce
human liver cells in cell culture. Its sequence contains elements
from 8 capsid types with significant fragments from parent capsids
AAV2, 8, and 9 [47]. Despite an initial focus on transduction of
liver cells, AAV-DJ is efficient at transducing neurons too. For
example, in rodents AAV-DJ has been explored for its utility for
delivering transgenes to neurons of the ventral tegmental area
(VTA) [48], retina [49], striatum [50], spinal cord [51], olfactory
bulb [52], and taste cells [53]. According to the NHP optogenetic
database, AAV-DJ has only been reportedly tested twice in marmo-
sets [1]. However, there have been three recent reports that have
successfully used AAV-DJ to deliver exogenous genes to target
neuronal populations. Ninomiya et al. [54] successfully used AAV
DJ-TRE-EGFP-eTeNT in combination with AAV2 retro-CMV-
rtTAV16 to selectively block ventral premotor cortex neurons pro-
jecting to the medial prefrontal cortex. Watanabe et al. [55] infused
AAV-DJ-CAG-hChR2(H134R)-EYFP/tdTomato and successfully
drove opsin and fluorescent protein expression in neurons of the
forelimb region of primary motor cortex in macaque monkeys.
Finally, Hasegawa et al. [56] used AAV-DJ-CAG-hM4Di-EGFP-
WPRE to reduce activity in the subthalamic nucleus of macaques.

AAV-PHP.B AAV-PHP.B provides an important lesson in the risk
of over optimization using directed evolution. AAV-PHP.B is a
directly evolved variant from AAV9 that was selected for its high
CNS affinity following intravascular administration in a transgenic
Cre C57BL/6J mouse line [57, 58]. While extremely effective in
some mouse strains [58], the CNS tropisms of PHP.B capsid failed
to translate to another inbred strain of mice, BALB/cJ, marmoset,
and rhesus monkeys [58–61]. In a subsequent report, intrathecal
administration of PHP.B compared to a similar construct, PHP.eB
revealed that the intrathecal route improved transduction, and that
the PHP.eB capsid was more effective compared to PHP.B at
transducing neurons in the primate brain [62]. In another series
of experiments, Galvan et al. [63] showed that lateral cerebroven-
tricular injections of AAV9-PHP.B SYN1-EmGFPWPRE in NHPs
produced diffuse cortical and subcortical transduction along the
rostro-caudal extent of the neuroaxis.

AAV2-retro Recent work using directed evolution has resulted in
the development of rAAV2-retro, an evolved AAV variant with the
power to transduce and be retrogradely transported to the soma of
neurons with projections to the injection site [64]. The authors of
this chapter are putting forth a major effort to validate rAAV2-retro
in the primate visuomotor circuitry. In anticipation of behavioral
experiments using neuronal actuators, we have first sought to
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anatomically characterize this capsid for its ability to retrogradely
deliver exogenous genes to projecting neuronal populations. Thus
far we have characterized injections into the macaque frontal eye
fields and superior colliculus [65, 66]. First, this effort has shown
that rAAV2-retro does provide clear retrograde labeling. For exam-
ple, left superior colliculus injections resulted in retrogradely
labeled neurons in the deep cerebellar nuclei. Left frontal eye field
injections resulted in retrogradely labeled neurons in the contralat-
eral frontal eye field. However, several unexpected observations
have been made, which may limit the efficacy of rAAV2-retro to
specific circuits. Injections in the superior colliculus fail to retro-
gradely label nigrotectal projecting neurons, a known projection
based on conventional tracer experimentation [67]. Similarly, injec-
tions into the frontal eye field did not retrogradely label paralaminar
mediodorsal thalamocortical projecting neurons, a well-established
circuit in the visuomotor system [68, 69]. Further, and despite its
naming, rAAV2-retro also produced clear anterograde labeling. For
example, tectothalamic terminals are clearly observed in the para-
laminar mediodorsal thalamus after rAAV2-retro was injected into
the superior colliculus, and corticothalamic axon terminals were
observed in paralaminar mediodorsal thalamus after rAAV2-retro
was injected into the frontal eye field [65]. The terminal field
labeling is very likely to arise predominantly from neurons whose
soma is local to the injection site, as neuronal labeling can clearly be
observed surrounding the needle tracks and these listed structures
are known to receive inputs from the injected structures
[66]. Finally, and as discussed below, the promoter portion of the
genome can interact with the rAAV2-retro capsid to drive/suppress
transgene expression in select retrograde populations [66].

