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Abstract—Auditory brainstem networks facilitate sound

source localization through binaural integration. A key com-

ponent of this circuitry is the projection from the ventral

cochlear nucleus (VCN) to the medial nucleus of the trape-

zoid body (MNTB), a relay nucleus that provides inhibition

to the superior olivary complex. This strictly contralateral

projection terminates in the large calyx of Held synapse.

The formation of this pathway requires spatiotemporal coor-

dination of cues that promote cell maturation, axon growth,

and synaptogenesis. Here we have examined the emergence

of distinct classes of glial cells, which are known to function

in development and in response to injury. Immunofluores-

cence for several astrocyte markers revealed unique expres-

sion patterns. Aldehyde dehydrogenase 1 family member L1

(ALDH1L1) was expressed earliest in both nuclei, followed

by S100ß, during the first postnatal week. Glial fibrillary

acidic protein (GFAP) expression was seen in the second

postnatal week. GFAP-positive cell bodies remained outside

the boundaries of VCN and MNTB, with a limited number of

labeled fibers penetrating into the margins of the nuclei. Oli-

godendrocyte transcription factor 2 (OLIG2) expression

revealed the presence of oligodendrocytes in VCN and

MNTB from birth until after hearing onset. In addition, ion-

ized calcium binding adaptor molecule 1 (IBA1)-positive

microglia were observed after the first postnatal week. Fol-

lowing hearing onset, all glial populations were found in

MNTB. We then determined the distribution of glial cells fol-

lowing early (P2) unilateral cochlear removal, which results

in formation of ectopic projections from the intact VCN to

ipsilateral MNTB. We found that following perturbation,

astrocytic markers showed expression near the ectopic ipsi-

lateral calyx. Taken together, the developmental expression

patterns are consistent with a role for glial cells in the mat-

uration of the calyx of Held and suggest that these cells may

have a similar role in maturation of lesion-induced
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INTRODUCTION

Precise neural circuits in the auditory brainstem compute

binaural timing and intensity disparities that are used to

localize sound sources. In mammals, auditory

information is carried by the VIIIth cranial nerve into the

central nervous system (CNS), where branches of VIIIth

nerve fibers terminate onto targets in the ventral

cochlear nucleus (VCN). VCN globular bushy cells

project to the contralateral medial nucleus of the

trapezoid body (MNTB) where their large reticulated

terminations, the calyces of Held, synapse onto principal

neurons (Kuwabara and Zook, 1991; Kuwabara et al.,

1991; Kandler and Friauf, 1993; Kil et al., 1995). MNTB

neurons in turn provide glycinergic inhibition to the medial

superior olive (MSO) and the lateral superior olive (LSO),

which integrate excitation and inhibition to compute inter-

aural time differences and interaural level differences,

respectively.

This unique projection matures over a protracted

period of development (Nakamura and Cramer, 2011).

Axons reach contralateral MNTB and form immature con-

nections by embryonic day (E) 17 (Borst and Soria van

Hoeve, 2012). At postnatal day (P) 0, rudimentary calyces

are seen with several inputs on each MNTB neuron. As

the terminations expand, the number of VCN inputs is

reduced until a single input encapsulates each MNTB

neuron by P4 (Hoffpauir et al., 2006; Holcomb et al.,

2013). Synapse formation and pruning have been shown

to involve several forms of cell–cell communication. Nota-

bly, glial-secreted factors play a role in synaptic matura-

tion (Mauch et al., 2001; Christopherson et al., 2005;

Hughes et al., 2010; Kucukdereli et al., 2011; Allen

et al., 2012; Korn et al., 2012). In addition, several types

of glial cells have been shown to be important for synaptic

refinement both in development and in response to injury

(Chung and Barres, 2012; Karimi-Abdolrezaee and

Billakanti, 2012; Schafer et al., 2012; Wake et al., 2013).

While the contribution of glial cells to the maturation of

the central auditory circuitry is not known, recent studies

have reported that astrocytes contact both the pre- and
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postsynaptic membranes of the calyx of Held (Elezgarai

et al., 2001). These astrocytes elicit slow inward currents

in the postsynaptic MNTB neuron via gliotransmission in

the mature animal (Reyes-Haro et al., 2010). The close

apposition of astrocytes to the calyx suggests a potential

role for astrocytes in the development and function of this

pathway.

To explore the role(s) of glial cells in the maturation of

auditory circuits, we characterized the spatiotemporal

emergence of glial subtypes in the VCN and MNTB. We

used several markers to identify multiple astrocyte-

specific proteins, including the intermediate filament glial

fibrillary acidic protein (GFAP), the calcium binding

protein S100b, and aldehyde dehydrogenase 1 family

member L1 (ALDH1L1) (Cahoy et al., 2008). Oligoden-

drocytes were identified by expression of oligodendrocyte

transcription factor 2 (OLIG2). The emergence of microg-

lia was assessed by expression of the ionized calcium

binding adaptor molecule 1 (IBA1).

Additional clues to mechanisms of neural circuit

formation may be obtained from experimentally induced

reorganization of synapses. Following early postnatal

unilateral cochlear removal, the cochlear nucleus on the

deafferented side undergoes substantial cell death

(Trune, 1982; Hashisaki and Rubel, 1989; Mostafapour

et al., 2000). Axons from the intact VCN subsequently

branch and contact the ipsilateral, denervated MNTB, in

addition to their normal contralateral target (Moore and

Kowalchuk, 1988; Kitzes et al., 1995; Hsieh and

Cramer, 2006; Hsieh et al., 2007). Here we examined

the expression of glial markers in denervated and intact

MNTB after cochlear removal.

