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ABSTRACT: Auditory pathways contain orderly

representations of frequency selectivity, which begin at

the cochlea and are transmitted to the brainstem via

topographically ordered axonal pathways. The mecha-

nisms that establish these tonotopic maps are not

known. Eph receptor tyrosine kinases and their ligands,

the ephrins, have a demonstrated role in establishing

topographic projections elsewhere in the brain, includ-

ing the visual pathway. Here, we have examined the

function of these proteins in the formation of auditory

frequency maps. In birds, the first central auditory nu-

cleus, n. magnocellularis (NM), projects tonotopically to

n. laminaris (NL) on both sides of the brain. We previ-

ously showed that the Eph receptor EphA4 is expressed

in a tonotopic gradient in the chick NL, with higher fre-

quency regions showing greater expression than lower

frequency regions. Here we misexpressed EphA4 in the

developing auditory brainstem from embryonic day 2

(E2) through E10, when NM axons make synaptic con-

tact with NL. We then evaluated topography along the

frequency axis using both anterograde and retrograde

labeling in both the ipsilateral and contralateral NM-NL

pathways. We found that after misexpression, NM

regions project to a significantly broader proportion of

NL than in control embryos, and that both the ipsilat-

eral map and the contralateral map show this increased

divergence. These results support a role for EphA4 in

establishing tonotopic projections in the auditory sys-

tem, and further suggest a general role for Eph family

proteins in establishing topographic maps in the nervous

system. ' 2007 Wiley Periodicals, Inc. Develop Neurobiol 67: 1655–

1668, 2007
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INTRODUCTION

Sensory pathways of the nervous system are gener-

ally organized topographically, so that neighboring

areas of the sensory epithelium contact neighboring

areas in the brain. This topography is often preserved

at progressively higher levels of processing. The

development of these topographic projections may

involve activity-dependent refinement of initial pro-

jections, but often a significant level of topography is

present at the outset, during development of synaptic

connections (Friauf and Lohmann, 1999; Debski and

Cline, 2002). This initial topography arises as a con-

sequence of coordinated axon guidance signals

(McLaughlin and O’Leary, 2005). While the nature

of these molecular cues has been described in some

areas of the nervous system, very little is known

about the mechanisms that form topographic connec-

tions in auditory pathways.

In the auditory system, projections from the spiral

ganglion to the cochlear nucleus have a significant

degree of topography early in development in mam-

mals and birds, with some subsequent refinement

(Snyder and Leake, 1997; Leake et al., 2002; Molea
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and Rubel, 2003). Information from the cochlea is

transmitted to the auditory brainstem via cochlear

ganglion cells whose axons enter the brainstem

through the VIIIth nerve (Rubel and Fritzsch, 2002).

These connections synapse onto nucleus magnocellu-

laris (NM) in a topographic manner (Rubel and Parks,

1975; Lippe and Rubel, 1985). This topography pre-

serves the ordering of frequency selectivity first evi-

dent in the cochlea (Ryals and Rubel, 1982) and is

referred to as tonotopy. NM neurons branch and pro-

ject bilaterally to nucleus laminaris (NL). The ipsilat-

eral branch contacts dorsal NL dendrites while the

contralateral branch contacts ventral NL dendrites,

and both of these projections are tonotopically organ-

ized. The topographic axis for both NM and NL

extends from a rostromedial position, where high fre-

quency sounds are represented, to caudolateral, where

lower frequency sounds are encoded (Rubel and

Parks, 1975). Each NL thus receives a tonotopic ipsi-

lateral and contralateral projection from NM, and

these frequency maps are in register. This circuitry

facilitates sound localization using interaural time

differences at each frequency.

In this study we tested the role of Eph protein sig-

naling in the formation of topography in the NM-NL

projection. Eph proteins, including Eph receptor tyro-

sine kinases and their ligands, the ephrins, have im-

portant roles in axon guidance and are known to be

required for the formation of topography in the visual

system. The Eph proteins include the EphA and

EphB subclasses of Eph proteins, which bind ephrin-

A and ephrin-B ligands, respectively. Two exceptions

to this general rule are that EphA4 binds ephrin-B2

(Gale et al., 1996) and EphB2 binds ephrin-A5

(Himanen et al., 2004). As both ligands and receptors

are associated with membranes, Eph/ephrin signaling

mediates cell–cell interactions, which can be attrac-

tive or repulsive (reviewed in Pasquale, 2005), even

within a single pathway (Hansen et al., 2004). More-

over, Eph receptors and ephrins can signal in both

forward and reverse directions (Henkemeyer et al.,

1996; Holland et al., 1996; Bruckner et al., 1997;

Knoll and Drescher, 2002; Kullander and Klein,

2002). A consequence of this bidirectional signaling

is that both ephrins and Eph receptors can function as

axon guidance molecules.

Several Eph proteins are expressed in the auditory

brainstem during development (Cramer et al., 2000b,

2002; Person et al., 2004; Cramer, 2005). The Eph re-

ceptor EphA4 is strongly expressed in the dorsal neu-

ropil and in the cell bodies of NL at chick embryonic

day 10 (E10), when synaptic connections form.