3.1.3 Use of AAVs in

Relation to NHP

Experimentation

At present, it can be argued that AAVs are the workhorse for
delivering transgenes to targeted neuronal populations in the pri-
mate model. This is likely a reflection of the commercial availability
of this class of viral vectors, their safety profile, how hardy AAV
capsids are to different insults (e.g., freeze-thaw cycles, pH
changes), and ease of use (most institutions now consider AAVs
to be a biosafety level one virus). According to the NHP optoge-
netic database, in ~84% (974/1163) of cases, investigators
reported the use of AAVs. Of those studies 48% (390/974) used
AAV5, followed by 22% (216/974 cases) that used AAV9. It is
important to highlight that the bias in capsid choice is, in part,
likely a reflection of the large neuroanatomical structures that are
being targeted—84% (976/1158 cases) are targeting the cortex. At
this point, it is also worth making note of two things: First, funda-
mentally, different capsids are going to be more or less effective
depending on the targeted cellular population based on their trop-
isms [70]. Second, there are newly engineered capsids that are



308 Martin Bohlen and Sébastien Tremblay

coming online all the time with improved features over parent,
wild-type capsids. AAV injection volumes range from 1–1000 μL
at rates ranging from 2.3–1200 nl/min [1], the volume has little
predictive power in determining a successful outcome. Again, these
descriptive statistics likely reflect the aforementioned availability
and ease of AAV use.

3.1.4 Lentiviral Vectors For greater details on lentiviral vectors, the reader is referred to
Chapters 1 and 2 of the current text. In terms of the adoption of
lentiviral vectors for use in NHPs, these vectors make up 11%
(130/1163 cases) of the remaining cases reported to the NHP
optogenetic database. As was the case with AAVs, according to
the NHP optogenetics database, there is a strong bias toward
injections placed in the cerebral cortex 72% (72/130 cases). Corti-
cal injection numbers are followed by injection in the thalamus 16%
(21/130), striatum 11% (11/130), and medial septum 1%
(1/130), there was no significant effect on successful outcomes
based on the targeted structure (F = 1.107, p = 0.349) [1]. Injec-
tion volumes ranged from 1–30 μL, volume has no predictive
impact on the experimental outcome. Of those that did report,
96% (103/107) report some sort of successful outcome, while 4%
(4/107) report unsuccessful experimental outcomes, and 5 cases
fail to report an outcome [1].

3.1.5 Herpes Simplex

Viral (HSV) Vectors

For greater details on HSV vectors, the reader is referred to
Chapter 3 of the current text. With regards to the adoption of
HSV in NHP experimentation, the HSV capsid makes up only 1%
(9/1163 cases) of the tested vectors. Despite this, this vector holds
promise and warrants further interrogation/optimization in the
primate model. HSV‐LT‐Ef1a has been successfully used in squirrel
monkey striatum [71] and, according to records from the NHP
optogenetic database, 44% (4/9 cases) were in macaque cortex
(V1, M1, and neocortex [72]), the remaining 56% (5/9 cases)
were toward motoneuronal transduction following intramuscular
injections. Of these cases, only one reported a successful outcome
in optogenetic experiments, one weakly successful, and the rest
(n = 7) either failed or outcome went unreported. Injected
volumes for the CNS ranged from 2–12 μL, while muscle injection
volumes ranged from 31–100 μL [1].

3.1.6 Rabies Viral

Vectors

For greater details on rabies viral vectors, the reader is referred to
Chapter 4 of the current text. Only 2% (22/1163) of NHP opto-
genetic database cases report on the use of rabies as a viral vector in
the primate community. The reported cases can be attributed to
three locations, V1, the lateral geniculate nucleus, and the subtha-
lamic nucleus. Total volumes injected range from 5–600 μL, with
successful transduction reported 62% (13/21 cases) of the time
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across the spectrum of injection sites, while only 14% (3/21)
showed no transduction or 24% (5/21 cases) went unreported [1].