During normal development we found a diversity of

patterns for development of glial cell types in VCN and

MNTB from birth to the time of hearing onset. We found

that expression of astrocyte and oligodendrocyte

markers following cochlear removal was similar to the

distribution of these glial markers during normal

development. In addition, glial cells and their processes

were seen in close proximity to the emerging ipsilateral

calyx; as in normal development, these populations

were primarily astrocytes. Together with our

developmental expression data, we posit that glial cells

may be important for the development and early

plasticity of the mammalian auditory circuit, and that

different glial cell types may serve distinct functions in

this pathway.
EXPERIMENTAL PROCEDURES

Animals

Wild-type mice on CD-1 background were used for these

studies. Expression studies included animals at several

developmental ages, including postnatal day (P)0

(n= 6); P6 (n= 9); P14 (n= 10); and P23 (n= 7).

Cochlear removal (CR) or sham operation was

performed at P2 and animals survived until P4 (n= 9

for CR and n= 9 for sham) or P9 (17 CR and 11

sham). All procedures were approved by the University

of California, Irvine Institutional Animal Care and Use

Committee.
Immunohistochemistry

Pups were euthanized with isoflurane and perfused with

0.9% saline in phosphate-buffered saline (PBS) followed

by 4% paraformaldehyde (PFA). Brainstems were fixed

for 2 h in PFA and cryoprotected in 30% sucrose in PBS

overnight at 4 �C. Tissue was sectioned coronally on a

cryostat (Leica Microsystems, Buffalo Grove, IL, USA) at

18–20 lm thickness onto chrome-alum-coated slides.

Sections were outlined in PAP pen (Binding Site, San

Diego, CA, USA) to provide a hydrophobic layer and

heated on a slide warmer at 37 �C for 30 min. Slides

were rinsed in PBS and blocked with 4% bovine serum

albumin (BSA) in 0.1% Triton-X100 in PBS for 1 h at

room temperature. Slides were incubated in primary

antibodies diluted in blocking solution overnight at room

temperature in a humid chamber. The following day,

slides were rinsed with PBS and incubated with goat

anti-rabbit, goat anti-mouse, or donkey anti-chicken

secondary antibody (1:300, Alexa Fluor, Invitrogen,

Carlsbad, CA, USA) at room temperature for 1 h. Slides

were then rinsed with PBS and cover slipped with

Prolong Gold Anti-Fade mounting medium with 40,6-

diamidino-2-phenylindole (DAPI) to label cell nuclei

(Invitrogen).
Antibodies

For immunofluorescence we used primary antibodies to

identify five different glial markers for astrocytes,

oligodendrocytes and microglia. For astrocytes, we used

three antibodies: S100b, GFAP, and ALDH1L1. Rabbit

S100b (1:500, Abcam, Cambridge, MA, USA) is a

monoclonal antibody generated from a synthetic peptide

corresponding to C-terminus human S100b. S100b is an

11-kDa calcium binding protein found in mature CNS

astrocytes. Anti-GFAP chicken polyclonal antibody

(1:1000, Abcam) was generated against the full length

native bovine protein (50 kDa). GFAP antibody was

purified from a Triton-X100 extract of myelin-associated

material, and purified by centrifugation and ion

exchange chromatography. The GFAP antibody stains

for both reactive and resting state astrocytes. Anti-

ALDH1L1 rabbit polyclonal antibody (1:500, Abcam),

was generated from a synthetic peptide conjugated to

KLH derived from a peptide sequence within amino acid

residues 300–400 of mouse ALDH1L1. Anti-OLIG2 was

used as an oligodendrocyte-specific marker (1:500,

Millipore, Temecula, CA, USA). The polyclonal rabbit

antibody was generated against the recombinant mouse

OLIG2. Microglia-specific populations were stained

using rabbit anti-IBA1 polyclonal antibody (1:1000,

Wako). The antibody was generated from a synthetic

peptide (PTGPPAKKAISELP) corresponding to the

C-terminus fraction of the protein and purified by antigen

affinity chromatography from rabbit antisera.
Cochlear removal

CR was performed at P2 using previously published

methods (Hsieh and Cramer, 2006; Hsieh et al., 2007;

Nakamura and Cramer, 2011). Animals were
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anesthetized with hypothermia and a small incision was