Misexpression of EphA4 disrupts the segregation of

ipsilateral and contralateral projections to dorsal

versus ventral dendrites of NL (Cramer et al., 2004),

suggesting a role for EphA4 in the developmental

segregation of this circuit, which facilitates sound

localization (Agmon-Snir et al., 1998). Whether or

not EphA4 plays a similar developmental role in

the formation of frequency maps in NL has not

previously been determined. Within the dorsal neuro-

pil of NL, at E10-11 there is a gradient of EphA4

expression, such that there is stronger expression in

the rostromedial area of NL, which contains cells

selective for high frequencies. This expression

decreases in a gradient toward the caudolateral, low

frequency region of NL (Person et al., 2004). These

data suggest that EphA4, in addition to its role in

segregating ipsilateral and contralateral inputs, may

also play a significant role in the tonotopic ordering

of connections.

To test this possibility, we misexpressed EphA4

in ovo in the developing auditory brainstem nuclei,

and subsequently assessed the precision of the topog-

raphy using in vitro dye labeling. We found that pro-

jections from NM to NL were significantly broader

after EphA4 misexpression as compared to controls.

Results from these experiments provide the first dem-

onstration that Eph protein signaling functions to

establish topography in the auditory system. These

findings support a general role for Eph proteins in the

production of topographic sensory maps.

MATERIALS AND METHODS

Plasmids

To transfect embryos using in ovo electroporation, we

cloned full-length EphA4 into the pCAX plasmid vector.

EphA4 was excised from the pcDNA3 vector at flanking

EcoRI sites; it was then inserted into the pCAX plasmid

vector at the EcoRI site, downstream of the b-actin promo-

tor. Correct orientation of the insert was verified using Hin-

dIII. Embryonic transfection with EphA4 in pCAX greatly

increases EphA4 levels in developing tissue, as demon-

strated by immunohistochemistry (Cramer et al., 2004;

Eberhart et al., 2004). For control samples, a pCAX-EGFP

vector alone was electroporated into the tissue. In some con-

trol cases, no vector was electroporated to verify that pCAX-

EGFP did not have an effect on topographic patterning.

In Ovo Electroporation

Fertilized eggs were set in a rotating 378C incubator. We

performed electroporation at embryonic day 2 (E2) because

the locations of precursors for NM and NL are known at

this age (Cramer et al., 2000a), and because electroporation

at this age results in sustained transfection at E10 (Cramer

et al., 2004, 2006), when NM and NL are distinct nuclei
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and after NM-NL connections have formed (Saunders et al.,

1973; Jackson et al., 1982; Young and Rubel, 1983;

Momose-Sato et al., 2006). At E2, eggs were removed from

the incubator, turned on their sides, and tape was placed on

the lateral portion of the eggshell. A small amount of albu-

min was removed using a sterile 18-gauge hypodermic nee-

dle, and a round window was cut in the taped area. Using a

36-gauge hypodermic needle, an India ink solution (30% in

sterile phosphate buffered saline, PBS) was injected

beneath the embryo to provide contrast. Using a fine tung-

sten needle, a small opening was made in the roof plate of

the embryo, at the level of rhomberes 5–6 (r5–r6). Sterile

PBS (<5 lL) was placed on the neural tube opening. Plas-

mid DNA colored with a small amount of Fast Green dye

was injected into the small neural tube opening using a fine

glass pipette attached to a Picospritzer, and two to six injec-

tions of 50 ms duration were administered at a pressure of

15–20 psi, filling the neural tube at this rostrocaudal level.

A BTX 830 electroporator connected to two tungsten elec-

trodes was used for electroporation. One electrode was

placed inside the opened neural tube, at the level of r5. The

other electrode was placed outside the embryo, close to the

lateral surface near r5. The separation between the two

electrodes was about 200 lm. Electroporation in this region

resulted in transfection that was extensive in, but not lim-

ited to, auditory brainstem nuclei. Between 5 and 10 six-

pulse trains, at a voltage of 25–50 mV and 100 ms ISI,

were delivered. In half of the trains, the negative electrode

was inside the neural tube and the positive electrode was

outside the embryo; the polarity was reversed for the

remaining pulse trains. The eggshell window was closed

and sealed with tape, and the egg was placed in a stationary

humid incubator at 378C for 8 days.

In Vitro Axon Labeling

On E10, chick embryos were removed from the eggshell

and the brainstem was quickly dissected and placed in an

oxygenated (95% O2/5% CO2) Tyrode’s solution (8.12 g/L

NaCl, 0.22 g/L KCl, 1.43 g/L NaHCO3, 0.2 g/L MgCl2,

0.333g/L CaCl2, and 22 g/L dextrose). EGFP fluorescence

was assessed in whole brainstems using a fluorescence ster-

eomicroscope (Fig. 1), and tissue transfected in the region

of the brainstem containing auditory nuclei was used for

in vitro labeling. Methods used here are adapted from previ-

ously described protocols to label NM axons during devel-

opment and after alteration of EphA4 levels in brainstem

tissue (Young and Rubel, 1986; Cramer et al., 2004, 2006;

Burger et al., 2005). Small unilateral injections of rhoda-

mine dextran amine (RDA; MW ¼ 3000; Molecular

Probes) were placed in NM and NL using a Picospritzer.

Injections into NM produced anterograde labeling, while

injections into NL produced retrograde labeling. RDA was

used in a 6.25% solution containing 0.4% Triton X-100 in

PBS. Injections were made in a rostral, middle, or caudal

location along the rostrocaudal axis of the brainstem [Fig.