3.1.7 Canine Adenovirus

Type 2 (CAV-2)

CAV-2 is a 90 nm nonenveloped icosahedral shell that contains a
32 kbp linear, double-stranded DNA genome with 198 bp ITRs
that are required for DNA polymerase-mediated replication
[73, 74]. It is particularly appealing as a vector for its high propen-
sity for retrograde transport. Prior work has shown that CAV-2
binds to the coxsackie and adenovirus receptor (CAR) [75–77],
once bound, the vector undergoes rapid clathrin-mediated endo-
cytosis before being retrogradely transported to the soma
[78]. Given both the genomic payload capacity and its propensity
for retrograde transport, it has been used to deliver exogenous
genes to the primate striatum in two publications [79, 80] and
NHP motoneurons following craniofacial intramuscular injections
[81]. According to the NHP optogenetic database, CAV-2 has
been tested predominantly in the cortex 51% (19/37 cases) and
intramuscular injections 49% (18/37 cases). Of these cases, 55%
(17/33) were successful by some metric, 45% (14/33 cases) failed
to show any success based on the reported metric, while 3 cases
have not been reported. It is worth noting that the high failure rate
is biased due to experiments involving intramuscular injections.
This is critical for two reasons: first, muscles are highly vascularized.
The process of making injections into a muscle causes a small
degree of sheering trauma which elicits normal immunological
responses to repair the damaged tissue, this also means easy immu-
nological detection of the infused viral vector. One way to poten-
tially evade immunological neutralization is to flood the injection
site with capsids to absorb the neutralizing antibodies, allowing
some capsids to escape immunological detection and neutraliza-
tion, known as capsid decoys [82]. The down side of increased
volumes is that the larger the payload, the more aggressive the
immunological response can become [1, 81]. Thus, there is a
balance between having enough virus to get successful transduction
and expression of a transgene of interest, while also minimizing
immunological detection.

3.2 Viral Promoters

and Enhancers

Half the challenge lies with getting the genomic cargo to the target
cell and into the nucleus, the viral vector and delivery method serve
in this capacity. Once the genome is present in the nucleus, the next
challenge is getting the transgenes expressed and the protein appro-
priately translated and functional. To achieve cell specificity, new
promoter technologies with vastly improved cell-type specific
expression are on the horizon. At present, transgene expression
requires a promoter and/or enhancer element to drive mRNA
expression of the exogenous gene. Both promoters and enhancers
regulate gene expression, and the line between the two is increas-
ingly being blurred. However, by definition, enhancers require a
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minimal promoter to be in close proximity to the transcriptional
site. The combination is able to strongly express a gene of interest
[83–87] and see Chapter 9. Finally, it is worth noting that there are
a great number of ubiquitous promoters, which are only briefly
discussed here.

Ca2+/Calmodulin-Dependent Protein Kinase II (CamKII)
CamKII is a 1290 bp [88, 89] neuronal promoter that limits
transgene expression primarily to excitatory neurons [4, 36, 90,
91]. According to the NHP optogenetic database, CamKII is the
most tested promoter, making up 37% (428/1163 cases) of tested
vectors reported in the database. The CamKII promoter has been
packaged in several AAV serotypes and lentivirus. Seventy-one
percent (813/1145 cases) report a successful outcome (i.e., behav-
ior, physiology, or histology), 11% (128/1145) report a weak
outcome, 5% (57/1145) reported a failed outcome, and the
remaining 13% were cases that did not report on outcome with
the CamKII promoter [1, 7].

Human Synapsin (hSyn) hSyn is an appealing promoter since it
constrains transgene expression to transduced neurons and pro-
vides stable long-term transgene expression [92]. The hSyn is
considered pan-neuronal [93, 94], but it is reportedly biased
toward stronger gene expression in excitatory neurons compared
to inhibitory ones [90, 93, 95]—though it should be worth noting
that there are potential capsid-promoter interactions that may be at
play [66]. Particularly, for AAVs, its compact size of 485 bp is
appealing since it provides more genomic room for genes encoding
actuators and indicators [93]. In the primate community, the hSyn
promoter is one of the most widely applied neuron-specific promo-
ters used both in the published literature and in the reports from
the NHP optogenetic database (~20% of reported cases). There are
striking similarities in hSyn when compared to CamKII; the hSyn
promoter has been packaged in several AAV serotypes and lentivi-
rus. 70% (760/1085 cases) report a successful outcome (i.e.,
behavior, physiology, or histology), 11% (124/1085) report a
weak outcome, 5% (55/1085) reported a failed outcome, and
remaining 14% were cases that did not report on outcome with
the hSyn promoter [1, 7].