made ventral to the pinna to expose the tympanic mem-

brane. A sterile glass pipette was used to aspirate out

the cochlea. In sham-operated animals, all procedures

were performed except the aspiration. Surgery was per-

formed under a stereomicroscope with heat-sterilized

instruments (Germinator 500, Cell Point Scientific, Gai-

thersburg, Maryland, USA). After surgery, pups were

returned to their mother and allowed to recover two or

seven days before perfusion. Flunixin, a local analgesic,

was administered at 2.5 mg/kg for two days, beginning

with the day of surgery. Pups were used for both neuro-

anatomical labeling of VCN–MNTB projections and

expression of glial markers following lesion. The efficiency

of CR was evaluated by a decrease in size of deafferent-

ed VCN together with neuronal tracing to visualize ipsilat-

eral VCN–MNTB projections.
Neuroanatomical labeling

Axonal projections from VCN to MNTB were visualized

using rhodamine dextran amine (RDA, MW: 3000,

Invitrogen) dye injections. The injection solution included

6.35% RDA with 0.4% Triton-X100 in PBS. Brainstems

were isolated and submerged in artificial cerebrospinal

fluid (aCSF; 130 mM NaCl, 3 mM KCl, 1.2 mM KH2PO4,

20 mM NaHCO3, 3 mM HEPES, 10 mM glucose, 2 mM

CaCl2, 1.3 mM MgSO4 perfused with 95% O2 and 5%

CO2). A pulled glass micropipette was filled with RDA

and pulses of RDA were injected medial to the cochlear

nucleus using a Picospritzer at 25 ms. The region

surrounding the injection site was electroporated at a

rate of five pulses per second (pps) at 40 volts (V) for

50 milliseconds (ms). The tissue was immersed in aCSF

for 2 h under continuous oxygenation to allow labeling of

axonal projections, and then prepared for histological

staining by fixation for two hours in PFA, rinsing, and

incubation in 30% sucrose overnight.
Imaging

All images of glial cell types in VCN and MNTB were

examined and analyzed using the Zeiss Axioskop

microscope, Axiocam camera, and Axiovision software.

High resolution images of calyces during development

and after CR were acquired by a LSM 5 Pascal confocal

microscope with a 63� oil objective. Images were

imported into Adobe Photoshop to adjust brightness and

contrast of the image collectively, and subsequently

uploaded into Adobe Illustrator for further editing. We

used DAPI nuclear labeling to assist in the identification

of the cochlear nucleus and its subdivisions and MNTB.
Image analysis

Relative levels of expression of glial markers on the two

sides of the brain were analyzed using either optical

density measurements or cell counts. All analyses were

performed blinded to the treatment group. MNTB was

outlined using Zeiss Axioskop imaging software and

optical density measurements were taken with average

optical density subtracted by background intensity. For
all animals, at least three sections per side were

analyzed and values were averaged. To assess effects

of unilateral CR, we obtained measurements from the

MNTB contralateral to the lesion (the denervated

MNTB) and from the MNTB ipsilateral to the lesion (the

innervated MNTB). A ratio of these measurements, the

denervated MNTB to innervated MNTB ratio (D/I ratio),

was compared between CR animals and sham-operated

controls. For IBA1, microglial cell density was

determined by counting the number of immunopositive

cells within MNTB and a D/I ratio similar to optical

density measurements was used for comparisons. We

quantified GFAP-positive processes using confocal

images analyzed using a filament tracing program on

the Imaris Software. Statistical comparisons were made

with a nonparametric one-way ANOVA. Values reported

in text are denoted as mean ± standard error of the

mean (SEM).

To determine the extent to which glial cells surround

or appose developing calyceal terminations, we

analyzed images of RDA-labeled projections in CR

animals. All of the labeled ipsilateral calyces were

evaluated for immunofluorescent label in proximity to

the calyx. We expressed a percentage of these calyces

that had glial marker expression nearby. In each section

examined, we also selected at least five labeled calyces

on the normal, contralateral side using the red channel

alone, then ascertained the percent of these calyces

with apposing glial marker expression.
RESULTS

Expression of glial markers during the first postnatal
week

As early as P0, glial markers were evident within the VCN,

with notable variability in the expression of astrocyte

proteins. GFAP at this age was sparse, limited to the

ventral portion and in the central projection of the

auditory nerve (Fig. 1A). ALDH1L1 (Fig. 1B) levels were

abundant in the VCN, with less expression in the dorsal

cochlear nucleus (DCN). S100ß displayed a pattern

similar to that seen with GFAP (Fig. 1C).

The oligodendrocyte marker OLIG2 was expressed in

the ventral portion of VCN and in the auditory nerve

(Fig. 1D). IBA1 immunofluorescence revealed sparsely

distributed microglial cells in the VCN (Fig. 1E). These

microglia were ameboid in shape and exhibited few short

processes consistent with active microglia (Fig. 1E0).

All astrocyte markers were expressed in the mouse

auditory brainstem except GFAP, which was sparsely

distributed along the ventral border of the brainstem, but

was not found in MNTB (Fig. 2A). S100b was

expressed in MNTB fibers to a limited extent, and did

not share the ventral expression patterns seen with the

other astrocyte markers (Fig. 2B). ALDH1L1 was

distributed throughout the auditory level of the brainstem

with strong expression at the ventral border with many

fibrous processes labeled within MNTB (Fig. 2C, C0).

The oligodendrocyte marker OLIG2 was sparsely along

the ventral aspect of the brainstem with few cells inside

MNTB (Fig. 2D). Staining for the microglial marker IBA1



Fig. 1. Expression of glial markers in VCN at P0. (A) At P0, GFAP showed minimal expression in VCN but was evident in the adjacent central

projection from the auditory nerve. (B) ALDH1L1 is expressed throughout VCN with less expression in DCN. (C) Similar to GFAP, S100b was

expressed in the auditory nerve but excluded from VCN. (D) OLIG2 expression revealed limited cells along the ventral aspect of VCN and in the

auditory nerve. (E and E0) IBA1 was expressed in a small number of cells in VCN that were mostly ameboid in shape with few processes (panel E0

another representative section). Scale bar in E = 100 lm, applies to Panels A–E. Scale bar in E0 = 50 lm.
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showed characteristic microglial morphology with thin

radial processes in a sparse distribution spread

throughout the auditory level of the brainstem. While

labeling in MNTB was minimal, the brainstem border

ventral to MNTB showed high levels of expression of

IBA1 (Fig. 2F).