1(A,B)]. We attempted to restrict each injection to no more

than 1/3 to 1/2 of the total rostrocaudal length of the nu-

cleus. A small current was passed through the tissue using

electroporation to aid in dye uptake for retrograde labeling

(Burger et al., 2005). Next, the brainstem was placed in a

chamber filled with oxygenated Tyrode’s solution for 2–5 h

to allow RDA transport. The tissue was fixed for 1 h in 4%

paraformaldehyde in PBS (pH ¼ 7.4) at room temperature

on a shaker. The tissue was washed in PBS and cryopro-

tected overnight in 30% sucrose in PBS. Tissue was embed-

ded in OCT, frozen, and sectioned on a cryostat in the coro-

nal plane into 16 lm sections. One series of sections was

coverslipped with Glycergel for fluorescent visualization,

one series was counterstained for bisbenzimide, and in

some cases a third series was used for immunostaining. The

bisbenzimide sections were used to anatomically define

brainstem nuclear boundaries [Fig. 2(A)], fluorescent sec-

tions were used to evaluate transfection [Fig. 2(B)] and con-

nections patterns, and immunostaining was used to detect

the presence of exogenous EphA4 (see Cramer et. al, 2004).

EphA4 was observed using immunohistochemistry or im-

munofluorescence using a secondary antibody conjugated

to Alexa 594 (Molecular Probes, Eugene, OR).

Data Analysis

Brainstems were included in our analysis if auditory nuclei

were transfected, if the RDA injection site and the sur-

rounding dye uptake region extended to no more than half

the total length of the nucleus injected, and if retrograde

and/or anterograde transport successfully labeled cell

bodies in NM or labeled axon terminations at NL. Samples

were excluded if the injected dye extended through the

entire rostrocaudal extent of the nucleus; if there was insuf-

ficient transport of dye; or if there was no transfection. For

each condition, three to eight samples met the criteria; a

total of 44 samples were included in the analysis. Slides

were coded and scored blind to treatment group. For each

section we noted the presence of EGFP in NL or NM or

both, presence of injection site and extent of dye uptake

region, presence of crossing fibers (to the contralateral

side), and the presence of axon terminals at the NL neuropil

or retrogradely labeled cells in NM. The tonotopic axis of

NM and NL is rostromedial (high frequency) to caudolat-

eral (low frequency), with the axis positioned about 308
with respect to the sagittal plane (Rubel and Parks, 1975).

We thus used the rostrocaudal axis as a reasonable estimate

of position along the tonotopic axis. We measured the ros-

trocaudal dimensions of the nuclei, extent of the injection

site and dye uptake region, and the rostrocaudal extent of

anterograde and retrograde labeling between the nuclei,

both ipsilaterally and contralaterally. We used the following

quantitative measurements of labeling so that experimental

and control groups could be compared:

For anterogradely labeled brainstems, the proportion of

NM injected with RDA was defined as:

1. pNMi ¼ NMinj/NM, where NMinj, the number of sec-

tions containing injected RDA within NM; NM, the

total number of sections containing NM.
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The proportion of NL anterogradely labeled with RDA

was defined as

2. pNLa ¼ NLant/NL, where NLant, the number of sec-

tions containing RDA labeled axons in NL; NL, the

total number of sections containing NL.

Figure 2 A: A gray-scale photomicrograph of the right side of a coronal section through the

chick E10 brainstem. This section has been stained with bisbenzimide to illuminate the position

and boundaries of NM and NL (oulined in yellow). Dorsal is up and medial is to the left. B: A color

photomicrograph of the right brainstem shown in A. Cell nuclei are labeled blue with bisbenzimide.

The green labeled cells, along with their axons, were transfected with EGFP control plasmid.

Transfected cells are evident in both NM and NL (outlined in yellow) as well as elsewhere in the

brainstem. Dorsal is up and medial is to the left. Scale bar for both panels, 100 lm.

Figure 1 A: A drawing of a coronal section, with dorsal

up, through a chick brainstem at embryonic day 10 (E10).

The auditory brainstem nuclei n. magnocellularis (NM) and

n. laminaris (NL) are outlined, and small circles within the

nuclei represent cell bodies. The cell bodies labeled green

represent those tranfected with EGFP. The red pipette indi-

cates the position of an RDA injection, and the red lines

represent labeled axons where the dye has transported an-

terogradely to the dorsal neuropil of NL ipsilaterally, and

the ventral neuropil of NL contralaterally. This drawing

illustrates the geometry of our labeling methods and dem-

onstrates the precision of connections from NM to NL. B:

A photomicrograph of a whole, dissected chick E10 brain-

stem, from a dorsal view with rostral up, that has been

transfected with EGFP at E2. Auditory nuclei and midline

structures were transfected (green). The red pipette and

injection site shows the position and size of a rostral NM

injection of RDA.
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As a measure of the divergence in the NM-NL projec-

tion, we used the ratio

3. RAnt ¼ pNMi/pNLa

Thus, a value greater than one indicates that a given

fraction of NM projects to a narrower fraction of NL. A

smaller value for RAnt indicates greater divergence in the

projection from NM to NL, i.e., that a small region of NM

projects more broadly across the tonotopic axis of NL.

For brainstems with retrograde labeling, the proportion

of NL injected with RDA was defined as

4. pNLi ¼ NLinj/NL, where NLinj, the number of sec-

tions containing injected RDA in NL; NL, the total

number of sections containing NL.

The proportion of NM retrogradely labeled with RDA

was defined as

5. pNMr ¼ NMret/NM, where NMret, the number of sec-

tions containing RDA labeled neurons in NM; NM,

the total number of sections containing NM.