Tyrosine hydroxylase (TH) Lerchner et al. [34] found that the
lentiviral delivery of a genome driven by the tyrosine hydroxylase
promoter was effective at targeting locus coeruleus noradrenergic
neurons. In a second important study, Stauffer et al. [96] drove the
expression of ChR2 in rhesus midbrain dopaminergic neurons
using a two-vector approach. The first was, AAV2/9-rTH-PI-
Cre-SV40 which was used to deliver Cre recombinase under a
300 bp 5’ fragment of the TH promoter. This constrained Cre
expression to dopaminergic neurons. The second vector was,
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AAV5-Ef1a-DIO-hChR2(H134R)-EYFP-WPRE-pA, which
served as the driver for Cre-recombinase-dependent ChR2 expres-
sion. This confines ChR2 expression to dopaminergic neurons that
have been dually transduced with both viruses and has a high
degree of cell-type specificity (>95% of labeled cells were dopami-
nergic) [96]. From the NHP optogenetic database, ~7% (84/1163
cases) reported the use of the TH promoter, most of the reported
cases packaged the TH promoter in AAV9 with a few reported to
have packaged the promoter in AAV5. All AAV9 cases in the
database reported some kind of successful outcome, while the
AAV5 failed to show any evidence of an effect (i.e., behavior,
physiology, or histology) [1, 7].

Dlx5/6 See Chapter 9. De et al. [97] used AAV9–mDlx5/6–
ChR2–mCherry to show that the enhancer element, Dlx5/6
could confine ChR2 expression to GABAergic neurons within the
visual cortices. The work showed that ChR2 activation of GABAer-
gic neurons resulted in modulation of spiking activity and that this
resulted in impaired visual sensitivity in an predictable way based on
the location in the primary visual cortex [3, 97–99]. From the NHP
optogenetic database ~0.95% (11/1163 cases) reported the use of
the Dlx enhancer, all the reported cases were packaged in AAV5,
and there were four reports of some sort of positive effect (i.e.,
behavior, physiology, or histology), the remaining cases were not
reported on for efficacy [1, 7].

Parvalbumin (PV) See Chapter 9. Parvalbumin is a calcium-
binding protein found in a subset of GABAergic neurons. To target
this subpopulation of neurons in primates, enhancer elements small
enough to be packaged in AAVs have been used with a high degree
of anatomically defined specificity at the core of the injection sites
[3, 100, 101]. From the NHP optogenetic database ~7%
(84/1163 cases) reported the use of the PV promoter [1]. A
second enhancer, E2 is also highly selective for PV neurons. The
Scn1a enhancer sequence limits transgene expression to GABAer-
gic inhibitory VIP and PV-expressing interneurons [100, 102,
103]. E2 is a portion of this enhancer sequence that is reported
to have >90% specificity for PV neurons across multiple species,
including primates [100].

Glial Fibrillary Acidic Protein (GFAP) Shinohara et al. [104]
took the entire GFAP promoter from marmosets and generated
progressively shorter variants by making progressively larger dele-
tions from the 5’ end. This shortening is required since the pack-
aging capacity of AAV’s is only ~4.7 kb [30] and lentivirus is ~10 kb
[105]. The result of this effort was the discovery of a 0.3 kb GFAP
promoter that maintained a high degree of astrocytic specificity
with only a 60% decline in promoter strength. This 0.3 kb promoter
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was concluded to be an ideal balance between the ability to drive
expression while minimizing the genomic burden [104, 106].