By the end of the first postnatal week (P6), GFAP

expression remained evident in the auditory nerve and

low in VCN (Fig. 3A). ALDH1L1 and S100b showed

similar expression patterns with fibrous processes in

VCN. ALDH1L1 showed more limited expression in the

auditory nerve compared to the other astrocyte markers
(Fig. 3B, C). Compared to P0, there were many S100b-
positive cells found surrounding globular bushy cells

(Fig. 3C0). OLIG2-positive cells were observed in VCN,

but few IBA1-positive cells were seen at this age

(Fig. 3D, E). In comparison to P0, microglia at P6 had

many complex processes with several radiating

processes.

GFAP-positive fibers were present in the brainstem at

P6, with significantly more processes within MNTB than at

P0 (p= 0.03, Fig. 4A). ALDH1L1 and S100b-positive
astrocytes were found throughout the MNTB nucleus

(Fig. 4B, C), in contrast to the limited expression of



Fig. 2. Expression of glial markers in MNTB at P0. (A) GFAP expression was limited to the ventral portion of the brainstem outside MNTB.

(B) S100b expression was minimal and limited to the dorsal region of MNTB. (C) ALDH1L1 was expressed by fibers surrounding MNTB principal

neurons, and more generally throughout the brainstem. ALDH1L1 cells had several processes (C0). (D) OLIG2-positive cells were seen along the

ventral brainstem. (E) IBA1-positive cells were found in brainstem, but not found in MNTB. Scale bar in E = 100 lm, applies to all panels except

panel C0 (Scale bar = 50 lm).
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GFAP. OLIG2 and IBA1 expression patterns showed

more cells inside MNTB than at P0 (Fig. 4D, E). At this

age, microglia had smaller cell bodies with more

intricate processes (Fig. 4E0).
Expression of glial markers during the second and
third postnatal weeks

We examined expression patterns of glial markers at P14,

after hearing onset. By P14, all glial markers were

expressed in VCN (Fig. 5). There was a significant

increase in GFAP-positive fibers in VCN compared to

P0 (p< 0.05), but in contrast to earlier ages, GFAP

labeling was not observed in central auditory nerve

fibers (Fig. 5A). S100b and ALDH1L1 continued to show

expression in VCN, with diminished expression in the

auditory nerve (Fig. 5C, D). Olig2 expression appeared

throughout VCN (Fig. 5E). At this age VCN showed

substantial expression of IBA1 (Fig. 5F).

Similar to VCN, MNTB showed an increase in the

density of GFAP-positive fibers at P14 compared to P0

(p< 0.001, Fig. 6A, B). The expression patterns of

S100b and ALDH1L1 in MNTB were similar to those

observed at earlier ages (Fig. 6C, D). OLIG2 cells were

found inside MNTB (Fig. 6E). At P14 numerous IBA1-
positive fibers present within MNTB (Fig. 6F). Microglial

processes at P14 were the most complex of all the ages

analyzed, exhibiting many intricate, complex processes

(Fig. 6F inset).

We next examined expression of glial markers in the

auditory brainstem of animals at P23, when the auditory

brainstem pathways are mature. GFAP expression was

upregulated at this age compared to prior time points

with several cell processes within VCN (Fig. 7A–A0).

The expression of ALDH1L1 and S100b within VCN

appeared to decrease by P23 (Fig. 7B, C). OLIG2-

positive cells remained prominent throughout VCN

(Fig. 7E). IBA1 expression was sparsely distributed at

P23 (Fig. 7F).

GFAP-positive fibers remain numerous in MNTB,

albeit expression levels were decreased compared to

P14 (p= 0.02, Fig. 8A). S100b showed an expression

profile similar to earlier time points (Fig. 8B). ALDH1L1

expression was high in MNTB and showed dense

labeling around principal neurons rather than the fibrous

labeling seen at earlier ages (Fig. 8C–C0). OLIG2

expression showed cells predominantly located along

the ventral portion of MNTB (Fig. 8D). IBA1 expression

remained in MNTB, although it appeared reduced

relative to that seen at P14. IBA1-positive cells at P23



Fig. 3. Expression of glial markers in VCN at P6. (A) Similar to P0, GFAP expression is limited to the auditory nerve. (B–C) ALDH1L1 and S100b
have similar expression patterns in VCN, including the presence of immunopositive fibrous processes. S100b-positive cells are seen in auditory

nerve and in VCN encapsulating the globular bushy cells (C0). (D) OLIG2-positive cells were seen throughout VCN. (E) Few IBA1-positive cells

could be observed throughout the VCN. Scale bar in F = 100 lm, applies to all panels except C0 (Scale bar = 50 lm).
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were also smaller in size compared to the ameboid cells

observed at P0 (Fig. 8E).
Glial subtypes apposed to the developing calyx

To investigate the extent to which glial cells associate with

the developing calyx of Held, we traced VCN–MNTB

projections with RDA unilaterally and stained for glial

markers (Fig. 9). At P6, the calyx is maturing and

elaborating its morphological structure, while additional

inputs to MNTB neurons are being eliminated (Holcomb

et al., 2013). Both ALDH1L1 and S100b-positive
astrocytes were found within the MNTB region in between
principal neurons, often adjacent to labeled calyces

(Fig. 9A, B). No GFAP processes were found adjacent

to developing synapses, consistent with the paucity of

GFAP-positive fibers at this age (Fig. 9C). Microglia were

distributed sparsely across MNTB, often nearby develop-

ing calyces (Fig. 9D). In relation to the calyx, some

OLIG2-positive cells were located near the principal neu-

ron, occasionally overlapping with the developing calyx

(Fig. 9E).