As a measure of the convergence in the NM-NL projec-

tion, we used the ratio

6. RRet ¼ pNLi/pNMr

For retrograde labeling, a smaller value for RRet indi-

cates greater convergence in the projection from NM to

NL, i.e., that a small region of NL receives innervation

from a broad area of NM. Values greater than one indicate

that a given region of NL receives input from a smaller rel-

ative region of NM.

For each labeled embryo, we computed RAnt or RRet as

appropriate for the labeling in each brainstem. The mean

RAnt or RRet was computed for each group, with ipsilateral

and contralateral labeling considered separately. Analysis

of variance (ANOVA) and t-tests were performed to test for

differences between control (EGFP alone or untransfected)

and experimental (EphA4/EGFP) cases. All digital photog-

raphy was done using a Zeiss Fluorescent Axioscope and a

Zeiss Axiocam connected to an Apple computer running

Openlab software.

RESULTS

NM-NL Projections in Control Embryos

Untransfected control embryos and control-trans-

fected animals receiving pCAX-EGFP were both

included in the analysis. For anterograde neuronal

tracing, a limited region of NM was injected, and

after dye transport the proportion of NM sections

containing the injection site was compared to the pro-

portion of NL sections containing anterogradely la-

beled axons using the ratio RAnt (see Materials and

Methods). The mean ratio for untransfected controls

assessed with anterograde contralateral labeling was

0.96 6 0.10 (SEM; n ¼ 3). A representative example

is shown in Figure 3. Here and in subsequent figures

showing contralateral labeling we show a rostral to

caudal sampling of sections with fluorescent labeling

and bisbenzimide counterstain to show nuclear boun-

daries (outlined in yellow). The left column high-

lights the extent of the injection site on the left side,

and the right column shows the resulting anterograde

labeling on the right side. An injection was placed in

rostral NM, and the proportion of NM containing the

dye uptake region, pNMi, was 0.47 [Fig. 3(A–C)].

The center of the injection site is noted with an aster-

isk [Fig. 3(B)], and regions of auditory nuclei that

took up dye for transport are highlighted with bold

dotted lines. This area of NM projected contralater-

ally to the ventral neuropil of NL. These projections

spanned the rostral region of NL, with pNLa ¼ 0.5

[Fig. 3(A’–C’)]. In this control case, the ratio was

thus 0.94. As expected, NM axons in this control

example project contralaterally to ventral NL, and do

not cross the NL cell body line [Fig. 3(A’–C’)].

Results from these untransfected embryos did not dif-

fer from EGFP control cases, in which RAnt was 1.23

6 0.26 (n ¼ 3; p > 0.2, t-test).
When all untransfected and EGFP controls were

compared using ANOVA, we found that the groups

did not differ (p > 0.45). Untransfected and EGFP

control experiments demonstrate that, as expected,

the electroporation procedure itself has no effect on

topography. Because of the similarity of values for

both control groups, we grouped together untrans-

fected and EGFP controls for each type of labeling in

subsequent analyses. For contralateral labeling, the

mean control RRet was 0.86 6 0.07 (n ¼ 6) and the

mean control RAnt was 1.10 6 0.14 (n ¼ 6). For ipsi-

lateral labeling, the mean control RRet was 1.02 6
0.21 (n ¼ 3) and the mean control RAnt was 0.90 6
0.10 (n ¼ 3). A representative example of retrograde

contralateral labeling in an EGFP control brainstem

is shown in Figure 4. In this case, an injection was

placed in rostral NL, and was measured to span the

rostral 54% of NL, so that pNLi ¼ 0.54 [Fig. 4(A–

C)]. The NL injection site was centered in the section

shown in Figure 4(B) (asterisk) and dye uptake

extended through sections shown in Figure 4(A–C)

(bold dotted lines). The proportion of retrogradely la-

beled cells in contralateral NM was 0.53 in the rostral

region of NM [Fig. 4(A’–C’)]. In this case the ratio

for retrograde labeling, RRet, was 1.02. Our retrograde

contralateral labeling data were similar to previously

published results for E18 embryos (Burger et al.,

2005), suggesting that the topography of NM-NL pro-

jections is largely established by E10.
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Figure 3 A rostral to caudal progression of a subset of cor-

onal sections from a control E10 brainstem from case 05-

167m, an untransfected control, with anterograde labeling of

the contralateral projection. A-E: sections through the left side

of the brainstem demonstrating the position of the RDA injec-

tion site in NM, the center of which is located in B (denoted

by a yellow asterisk). NM within dye uptake region is outlined

by bold dotted lines in A-C. In this case, the RDA is in rostral

NM, and encompasses 0.47 of the rostrocaudal length of NM.

A’–E’: Sections through the right side of the brainstem show-

ing anterograde contralateral projections from NM (left col-

umn) to the ventral neuropil of NL on the right. The rostro-

caudal length of NL had a proportion of 0.5 that received

input from the contralateral NM injection. Note that labeled

axons can be seen on the ventral neuropil of NL in A’–C’,

and they do not cross into the dorsal neuropil. In this case the

ratio RAnt, which denotes the proportion of NM injected di-

vided by the proportion of NL labeled, was 0.94. Using the

blue nuclear stain bisbenzimide as a guide, NM and NL have

been outlined in yellow in all panels. Scale bar, 100 lm.