L7 In an important first study of its kind, the L7/Pcp2 promoter
was used to drive the expression of ChR2 exclusively in Purkinje
neurons of the cerebellum [83]. This study provided the first
evidence that promoters could limit actuator transgene expression
to a specific cell type within the primate brain.

ChAT In a first of its kind, CAV-2-hChAT-GFP was injected into
the extraocular muscles (muscles that rotate the eye). While not a
perfect answer was achieved due to technical constraints, there was
promising evidence that this ChAT promoter drove expression
within transduced motoneurons following intramuscular injections
in macaques [81]. This early work was followed up with a second
publication which showed that CAV-pChAT-GFP successfully
drove transgene expression in cholinergic striatal neurons
[80]. Both studies used the CAV-2 vector to deliver transgenes [1].

On the horizon is the development of new, cell-type specific
targeting elements that will allow for an unparalleled degree of
precision. At present, the cutting edge has been the development
of the enhancer elements that allow individual cell types and pat-
terns of gene expression to emerge within an organism containing a
singular genome [107, 108]. The enhancer-based cell-type specific
approaches are showing significant promise for providing unparal-
leled precision to target cell types in rodents and primates [97, 100,
109–111]. As is always the problem with new technologies, there
remains much to be understood [107, 112–115], but such limita-
tions provide ample opportunities for primate neuroscientists to
work closely with molecular neurobiologists to validate and refine
these elements for the primate model.

Importance of Promoter Choice
Promoter choice is a topic worth deep consideration concerning
the experimental goals and how might the promoter influence the
outcome. There is much to be learned about the role of the pro-
moter in driving transgene expression and the timelines one might
be able to expect for each respective promoter. An important
example is a promoter called cytomegalovirus (CMV), which has
frequently been used for CNS testing [116]. The CMV promoter is
considered ubiquitous and is supposed to provide constitutive
expression, however, if one is interested in transduction to cortical
pyramidal neurons, gene therapy work has shown that CMV-driven
expression is effectively suppressed by cortical pyramidal cells in
time [117, 118].
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It is worth noting that several other promoters are being used
by primate researchers, many of these are not neuronal specific, and
therefore likely rely on capsid transduction for cell-type and circuit
specificity. This is certainly one of the appeals of rAAV2-retro in the
sense that there is cell type specificity in that you are getting
projecting neurons and robust transgene expression with constitu-
tive promoters [64–66].

3.3 Interactions

Between Capsids,

Promoters, and

Reporters.

Recent observations have shown that the choice of promoter can
interact with the capsid to alter patterns of transduction in unex-
pected ways. For example, Powell et al. [119] found that AAV9
packaged with the constitutive promoter, chicken β-actin (CBA),
and delivered to the striatum of rats, drove transgene expression in
striatal neurons, however, a truncated version of the same promoter
(CBh), shifted expression to oligodendrocytes. When both viral
genomes were tested using AAV2, transgene expression was always
detected in striatal neurons. Next, using the CBA promoter in
AAV9, small changes to the amino acid sequence of the capsid
shifted expression from striatal neurons to oligodendrocytes,
while this modification of the CBh promoter shifted expression
from oligodendrocytes to neuronal expression [119]. A
promoter-capsid interaction was also observed when using
rAAV2-retro capsid in the primate model [66]. In this study, pat-
terns of retrogradely transduced neuronal populations depended
on whether rAAV2-retro was carrying the hybrid chicken beta actin
(CAG) or human synapsin (hSyn) promoters following injections
into either the frontal eye field or superior colliculus. For example,
injections of rAAV2-retro-hSyn successfully transduced and drove
transgene expression in cerebellotectal projecting neurons within
the deep cerebellar nuclei, while rAAV2-retro-CAG failed to drive
transduction and expression in this same population. These results
were made possible because the cell types were morphologically
distinguishable (striatal neurons versus oligodendrocytes) [119]
and anatomically present in nuclei with known projections to the
injected structures [66]. It is highly likely that this promoter-capsid
interaction is occurring at the injection site and has been over-
looked in studies in which intense reporter expression impairs
identification of individual cell types.