We next examined the association between glial cells

in MNTB and the relatively mature calyx after hearing

onset at P14 (Fig. 9). ALDH1L1-positive astrocytes were

closely aligned along the contours of MNTB principal



Fig. 4. Expression of glial markers in MNTB at P6. (A) While all other astrocytic markers were present throughout brainstem, GFAP expression was

limited to fibers in the ventral region of brainstem with more processes in MNTB than at younger age (GFAP at P6 was 595.54 ± 70.14 was

significantly higher than GFAP at P0 (143.12 ± 68.79, p= 0.03). (B–C) Expression of ALDH1L1 and S100b revealed processes throughout MNTB.

(D) OLIG2 immunofluorescence was seen in spherical cells within MNTB. (E) IBA1-positive cells were found throughout the brainstem, particularly

at the ventral margin. IBA1-positive cells in MNTB mostly had small cell bodies with elongated processes (E0). Scale bar in F = 100 lm, applies to

panels A–E. Scale bar in E0 = 50 lm.
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neurons, often situated in apposition to the calyx (Fig. 9F),

filling in spaces not occupied by the terminal. S100b-
positive astrocytes showed an even distribution across

MNTB, and were interleaved on the postsynaptic cell

not taken up by the calyx (Fig. 9G). At this age, GFAP-

positive astrocytes were found in MNTB, with astrocytic

processes present near calyces (Fig. 9H). Microglia

were distributed throughout MNTB at this age, with

occasional fibers in the vicinity of calyceal endings

(Fig. 9I). Oligodendrocyte staining revealed a similar

expression pattern to younger ages, with OLIG2-positive

cells near the MNTB neurons (Fig. 9J).
Expression of glial proteins in MNTB following
unilateral cochlear lesion

The dynamic expression patterns of astrocyte and

microglial cell populations during formation of auditory

system connections prompted us to assess how these

populations respond during deafferentation-induced

formation of new connections. We performed unilateral

cochlear ablation to induce ipsilateral sprouting. Tissue

was collected at two time points after surgery, P4 and

P9, and we performed subsequent immunofluorescence

and dextran dye labeling to assess expression of glial
markers during the maturation of the newly formed calyx

(Fig. 10).

We observed ALDH1L1-positive astrocytes positioned

closely to the majority of normal, contralateral calyces

(95%) and lesion-induced ipsilateral calyces (94%;

Fig. 10A). Similarly, S100b-positive astrocytes

surrounded the new calyx with several processes

invading the postsynaptic space (Fig. 10B). S100b-
positive astrocytes were observed in proximity to 94% of

normal contralateral calyces and 96% of induced

ipsilateral calyces. In addition, GFAP-positive processes

coursed throughout the MNTB, with some processes

along the newly formed calyx (74%, Fig. 10C). In

contrast to the astrocyte labeling, microglial staining

showed minimal microglia near the ectopic calyx, in

which only half of the calyces had apposition of IBA1-

positive expression (Fig. 10D). Lastly, staining for

oligodendrocytes revealed a similar expression pattern

to normal development, in which OLIG2-positive staining

were minimally expressed around postsynaptic cells in

MNTB – in this case, less than half of the calyces

observed had oligodendrocyte apposition (Fig. 10E).

We quantitatively assessed the density of glial cells

using optical density for all markers except IBA1, for

which we used cell counts, and GFAP, for which we



Fig. 5. Expression of glial markers in VCN at P14. (A) At P14, an increase in GFAP-positive fibers was seen in VCN in comparison to earlier ages

(p= 0.05; the GFAP O.D. at P0 was 294.74 ± 3.41 while the GFAP O.D. at P14 was 1158.50 ± 165.08). (B–E) Astrocytic markers GLAST, S100b
and ALDH1L1 were all expressed in VCN. (E) Cellular OLIG3 expression was seen throughout VCN. (F) Several IBA1 expressing cells could be

identified within VCN. Scale bar in F = 100 lm, applies to all panels.
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measured total process length. For each of the

measures we computed a ratio, the D/I ratio, which

was compared to similar counts in unilaterally sham-

operated animals. Analysis revealed that after a two-

day survival period, these ratios were not significantly

different (ANOVA, p= 0.23, Fig. 11, panel A–E).