Figure 4 A rostral to caudal progression of coronal sections

from a control E10 brainstem. In this case (05-172b), the E2

embryo was electroporated with pCAX-EGFP, in ovo, for con-
trol. The green EGFP labeled cells are those transfected with

pCAX-EGFP. Contralateral projections were labeled retro-

gradely with RDA. A–E: sections through the left side of the

brainstem demonstrating the position of the RDA injection

site in NL, centered in the section shown in B (asterisk) with

dye uptake extending from A to C. In this case, the injection

site is near rostral NL, and uptake extends to 0.54 of the rostro-

caudal length of NL. A’–E’: Sections through the right side of

the brainstem showing retrograde contralateral input (labeled

cells) from NM projecting to the NL dye uptake region shown

in the left column (A–C). The portion of NL (0.54) containing

injected RDA received input from 0.53 of the rostrocaudal

length of the contralateral NM (A’–E’). Note that retrogradely

labeled cells can be seen in NM in A’–C’. The ratio RRet is

defined as the proportion of NL injected divided by the propor-

tion of NM with retrogradely labeled cells. In this representa-

tive example, RRet was 1.02. Scale bar, 100 lm.
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In these control experiments, there was no signifi-

cant difference between ipsilateral and contralateral

projections when assessed using anterograde labeling

(p > 0.15, t-test; n ¼ 3 ipsilateral, n ¼ 6 contralat-

eral) or retrograde labeling (p > 0.2; n ¼ 3 ipsilateral,

n ¼ 6 contralateral). This comparison shows that in

normal embryos, assessed at this level of resolution

of our labeling methods, topography is similar on

both sides and is mature at E10.

Misexpression of EphA4 In Ovo Disrupts
Topographic Patterning

E2 embryos were electroporated in the hindbrain

with EphA4-pCAX and EGFP-pCAX to transfect the

developing auditory brainstem neurons and test the

hypothesis that EphA4 is involved in topographic

patterning. Eight days after transfection (at E10), we

examined brainstem explants for EGFP, and RDA

labeling was used in successfully transfected embryos

to assess the topographic connections between NM

and NL. Anterograde and retrograde labeling were

both used, and both the ipsilateral and contralateral

projections were studied. In each of these groups 5–8

embryos were included in the analysis. Representa-

tive examples of each condition are represented in

Figures 5–7.

In the analysis of anterograde contralateral neuro-

nal tracing in embryos with EphA4 misexpression (n
¼ 7; representative example shown in Fig. 5), EGFP

positive cells were observed in both NL and NM [see

green cells in Fig. 5(A–E’)]. In the example shown in

Figure 5, an injection of RDA was placed in the cau-

dal region of NM, and the dye uptake expanded into

the caudal half (0.50) of NM [Fig. 5(D,E)]. This

injection site location in NM [Fig. 5(D,E) bold dotted

lines, asterisk indicates center of injection site]

resulted in RDA labeled contralateral axons in the

ventral neuropil of NL. These projections labeled the

entire rostrocaudal extent of NL [Fig. 5(A’–E’)]. For

this embryo, RAnt was 0.50. Some NM axon branches

can be seen growing across the cell body line in con-

tralateral NL and terminating inappropriately in dor-

sal NL, consistent with our previous study [Cramer

et al., 2004; Fig. 5(A’–C’)]. For anterograde contra-

lateral labeling of EphA4 transfected brainstems, the

mean value RAnt was 0.47 6 0.05 (n ¼ 7), which was

significantly less than controls (1.10 6 0.14; n ¼ 6)

that were also assessed with anterograde contralateral

labeling (p < 0.0005). This result shows that EphA4

transfection results in a smaller NM/NL ratio, which

indicates a broader extent of NL contacted by a given

region of NM.

EphA4 electroporation also produced broadening

of projections along the topographic axis when

assessed using retrograde contralateral labeling (n ¼
8 embryos); a typical example is shown in Figure 6.

Here EGFP positive cells were observed in both NL

and NM [Fig. 6(A–E’)]. The green label in the NL

neuropil likely represents EGFP-expressing NM

axons. An injection of RDA was placed in a region of

the brainstem containing caudal NL, and the propor-

tion of NL in the dye uptake region was 0.33 [Fig.

6(C,D)]. The NL injection was centered on sections

shown in Figure 6(C,D) (asterisks). Retrograde label-

ing of neurons in contralateral NM show that this

region of NL received inputs from the contralateral

caudal 63% of NM [Fig. 6(A’–E’)]. In this electropo-

rated EphA4 case, RRet was 0.52. The mean value of

RRet for all retrograde contralateral labeling in EphA4

transfected brainstems was 0.51 6 0.05 (n ¼ 8),

which was significantly less than controls assessed

using the same labeling method (p < 0.005). This

result shows that EphA4 transfection results in a

smaller NL/NM ratio, which indicates that a broader

region of NM converges upon a given limited region

of NL.

In addition to these contralateral projections, ipsi-

lateral projections from NM to NL were also signifi-

cantly broadened after overexpression of EphA4. Ret-

rograde ipsilateral labeling in a brainstem following

EphA4 misexpression (n ¼ 6 embryos) is illustrated

in Figure 7. In this representative example, RDA was

placed in the rostral region of NL, and the dye uptake

included 0.35 of NL [Fig. 7(A)]. This dye placement

in NL resulted in retrogradely labeled cells in ipsilat-

eral NM, from the ipsilateral rostral 0.50 of NM [Fig.