In another example, Galvan et al. [120] found that the anato-
mical marker interfered with the ability for transduced cells to
appropriately traffic a chemogenetic protein to the plasma mem-
brane in primates (see Chapter 15). When the authors tested AAV‐
hSyn‐hM4Di‐mCherry in monkeys, they discovered that the
hM4Di (chemogenetic actuator) protein failed to make it to the
plasma membrane. However, if the mCherry (fluorescent protein)
was replaced with the HA protein, using AAV‐hSyn‐HA‐hM4Di
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construct, transduced neurons were successfully able to traffic the
actuator protein to the plasma membrane in monkeys.

Both examples highlight the importance of histologically asses-
sing transduction and expression in the neuronal population of
interest. More importantly, these examples highlight the fact that
it cannot be assumed that changes in the genome (i.e., genomic
alterations ranging from single amino acid modifications through
large genomic alterations like trading one promotor for another)
will not impact patterns of transduction or transgene expression
and could very well play a critical role in discrepancies between labs.

3.4 Viral Reporters:

Actuators and

Indicators

The transgenes that are most commonly expressed in the brain for
neuroscientific research can be broken into two broad categories:
(1) neuronal actuators and (2) neuronal indicators. While these are
discussed independently, it is worth noting that a single vector can
deliver both, for example, co-expressing an opsin (i.e., neuronal
actuator) with a fluorescent protein (i.e., indicator).

Actuators Actuators are protein receptors that, in the presence of
an appropriate stimulus, undergo conformational changes that ulti-
mately allow for the flow of ions and/or induction of second
messenger pathways that then impact the physiological state of
the affected cell. The two main categories of neuronal actuators
used in neuroscientific research are optogenetic and chemogenetic
receptors. As a side note, opto- and chemo-genetic actuators are
the most popular that are being tested in primates. However, other
actuators are being developed, these include the likes of DART
(drugs acutely restricted by tethering) [121], luminopsin [122–
124], sonogenetic [125], and thermogenetic [126, 127] actuators.

Opsins Opsins are a groupof light-sensitive exogenous proteins that,
in the presence of the appropriate wavelength of light, undergo
confirmations that lead to an alteration in the neuron’s electrophysi-
ological state. Opsins have a high spatiotemporal resolution in that
the effect is very rapid, but are somewhat limited in the sense that
sufficient light must reach the receptors (requiring diffusion through
the tissue). At present, optogenetic manipulations are arguably the
most published among efforts to use genetic-based approaches in
primate animal models; for review see [3–5, 128].

Chemogenetics The second actuator group is chemogenetic recep-
tors, this is a class of receptors that lack any endogenous ligand, but
rather are sensitive to artificial ligands delivered experimentally.
Once the exogenous ligand is bound, this causes conformational
changes to the receptor that result in either a second messenger
cascade or direct ion gating, both resulting in a change in the
electrophysiological state of the targeted neuronal population.
Chemogenetic receptors have a lower temporal resolution, but
since the endogenous ligand can cross the blood-brain barrier, it
has a high spatial resolution [6, 129–131].
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Indicators Neuronal indicators also fall into two general cate-
gories; there are the functional biosensors and the anatomical
reporters.

Biosensors The most frequently used are Genetically Encoded Cal-
cium Indicators (GECI). GECIs are the synthetic proteins that are a
merger between a Green fluorescent protein, a calcium-binding
messenger protein—Calmodulin, and the calmodulin’s target pep-
tide sequence frommyosin light-chain kinase called M13 Protein—
that is, GCaMP. This synthetic protein complex combination gen-
erates a molecule that is very sensitive to calcium concentration and
releases green fluorescence in the presence of calcium and therefore
informs the experimenter of neuronal activity
[132, 133]. Seidemann et al. [134] and Ju et al. [135] successfully
expressed and monitored GCaMP-indicated neuronal activity in
the primary visual cortices of awake and behaving macaque
monkeys for months. Calcium imaging most certainly holds prom-
ise as a noninvasive means for monitoring neuronal activity in the
nonhuman primate, but the ability to maintain long-term expres-
sion seems to be a potential pitfall that will require some optimiza-
tion (e.g., codon optimization) with the current generation of
GCaMP proteins (Bohlen, unpublished observation). An alterna-
tive strategy for circumventing the cessation of GCaMP protein
expression, which seems to be effective, is to use utilize the
tetracycline-controlled transcriptional activation. This system
works by putting the inducible tetracycline promoter in front of
the GCaMP gene. In the presence of doxycycline, which can be
mixed with the animals’ food/water, the tetracycline promoter is
turned on, inducing the expression of the GCaMP gene [136]. This
arrangement allows for transient expression. The appealing realiza-
tion is that, if the neuron is able to suppress transgene expression,
one can give the neuron a break from expressing the transgene by
removing the doxycycline for a few weeks. Then, expression can be
reintroduced by again adding the doxorubicin to the animals’
diet [137].