Similarly, D/I ratios did not differ between CR and

sham controls after seven days post-operative

(ANOVA, p= 0.13, Fig. 11, panel F–J).
DISCUSSION

We have characterized the developmental emergence of

distinct glial populations in the auditory brainstem,
focusing on the projection from VCN to MNTB in relation

to the developing calyx of Held. Additionally, we

performed similar studies on lesion-induced ipsilateral

projections. These studies provide clues to the function

of glial cells in auditory synaptogenesis, and suggest

that induced calyces share similar glial involvement with

normal contralateral calyces.
Glial distribution in brainstem postnatal development –
connection to developmental events

In this study we explored the developmental expression

pattern of several glial markers in the mouse auditory

brainstem during normal postnatal development and



Fig. 6. Expression of glial markers in MNTB at P14. (A and B) GFAP-positive fibers were observed penetrating MNTB from the ventral boundary

and was significantly increased compared to P0 (p= 0.001; GFAP at P14 was 821.08 ± 23.11 compared to GFAP at P0 (143.12 ± 68.79). (C–D)

Similar to younger ages, S100b and ALDH1L1 were expressed throughout the brainstem and inside MNTB, surrounding principal neurons. (E)

OLIG2 expression showed few cells in MNTB. (F) IBA1 expression had cell bodies penetrating MNTB with many cells possessing intricate

processes (inset). Scale bar in F = 100 lm, applies to all panels.
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following early unilateral CR. To explore the role of glial

cells in the establishment of auditory connections, we

examined the expression of glial markers during

maturation of the auditory pathway (Borst and Soria van

Hoeve, 2012). At P0, VCN axons in MNTB synapse onto

multiple postsynaptic targets through collateral branches

(Rodriguez-Contreras et al., 2008). We found distinct

temporal expression profiles of astrocytes, oligodendro-

cytes, and microglia. GFAP and S100b expression

appeared at low levels beginning at P0 along the ventral

border of the brainstem and VCN, with high expression

in the auditory nerve. Expression was robust for

ALDH1L1 in VCN and MNTB. Like GFAP-positive astro-

cytes, IBA1-positive microglia were present sparsely in

VCN, but not in MNTB. OLIG2 expression revealed mini-

mal labeling in VCN and MNTB, with many cells located in

the auditory nerve. At P6, an early protocalyx has formed

and collaterals are extensively pruned so that each MNTB

principal neuron receives a single calyceal input

(Rodriguez-Contreras et al., 2008). With the exception

of GFAP, all astrocytic markers screened were expressed

in VCN and MNTB at this age. Few IBA1-positive cells

were seen in VCN and MNTB at P6. OLIG2-positive cells

were distributed throughout VCN and in MNTB.
We examined glial marker expression at P14, after the

period of hearing onset (Mikaelian et al., 1965; Sonntag

et al., 2011). Synaptic function and structure change at

this stage as the calyx of Held matures. The calyx under-

goes a transformation from spoon-shaped to having many

finger-like processes; this fenestration is associated with

interdigitated astrocytes (Taschenberger et al., 2002;

Ford et al., 2009). At this age, we found GFAP-positive

fibrous processes that extended into both VCN and

MNTB, while the cell bodies of these cells remained out-

side these auditory nuclei. Other astrocytic markers dem-

onstrated similar staining to earlier ages. In addition, IBA1

staining revealed the presence of numerous microglia in

VCN and MNTB. In our survey GFAP-positive fibers had

highest expression in MNTB and VCN after hearing

onset. Compared to the younger ages, OLIG2 expression

appeared increased in VCN, but unchanged in MNTB. By

P23, there was a decrease in GFAP expression, and

ALDH1L1 staining appeared more punctate in MNTB.

The change in appearance of ALDH1L1 expression coin-

cides with the developmental age at which all the calyces

have undergone a period of fenestration (Ford et al.,

2009). In addition, the close apposition of ALDH1L1-posi-

tive astrocytes suggests that this particular astrocytic



Fig. 7. Expression of glial markers in VCN at P23. (A) At P23, an increase in GFAP-positive fibers observed inside VCN with several processes

(highlighted in A0 from a representative section). (B–C) Relatively low levels of expression were seen for S100b and ALDH1L1 surrounding VCN

neurons. (D) VCN was populated with OLIG2-positive cells, (E) IBA1-positive cells were considerably less numerous than at earlier ages. Scale bar

in E = 100 lm, applies to all panels except for A0, which has a Scale bar = 50 lm.
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population may be important for the facilitation of gluta-

mate uptake that is necessary for the calyx to have high

fidelity synaptic transmission onto the principal neurons.
Oligodendrocytes expressed during brainstem
development

We used an antibody that recognizes OLIG2, a known

marker for embryonic, young, and mature

oligodendrocytes (Takebayashi et al., 2000, 2002), to

examine the developmental expression of oligodendro-
cytes. In all the ages we examined, oligodendrocytes

were present throughout the brainstem, with more cells

expressed at P14. Previously published studies using an

alternate oligodendrocyte marker, myelin basic protein,

have shown a similar expression pattern in rodent

brainstem, of peak expression prior to adulthood

(Delassalle et al., 1981; Foran and Peterson, 1992;

Richardson et al., 2006). These observations suggest

the presence of oligodendrocytes well in advance of mye-

lination, which occurs in this pathway in rats after P8

(Leao et al., 2005).