7(B–D)]. In this electroporated EphA4 case, the ratio

RRet was 0.7. The mean RRet for ipsilateral projections

in EphA4 treated animals was 0.72 6 0.03 (n ¼ 6).

This value is signifcantly different from retrogradely

labeled ipsilateral projections in controls (p < 0.05),

demonstrating significantly broader ipsilateral NM-

NL projections following EphA4 misexpression.

A similar result was observed using anterograde
labeling of ipsilateral projections (n ¼ 5 embryos). In

the EphA4 misexpression example shown in Figure

7, an injection of RDA was placed near the rostral

region of NM with dye uptake extending to a propor-

tion of 0.32 of NM sections [Fig. 7(I,J)]. This injec-

tion resulted in anterograde labeling of ipsilateral

axons to the dorsal neuropil of NL. The proportion of

NL with labeled axons was 0.62 of NL [Fig. 7(F–I)].

In this example RAnt was 0.52. In addition, some

axons from NM extend across the NL cell body line

into the ventral neuropil region [Fig. 7(G–I)] consist-

ent with previous findings (Cramer et al., 2004). The
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mean RAnt for anterogradely labeled ipsilateral pro-

jections was 0.58 6 0.03 (n ¼ 5), which differed sig-

nificantly from controls with the same labeling

method (p < 0.05). This result supports the conclu-

Figure 5 EphA4 misexpression reduces the ratio RAnt,

reflecting a broadening of the NM-NL projection. A represen-

tative case is shown in a rostral to caudal series of selected

coronal sections from an E10 brainstem in which the contra-

lateral projection was assessed with anterograde labeling. In

this case (05-109d), the E2 embryo was electroporated with

EphA4 and EGFP, in ovo, in order to misexpress EphA4 in

NL and/or NM. A–E: sections through the left side of the

brainstem demonstrating the position of the RDA injection

site in NM. The asterisk in E shows the center of the injection

site, which extends through caudal NM in sections shown in

D and E (bold dotted lines). The injection site extends to 0.5

of the rostrocaudal length of NM. A’–E’: Sections through

the right side of the brainstem showing anterograde contralat-

eral projections from NM (left column) to the ventral neuropil

of NL (right column). The entire rostrocaudal length of NL

received input from the contralateral NM injection site. Note

that labeled axons can be seen in all sections through NL. In

this case the ratio RAnt was 0.5. Scale bar, 100 lm.

Figure 6 Retrograde labeling also shows a broader NM-

NL contralateral projection (smaller RRet) after EphA4 mis-

expression. A–E: sections through the left side of the brain-

stem demonstrating the position of the RDA injection site

ventral to NL, centered in C and D (asterisks). In this case,

the dye uptake region encompasses 33% of the rostrocaudal

length of NL (outlined in bold dotted lines). A’–E’:

Sections through the right side of the brainstem showing

retrogradely labeled NM cells that project contralaterally to

dye uptake region of NL. The caudalmost 0.33 of NL

received input from 0.63 of the rostrocaudal length of the

contralateral NM (A’–E’). Here RRet was 0.52. Scale bar,

100 lm.
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sion that ipsilateral projections are broadened after

overexpression of EphA4.

The results of all the brainstems studied here are

summarized in Figure 8. The anterograde labeling

experiments, shown in the top graph, show a signifi-

cantly lower Rant for EphA4 treated animals than for

controls, indicated by asterisks. The number of

embryos used in each group is indicated above each

bar. The difference is significant for both contralateral

and ipsilateral NM-NL projections. The bottom graph

shows results for retrograde labeling, in which Rret is

also significantly lower for EphA4 misexpression cases

than for controls. Together, these results demonstrate

that for both ipsilateral and contralateral NM-NL pro-

jections, the tonotopic map is broader after EphA4

misexpression than in control animals. This result is

significant when assessed using anterograde labeling or

retrograde labeling. The results from our EphA4 mis-

expression studies suggest that the gradient of EphA4

expression in NL limits the topographic spread of NM-

NL projections along the tonotopic axis. Thus, EphA4

has a role in regulating the tonotopic specificity of

these auditory brainstem pathways.

DISCUSSION

In this study we used anterograde and retrograde neu-

ronal tracing to evaluate the extent of topography in

the projection from NM to NL. We found that the

projection along the frequency axis is topographically

organized at E10, when the first synaptic connections

form between NM and NL. Because EphA4 is

expressed in a tonotopic gradient, we hypothesized

that forced expression of EphA4 during development

would disrupt the accuracy of the tonotopic map. Our

neuroanatomical tracing studies after EphA4 misex-

pression support this hypothesis. We found that both

the contralateral and ipsilateral projections were sig-

nificantly broader after EphA4 misexpression than in

controls. These data suggest that gradients of EphA4

expression in the developing auditory brainstem play

a role in the formation of precisely ordered frequency

maps.

Formation of Auditory Topographic Maps

We performed neuroanatomical dye tracing studies in

control embryos to evaluate topography quantita-

Figure 7 EphA4 misexpression disrupts tonotopy of

NM-NL ipsilateral projections. A–E: Retrograde labeling in

an embryo (05-105k) treated with EphA4 misexpression

and assessed with retrograde labeling. Sections through the

left side of the brainstem demonstrate the position of the

RDA injection site in NL, with a center in A (asterisk), and

dye uptake in NL shown in bold dotted lines. The resulting

retrogradely labeled cells in NM are seen on the same side

(ipsilateral; B–D). In this case, the injection site is in rostral

0.35 of NL. Additionally, these sections show the extent of

retrogradely labeled ipsilateral projections from NM (B–E).