Additional biosensors that are coming online include the ability
to monitor dopaminergic activity with dLight or GRAB-DA [138–
140] and the ability to detect and monitor cholinergic signaling
in vivo [141].

Anatomical Reporters The anatomical reporters include the diva-
lent metal transporter gene (DMT1) which provides cellular
enhancement on MRI scans, allowing one to assay and monitor
neuronal transduction and expression in vivo [142, 143]. Additional
anatomical reporters include fluorescent proteins. These are appeal-
ing because the experimenter can multiplex to determine what
kinds of cells are expressing the transgene that has been delivered
(e.g., Stauffer et al. [96]) determining >95% of labeled cells were
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dopaminergic using virally delivered EYFP under the control of
TH, compared to antibody bound TH using a red fluorophore).
Along that same line, a method known as, Brainbow, allows indi-
vidual neurons to take on unique fluorescent identities by randomly
expressing different ratios of fluorescent proteins [144, 145]. This
approach is fundamental toward disentangling the brain from a
connectomic angle [146]. A final category of reporters is not
directly detectable, but provides a handle for immunofluorescent
or immunohistochemical detection, for example, the hemaggluti-
nin (HA) tag. HA is an epitope derived from the human influenza
virus HA protein and can be used to tag proteins [6, 120], see
Chapter 15.

4 Verification of Gene Transfer Efficacy in NHP

The verification of successful gene delivery to target cells can be
investigated at multiple biological levels. One useful classification is
to consider separately the anatomical, physiological, and behavioral
levels, [1, 7]. The strictest level of verification, the behavioral level,
asks whether the transgene has the desired effect at the systemic
level, whether through modulation of cognitive or behavioral out-
put, or through assessment of other effectors downstream of the
foreign protein’s action. The behavioral effect is often the ultimate
goal of experiments in awake behaving NHP, and the most chal-
lenging one to achieve [147]. It stands to reason that if the behav-
ioral effect is significant that the transduction was also successful.
However, details about the safety and specificity of the transduction
are difficult to assess at the behavioral level. Thus, gene delivery’s
success can also be assessed at the physiological level. Physiology is a
broad category that includes direct assessment of the behavior of
cells (e.g., through electrophysiology) or indirect assessments, such
as through fMRI. In vivo electrophysiological confirmation of
modulatory effects is the most popular method to confirm the
successful expression of opsins in NHP [1]. In optogenetics, this
is usually achieved through an optrode that links an optic fiber with
a recording microelectrode and allows the isolation of spiking
activity during optical stimulation. This technique is powerful
because it leverages the extensive experience many NHP labs
already have with awake, single-neuron electrophysiology. The
same method can be used with chemogenetic approaches following
systemic administration of the inducer. This technique offers a
direct assessment of neurophysiological effects of stimulation but
offers minimal information about the spatial extent of the transduc-
tion since neurons are sampled one at a time or in small clusters.
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Techniques such as calcium imaging have recently been adopted in
some NHP species, mostly in macaques and the smaller marmoset
monkey [134, 148]. In combination with 1- or 2-photon excita-
tion of opsins with light, it is possible to observe the effect of the
modulation on a large neural population simultaneously in an “all-
optical” approach [135]. Although this technique is a very power-
ful way to reveal the spatial configuration of the controlled popula-
tion, it is limited to surface imaging of the cortex. Another
technique permits imaging of the transduced neurons across the
entire brain. Opto-fMRI is a combination of optogenetics and
functional imaging using BOLD signals [149]. In this preparation,
the NHP is sitting still in the scanner (usually awake and under head
restraint) while the light is delivered to the neural population
through a recording chamber or window. Using BOLD imaging,
one can indirectly assess the modulation effect on large neural
populations that span the direct stimulation site and as well as any
other brain area. This has been useful to map the indirect effects of
optogenetic stimulation on anatomically connected areas, for
example [150].