Fig. 8. Expression of glial markers in MNTB at P23. (A) At P23 there was significantly less GFAP-positive processes found in MNTB compared to at

P14 (p= 0.02; GFAP at P23 was 368.97 ± 37.02 and GFAP at P14 was 821.08 ± 23.11). (B) S100b had low level of expression in brainstem. In

contrast, many ALDH1L1-positive cells were surrounding individual MNTB principal neurons (C–C0). (D) OLIG2 expression was located ventral to

MNTB. (E) IBA1-positive microglia were observed in a sparse distribution throughout MNTB. Scale bar in E = 100 lm, applies to all panels except

panel C0 (Scale bar = 50 lm).
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Temporally and spatially distinct classes of
astrocytes

Our results suggest the presence of a heterogeneous

population of astrocytes. Classically there are

considered to be two astrocytic populations: fibrous and

protoplasmic astrocytes. While fibrous astrocytes have

more elongated processes and are largely located in

white matter; protoplasmic astrocytes are more globular

with fewer glial processes and are localized to gray

matter (Miller and Raff, 1984). In our studies, we found

that GFAP-expressing astrocytes appeared later in the

brainstem compared to non-GFAP astrocytic markers,

suggesting that distinct classes of astrocytes could have

differing functions in brainstem development. In our study,

GFAP-expressing astrocytes may represent the fibrous

astrocytic population, as these astrocytes fit the criteria

for having more elaborate processes and are found cours-

ing along the VCN axon tracts to MNTB. In contrast, the

morphology of ALDH1L1- and S100b-positive astrocytes

was more consistent with protoplasmic astrocytic popula-

tion; these cells are more rounded and while not found

within the fiber tracts, are localized predominantly to the

gray matter, surrounding the principal neurons. The early

astrocytes are positioned to play a role in synaptogenesis.
GFAP expression at later ages shows astrocytes in close

apposition to the calyx of Held as well as localized to the

VCN–MNTB fiber tracts, in parallel to studies done in the

mature rat brain and cat visual cortex (Ghandour et al.,

1980; Hajos and Kalman, 1989; Muller, 1992; Reyes-

Haro et al., 2010). The localization of these cells is consis-

tent with a possible role in regulating neurotransmission

and/or facilitation of glutamatergic clearance (Renden

et al., 2005; Reyes-Haro et al., 2010).

Delayed expression of GFAP-positive astrocytes and
IBA1-positive microglia in MNTB

The early expression of the astrocyte markers ALDH1L1

and S100b contrasts with expression of GFAP in MNTB,

which was not seen upregulated until after hearing

onset. Minimal IBA1 expression was seen inside MNTB

at P6. The appearance of GFAP-positive astrocytic

fibers and IBA1-positive microglia within the MNTB

occurs after formation of the calyx of Held, but during a

time of maturation of the calyx (Ford et al., 2009; Borst

and Soria van Hoeve, 2012). Our results are consistent

with similar findings in chick auditory brainstem develop-

ment, where GFAP-positive processes were observed

entering the n. laminaris (NL) cell body layer late in



Fig. 9. Expression of glial markers in relation to the calyx at P6 and P14. (A-E) Glial cell types near P6 calyx. (A, B) Cells positive for ALDH1L1 and

S100b were in close apposition to labeled calyces (calyces indicated with arrows). (C) Few GFAP-positive populations found within MNTB.

(D) IBA1-positive cells were found scattered across MNTB, often close to the labeled calyx. (E) Oligodendrocytes fully surround postsynaptic neurons.

(F–J) Glial cell types near P14 calyx. (F–G) All astrocytic markers found expressed close to developing calyx. ALDH1L1 and S100b-positive
astrocytes were in close proximity to calyx and appeared to align closely to the MNTB neuron. (H) Several GFAP processes extended into MNTB

and in some cases were seen in proximity to labeled calyces. (I) IBA1-positive cells were located near calyx and had larger cell bodies compared to

younger age. (J) OLIG2-positive staining looked similar to younger age, often near the MNTB neuron. Scale bar in J = 25 lm; applies to all panels.
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embryonic development (Korn and Cramer, 2008), at a

time after formation of excitatory inputs to the nucleus

(Saunders et al., 1973; Jackson and Parks, 1982;

Young and Rubel, 1986). The delayed expression of

GFAP in chick astrocytes coincides with dendritic reorga-

nization of NL neurons and inhibitory synapse maturation.

Furthermore, astrocyte-secreted factors were shown to

mediate these developmental events using an in vitro
preparation (Korn et al., 2011, 2012). The importance

and identity of these factors will be of interest in the study

of circuit formation in the mammalian auditory brainstem.
Morphological changes in microglia during postnatal
brainstem development

IBA1 immunofluorescence showed that brainstem

microglia undergo morphological changes early in

postnatal development. At P0 we observed both

ameboid microglial cells with no processes and cells

with few processes emanating from the cell bodies.

These microglia appeared more rounded, similar to

previously described embryonic forms found in the rat

hippocampus (Dalmau et al., 1997). IBA1 microglia

observed at older postnatal ages were more dense

and exhibited slightly ovoid cell bodies with complex,

elongated radial processes, characteristic of the ramified

forms observed during the second postnatal week of rat

hippocampal development (Dalmau et al., 1998). At

three postnatal weeks, microglia were numerous and

demonstrated diversity of types, ranging from only cell

bodies to cells with various processes (Lawson et al.,

1990).
Distribution of astrocytes and microglia following
unilateral CR

After unilateral CR during the early postnatal period,

intact VCN axons branch and make aberrant
connections with the denervated ipsilateral MNTB

(Kitzes et al., 1995; Russell and Moore, 1995; Hsieh

et al., 2007). Similar molecular cues limit ipsilateral pro-

jections both during normal development and after CR

(Nakamura et al., 2012; Nakamura and Cramer, 2013).