The injected region of NL received input from 0.5 of the

rostrocaudal length of the ipsilateral NM; RRet was 0.7.

F–J: Anterograde labeling of the ipsilateral NM-NL projec-

tion in another embryo (05-171l) with EphA4 misexpres-

sion. The position of the RDA injection site near NM is

centered in the section shown in J (asterisk) and extends

into NM in the sections shown in I and J (outlined in bold

dotted lines), filling 0.32 of NM. The resulting antero-

gradely labeled axons on the dorsal neuropil of NL on the

same side are shown in F–I and extend to 0.62 of NL; RAnt

was 0.52. Scale bar, 100 lm.
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tively. Our results suggest that precision in the tono-

topic map from NM to NL is present from very early

stages. The methods and results reported here are

similar to those reported for E18 embryos (Burger

et al., 2005), in which NL dye injections yielded

retrograde contralateral labeling in NM. In that study,

injections limited to circumscribed regions of the

tonotopic axis of NL resulted in limited labeling of

NM. Our ratios for control retrograde contralateral

labeling were similar to those reported in that study,

suggesting that there is little refinement of this pro-

jection between E10 and E18. That axonal projec-

tions are specified prior to the onset of neuronal activ-

ity suggests that axon guidance molecules play a

major role in the formation of this topographic map,

while activity-dependent mechanisms have a smaller

role.

Our findings are consistent with data obtained in a

previous study of individual NM axons (Young and

Rubel, 1986), which showed that as early as E9 NM

axon terminals were mostly in appropriate tonotopic

NL locations in both ipsilateral and contralateral pro-

jections. While both projections had significant preci-

sion at early developmental time points, their study

found that the contralateral projection is less precise

and undergoes subsequent tonotopic refinement. In

contrast, our data did not show a significant difference

between these projections at E10. This discrepancy is

likely attributable to differences in the anatomical

approaches used, as single axon studies may have

higher resolution and would reveal small differences.

Moreover, we used the rostrocaudal axis as an esti-

mate of frequency position to facilitate quantitative

comparisons between treatment groups, but this esti-

mate might reduce resolution in measurements of

absolute levels of tonotopy.

In addition to the NM-NL projection, other

auditory pathways may also have a high degree of

precision in the initial projection. For example, topo-

graphic precision was observed in the spiral ganglion

projection to the cochlear nucleus in cats, with a

small degree of refinement in early stages of develop-

ment (Snyder and Leake, 1997; Leake et al., 2002).

Tonotopic projections in several regions of the audi-

tory nervous system, both in the brainstem and higher

areas, may rely more significantly on refinement of

initial projections (Sanes and Takacs, 1993; Zhang

et al., 2002; Kim and Kandler, 2003). However, the

initial specificity in NM-NL projections suggests a

substantial role for molecular cues, and this observa-

tion motivated our analysis of candidate molecules.

Eph Protein Interactions in
the Auditory Brainstem

We focused our study on EphA4 because this protein

is expressed in a frequency gradient in NL cell bodies

and dorsal neuropil during the formation of synaptic

connections (Person et al., 2004). In addition, we pre-

viously showed that EphA4 regulates the segregation

Figure 8 Summary of the results from this study. The

total number of embryos used in each group is indicated

above each bar. Top, anterograde labeling studies of contra-

lateral and ipsilateral projections for EphA4 misexpression

and control embryos. The ratio Rant, defined as the propor-

tion of NM injected: the proportion of NL labeled, was sig-

nificantly lower (asterisk) than controls using the same

labeling conditions, for both ipsilateral and contralateral

projections. The decreased ratio signifies a broader spread

of projections from NM to NL. Bottom, similar graph

showing results from retrograde labeling studies. Rret is

significanly lower in EphA4 misexpression cases than in

control embryos. Both methods show a broader spread of

NM-NL projections in EphA4 misexpression cases than in

controls.
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of ipsilateral and contralateral inputs from NM to NL

(Cramer et al., 2004). In that study, focal electropora-

tion revealed that EphA4 is most likely operating in a

reverse signaling mode, in which Eph receptors signal

through ephrins, and may attract NM axons. A likely

binding partner for EphA4 is ephrin-B2, which is

expressed on NM axons (Cramer et al., 2002, 2006).

While ephrin-B2 appears to be expressed uniformly

throughout NM, it is expressed in a tonotopic gradi-

ent in the glial margin ventral to NL (Person et al.,

2004). These proteins may thus interact during estab-

lishment of the tonotopic NM-NL projection.

Several other Eph proteins are expressed in the

developing auditory brainstem circuitry (Cramer et al.,

2002; Cramer, 2005). EphA4 might work in conjunc-

tion with these other family members to establish pre-

cise connections along the frequency axis. In addi-

tion, EphA4 may interact with the neurotrophin re-

ceptor TrkB, which is expressed only in ventral NL

dendrites at a time when EphA4 is expressed only

in dorsal dendrites (Cochran et al., 1999; Cramer

et al., 2000b). While it is not clear whether TrkB

is expressed in a tonotopic gradient, interactions

between these protein families play a role in the mat-

uration of retinotopic maps (Cohen-Cory and Fraser,

1995; McLaughlin and O’Leary, 2005). In NL,

EphA4 asymmetry on the dorsal dendrites slightly

precedes TrkB asymmetry during development. An

intriguing possibility is that EphA4 and TrkB on dor-

sal and ventral NL dendrites, respectively, coordinate

the registration of ipsilateral and contralateral NM-

NL topography.