The gold standard to assess transduction efficacy in NHP is the
anatomical level (see Chapter 15). Using techniques such as immu-
nohistochemistry, immunofluorescence and RNAscope, investiga-
tors can precisely image the presence of the protein/RNA across
and within cells, and characterize many other parameters of these
cells, such as their cellular type [120]. The ultrastructural localiza-
tion of the protein can be visualized, and signs of pathology, such as
somatic aggregation, can be detected. Markers of cells’ health can
be used to assess mechanical damage to the tissue and toxicity from
the injection and the transgene expression. Investigators have used
stains such as GFAP, NeuN, Iba1, H&E, Nissl, and MHC-II to
image various cellular markers of toxicity, such as gliosis, cell deaths,
and microglia reactivity (Fig. 9) [16, 72]. The proportion of cells
expressing the transgene can be quantified using histological tools
and image analysis software, providing an important piece of infor-
mation with direct behavioral relevance [2]. For most NHP labora-
tories, however, it is not feasible to sacrifice several animals for
histological examination and optimization of viral expression para-
meters before beginning a study. Laboratory monkeys are hard to
obtain and expensive, and years are invested in their behavioral
training. In addition, histological workflows designed for mice
histology need to be adapted to the peculiarity of the NHP brain
(Fig. 10). However, this does not eliminate the crucial importance
of histological examination to confirm the accuracy of expression
patterns of transgenes and interpret behavioral effects. There are
many experimental pitfalls associated with viral transduction and
expression of the transgene, which can only be identified and
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Fig. 9 Neural toxicity following AAV injection in the NHP premotor cortex.
Compared to normal cortex, injected cortex exhibits significant neuronal loss
(reduced NeuN labeling), perivascular cuffing (seen with DAPI)

Fig. 10 Size of one macaque brain hemisphere in relation to a 1 × 2in cassette
typically used for histological (paraffin-embedded) processing of the mouse
brain. Only a small fraction of one hemisphere can be visualized using this
histological equipment. The scale on the left is in centimeter

addressed with histological examination to identify the injection
site location and the cell types that have been transduced. Open
data resources, such as the NHP Optogenetics Open Database,
allow investigators to learn from the experience of others and select
the best parameters before the beginning of the study, potentially
saving significant piloting efforts. We hope such resources will be
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expanded to include other techniques beyond optogenetics, such as
chemogenetic and calcium imaging, and the right incentive struc-
ture is put in place so these open resources keep growing over the
years.

5 Summary

Though the fields of primate neuronal actuators and indicators are
still within their technical infancy, there is much to be excited about
and much to be hopeful for as protocols and reagents are refined
and optimized for the primate model. As the technology matures
and proof of efficacy studies get published, we foresee a rapid
adoption of these revolutionary approaches in primate labs akin to
the adoption of the tungsten electrode. Importantly, there is also
clear clinical relevance not only in the ability to use actuators to
model neurological disorders, but also to treat such disorders clini-
cally. Finally, adopting such techniques in the primate model has its
challenges in the sense that it is not feasible to test/optimize
constructs across several animals, as is often afforded to rodent
laboratories. There are, however, ways to circumvent this to some
degree. First, it is worth acknowledging that as a community our
greatest asset is one another. We posit that the best approach
toward adopting viral approaches in a primate lab is to first discuss
the experimental goals with other groups conducting such work in
NHPs. This is arguably one of the more important outcomes of the
NHP optogenetic database. The second, and final point we would
like the reader to depart with, if a reagent (i.e., vector/genome) has
not been validated in a primate, or the specific neuroanatomical
target of interest, there is a fundamental value in performing histo-
logical confirmation in one animal prior to performing physiologi-
cal or behavioral work. This comes at the expense of some time and
resources, but can be highly valuable in preventing a major loss of
time-spent training an animal where the tested constructs never
would have worked in the targeted neuronal population of interest.
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