To further explore the similarities of these mechanisms,

we examined the extent to which glial distributions in

denervated MNTB resemble those seen during normal

development. We found that CR was not associated with

overall significant increases in glial cell density in MNTB

compared to the unlesioned side. Nevertheless, astro-

cytic cells were closely localized to the newly developing

ectopic calyx, similar to those seen in normal develop-

ment. Both OLIG2-IBA1-positive cells were not preferen-

tially located near nascent calyces, either during normal

development or after unilateral lesion. The similarity in

the spatial distribution of glial cells during developmental

and induced synaptogenesis in MNTB is consistent with

the view that these processes share molecular and cel-

lular mechanisms.

A number of studies have shown increases in glial

reactivity following deafferentation in the adult cochlear

nucleus. An increase in astrocytes was found in chick

brainstem after CR in n. magnocellularis, the avian

homolog of the anteroventral cochlear nucleus (Rubel

and MacDonald, 1992; Lurie and Rubel, 1994). Prior

studies in mammals have also shown that both microglia

and astrocytes are upregulated in the cochlear nucleus

in response to unilateral inner ear lesions in adult rats

(de Waele et al., 1996; Campos Torres et al., 1999;

Campos-Torres et al., 2005; Fuentes-Santamaria et al.,

2012). These studies showed changes in the cochlear

nucleus, the primary target denervated by CR. In our

studies, we explored changes in the MNTB, a secondary

site of denervation. It is possible that changes in glial

cell density are not reflected in this secondary site.

Consistent with this possibility, unilateral CR did not

alter proliferation in P9 rat MNTB (Saliu et al., 2014).



Fig. 10. Expression of glial markers in relation to ectopic calyx seven days following CR. (A) ALDH1L1-positive astrocytes located along

postsynaptic space unoccupied by newly formed calyx, similar to contralateral calyx (calyces indicated with arrows). (B) S100b cells and processes

situated around MNTB neurons in both contralateral and ectopic ipsilateral calyx. (C) Several GFAP-positive processes extended into MNTB region,

with a majority of cells contacting both contralateral and ectopic calyces (example of close apposition in C00). (D) Unlike astrocytic populations, few

microglia found near calyx. (E) Very few OLIG2-positive expression near calyces. Scale bar in E = 25 lm; applies to all panels.
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Alternatively, it may be that changes in glial cell density

require a longer time to emerge. Because we were inter-

ested in the formation of calyceal terminations, we lim-

ited our examination of glial markers to a time window

after lesion when the new calyces form (Kitzes et al.,
1995; Hsieh et al., 2007). Our findings suggest that glial

cell configurations near induced projections are similar to

those of normal projections, but that increases in glial

number, through proliferation or migration, do not seem

to be required for the induction of ipsilateral projections.



Fig. 11. Expression of glial markers two and seven days following unilateral CR. (A) No significant difference in expression pattern of glial markers

two days after CR (ANOVA, p= 0.23). ALDH1L1 staining in CR animals had a mean D/I ratio of 1.06 ± 0.03 compared to sham animals

(1.05 ± 0.05). (B) Expression of S100b cells for CR groups had a D/I ratio of 1.0 ± 0.05 compared to sham group (0.96 ± 0.03). (C) OLIG2

expression had a similar result when comparing CR groups to sham (1.14 ± 0.07 and 0.77 ± 0.13, respectively). (D) Number of GFAP-positive

processes was not different – the CR group had a mean D/I ratio of 0.85 ± 0.15 processes compared to sham-operated animals, which had a D/I

ratio of 1.38 ± 0.41. (E) Number of microglial cells comparing CR animals to sham was not significant (0.86 ± 0.09 compared to 0.88 ± 0.05).

(F) One week after CR, no differences in glial marker distribution seen when comparing sham to CR groups (ANOVA, p= 0.13). Staining of

ALDH1L1 showed that CR groups had a mean D/I ratio of 0.82 ± 0.06 and were not significantly different compared to the sham group

(0.94 ± 0.07). (G) S100b expression between CR and sham was not different (0.9 ± 0.03 and 0.92 ± 0.03, respectively). (H) OLIG2 expression

between CR and sham groups was not different with the CR group D/I ratio of 1.03 ± 0.07 and sham group D/I ratio of 1.04 ± 0.12. (I) When

comparing GFAP processes, animals subjected to unilateral CR had a D/I ratio of 1.12 ± 0.17, a value greater than sham-operated animals but not

significantly different (0.71 ± 0.15). (J) No change in between was seen in IBA1-positive cell density D/I ratio between CR and sham groups

(1.0 ± 0.01 and 0.99 ± 0.01). Values are reported as mean ± SEM.

250 M. L. Dinh et al. / Neuroscience 278 (2014) 237–252
CONCLUSIONS

Our data show distinct expression profiles of glial markers

in the developing mouse brainstem. We found that glial

cells emerge early in development, during

synaptogenesis of the VCN–MNTB circuit, and that

these populations shift and change overtime. The

results are consistent with a role for glial cells and their

associated proteins in synapse formation and

maturation in the auditory brainstem. Following CR, we

found that the expression of glial markers after surgery

was largely similar to that of normal development, with

astrocytes surrounding both normal and lesion-induced

calyces. These observations support the view that

induction of new synapses after lesion relies on the

same glial populations needed for normal development.
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