Eph Protein Mechanisms and
Topographic Maps

Our interpretation of the role of Eph proteins in the

NM-NL tonotopic map may be informed by our

knowledge of the roles of these proteins in other path-

ways. In addition to visual pathways, Eph proteins

have been shown to establish topography in several

other systems, including the somatosensory cortex

(Prakash et al., 2000; Vanderhaeghen et al., 2000;

Dufour et al., 2003), the olfactory system (Zhang

et al., 1996; St John et al., 2002; Cutforth et al., 2003),

hippocampal projections (Gao et al., 1996, 1999; Yue

et al., 2002), and motor projections to limb muscles

(Feng et al., 2000; Helmbacher et al., 2000; Kania

and Jessell, 2003; Eberhart et al., 2004). The role of

Eph proteins in topographic map formation is best

understood in the retinotectal pathway, in which

mechanisms of Eph protein interactions have been

characterized in considerable detail (reviewed in

Mann et al., 2004; Lemke and Reber, 2005;

McLaughlin and O’Leary, 2005). Opposing gradients

of ephrin-A ligands in the tectum and EphA receptors

in retinal ganglion cells mediate repulsive interac-

tions that control axon branching and establish topog-

raphy along the anteroposterior axis of the tectum in

birds and superior colliculus in mammals (Cheng

et al., 1995; Yates et al., 2001; Feldheim et al., 2004).

Mapping depends on relative levels of Eph protein

expression between neighboring regions (Brown

et al., 2000; Reber et al., 2004; Lemke and Reber,

2005). In addition, ephrin-B ligands and EphB recep-

tors promote retinotopic ordering along the dorsoven-

tral axis (Braisted et al., 1997; Hindges et al., 2002;

Mann et al., 2002; McLaughlin et al., 2003); ordering

along this axis includes chemoattractive interactions

and reverse signaling, and may require ephrin-A sig-

naling as well (Feldheim et al., 2000).

In the auditory pathways described here, details of

the protein interactions that establish topography

have yet to be identified. However, while the gradient

of EphA4 and role for EphA4 bears similarity to reti-

notectal map formation, some important observations

suggest differences in signaling mechanisms. Our ini-

tial data here and in our previous study (Cramer

et al., 2004) suggest that EphA4 signals in the reverse

direction, and may promote attraction of NM axons.

This map formation might thus be more similar to

that of the dorsoventral retinotopic projection. In

addition, as noted earlier, Eph protein expression gra-

dients have not been identified in NM axons. Finally,

there is not extensive overshoot and refinement of

NM axons projecting to NL (Young and Rubel,

1986), as observed in the retinotectal map; however,

the role of Eph proteins in auditory axon branching

remains an important yet unanswered question.

Topographic registry is often preserved between

brain areas as sensory information ascends the

nervous system. How extensively do Eph proteins

contribute to the formation of these neural maps? In

the visual pathway, several higher areas show graded

expression of Eph proteins (Marin et al., 2001), and

ephrin-A ligands are necessary for topography in vis-

ual cortex (Cang et al., 2005). Eph proteins are

expressed in several areas of the auditory pathway.

In the VIIIth nerve, auditory axons express EphA4 in

a low-to-high frequency gradient (Siddiqui and

Cramer, 2005), and ephrin-A ligands show graded

expression in the medial geniculate nucleus of the

thalamus (Lyckman et al., 2001; Ellsworth et al.,

2005). Functional studies are needed to elucidate the

roles of these proteins throughout the auditory path-

way. Moreover, Eph proteins may have several dis-

tinct roles within a pathway. In the NM-NL projection,
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EphA4 regulates both tonotopic organization, as

shown in this study, and the segregation of ipsilateral

and contralateral inputs (Cramer et al., 2004). Inter-

estingly, ephrins are important for both retinotopy

and the segregation of eye-specific layers in the lat-

eral geniculate nucleus (Huberman et al., 2005; Pfeif-

fenberger et al., 2005). Thus, multiple roles of Eph

proteins might generally serve to facilitate coordina-

tion of several organizing features within a sensory

projection. A limitation of our approach is that we

have examined only gain-of-function with forced

expression. This type of overexpression has previ-

ously been used to identify a role for Eph proteins in

retinal patterning (Nakamoto et al., 1996; Dutting

et al., 1999). Loss-of-function studies complement this

approach. While the mouse lacks a structure homolo-

gous to NL, we have examined several auditory path-

ways in EphA4 mutant mice, and in preliminary

studies we have found that this mutation disrupts

organization of auditory brainstem pathways (Miko

et al., submitted).

In conclusion, this report presents evidence dem-

onstrating the role of EphA4 in the development of

appropriate topographic connections in the auditory

system. These results show that mechanisms involv-

ing the Eph family of molecules extend to the audi-

tory system. Moreover, in this system activity-

dependent mechanisms do not appear to have a major

role in refinement. Studies on the formation of topog-

raphy have thus far implicated several mechanisms,

including a variety of Eph protein signaling modes. A

rigorous examination of mechanisms in a broad range

of systems will ultimately contribute to an under-

standing of the rules that govern map formation dur-

ing the assembly of neural circuits.

The authors thank Dr. Ilona Miko for helpful comments

on the manuscript and Shazia Siddiqui for technical assis-

tance.
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