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Abstract

Specificity in the projections from the mammalian ventral cochlear nucleus (VCN) is essential for
sound localization. Globular bushy cells project from the VCN to the medial nucleus of the
trapezoid body (MNTB) on the contralateral, but not the ipsilateral side of the brainstem,
terminating in large synaptic endings known as calyces of Held. The precision in this pathway is
critical for the computation of interaural intensity differences, which are used in sound
localization. The mechanisms underlying the development of this projection are not completely
understood. In this study, we tested the role of Eph receptor tyrosine kinases and their ephrin
ligands in limiting the VCN-MNTB projection to the contralateral side. We found that mice with
null mutations in EphB2 and EphB3 had normal contralateral VCN-MNTB projections, yet these
projections also had significant numbers of aberrant collateral branches in the ipsilateral MNTB.
These aberrant branches ended in calyceal terminations in MNTB. Similar ipsilateral projections
were seen in mice with mutations in ephrin-B2. In both of these mouse lines, ipsilateral
projections formed concurrently with normal contralateral projections, and were not eliminated
later in development. However, mice with mutations that affected only the intracellular domain of
EphB2 had normal, strictly contralateral VCN-MNTB projections. Expression studies showed that
EphB2 is expressed in VCN axons and ephrin-B2 is expressed in MNTB. Together, these data
suggest that EphB2-ephrin-B2 reverse signaling is required to prevent the formation of ipsilateral
VCN-MNTB projections, and that this signaling operates non-cell autonomously.
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Introduction

The mammalian auditory brainstem requires precise neuronal connectivity to extract
information used in sound localization. One key pathway computes interaural level
difference (ILD), used primarily to localize high frequency sounds (Casseday and Neff,
1973). In this pathway, axons from globular bushy cells in the ventral cochlear nucleus
(VCN) project to the contralateral, but not ipsilateral, medial nucleus of the trapezoid body
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(MNTB; Cant and Casseday, 1986; Glendenning et al., 1992), ending in large terminals
known as calyces of Held. MNTB neurons in turn send inhibitory projections to the lateral
superior olive (LSO), which also receives a tonotopically matched excitatory projection
from ipsilateral VCN (Boudreau and Tsuchitani, 1968). VCN and MNTB axons converge on
LSO neurons, where relative levels of excitation versus inhibition provide the basis for the
computation of ILDs (Irvine, 1986; Sanes, 1990; Tollin, 2003). The strictly contralateral
projection from VCN to MNTB is thus critical to the function of the ILD circuit.

The integrity of the VCN-MNTB pathway requires specific axon pathfinding during
development. VCN axons first grow past the ipsilateral MNTB without innervating it, and
then arrive at the contralateral MNTB prior to birth in mammals (Kil et al., 1995; Hoffpauir
et al., 2006). At early postnatal ages, small branches of these axons enter the contralateral
MNTB (Kandler and Friauf, 1993; Kil et al., 1995) and form functional synaptic
connections (Hoffpauir et al., 2006; Rodriguez-Contreras et al., 2008; Hoffpauir et al.,
2009). However, the molecular cues underlying selective innervation of MNTB neurons by
a calyx from only the contralateral VCN have not been identified.

Several families of axon guidance molecules may contribute to the specificity of the VCN-
MNTB pathway. In this study, we evaluated the roles of Eph receptor tyrosine kinases and
their membrane-associated ephrin ligands. These proteins mediate attractive or repulsive
interactions in axon guidance and synaptic plasticity (Wilkinson, 2001; Davy and Soriano,
2005; Flanagan, 2006; Egea and Klein, 2007; Pasquale, 2008; Klein, 2009). Eph receptors
include the A and B classes, which generally interact with ephrin-A and ephrin-B ligands,
respectively (Lai and Ip, 2009), with a few exceptions (Gale et al., 1996; Himanen et al.,
2004). Eph/ephrin signaling is bidirectional, so that upon binding, signaling occurs in both
the Eph-bearing cell and the ephrin-bearing cell (Henkemeyer et al., 1996; Klein, 2009).
Forward signaling is mediated by tyrosine kinase actvity of Eph receptors, while reverse
signaling is mediated by ephrins, with the extracellular domain of the Eph receptor acting as
a ligand (Holland et al., 1996; Bruckner et al., 1997).

Key roles for EphB signaling in auditory circuit development and function have been
previously reported (Cramer, 2005; Cramer et al., 2006; Miko et al., 2007; Miko et al.,
2008). Here, we have examined the projections from VCN to MNTB in mice with mutant
EphB proteins. Our results suggest that mutations resulting in impaired reverse signaling are
associated with significant numbers of abnormal projections from VCN to ipsilateral
MNTB. These findings suggest that ephrin-B reverse signaling normally restricts VCN
axons to contralateral MNTB.

Materials and Methods

Animals

In this study we used EphB2"u!l:EphB3nU!l EphB2'2cZ:EphB3Ull and ephrin-B2'2cZ
transgenic mouse lines on a CD-1/129 background and wild type CD-1 mice. Animals (n =
196) were studied at ages P0-P28. The EphB2"u!l:EphB3™!! and EphB2'2¢Z;EphB3™!l mice
differ in the mutant alleles of the EphB2 gene (Cowan et al., 2000). Both mouse lines have a
null mutation in EphB3. While the EphB2"! allele lacks the EphB2 protein, the EphB2'acZ
mutant allele encodes a fusion protein containing the extracellular, transmembrane, and
juxtamembrane domains of EphB2 with B-galactosidase replacing the intracellular domain.
The mutant protein permits reverse, but not forward signaling. In ephrin-B2!2Z mice,
(Dravis et al., 2004), the mutant allele encodes a membrane-bound ephrin-B2--
galactosidase fusion protein that lacks the cytoplasmic domain and permits forward but not
reverse signaling. Only ephrin-B2!2Z/* and ephrin-B2*/* mice were used in this study, as
the ephrin-B2acZ/1acZ mytation is lethal on or before PO. For the EphB2M!l:EphB3nUll and
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EphB2'acZ;EphB3™!l mouse lines, we used mice that were homozygous mutant,
heterozygous, or wild type for the EphB2 gene and homozygous mutant for EphB3. All
procedures were approved by the University of California, Irvine, Institutional Animal Care
and Use Committee.

For PCR genotyping, mice were anesthetized using isoflurane and DNA was extracted from
tail samples with 100% isopropanol after an intervening lysis step. DNA was then
resuspended in 50-100 pl sterile water and stored at 4° C. The PCR reaction was performed
in a total volume of 15 ul (100 mg/ul DNA, 20 uM of each primer, 1 mM PCR Nucleotide
Mix [Roche], 1 U/ul Taq polymerase [Promega] with the appropriate reaction buffer) and
was performed on DNA from each animal. A positive control (a known heterozygote) and
negative control (PCR mix without DNA) were included in every gel. The following primers
were used for PCR:

EphB2;EphB3 mutant mice (Henkemeyer et al., 1996)—The genotype in the
EphB2null:EphB3"Ull mouse line was determined using three primers: N1 PCR A (5'-ACG
ATT GCC TAG GCT CTT GGA GTA G-3'), N1 PCR B (5'-GGG TAC ATC TCA GTG
GTA GAA TG-3') and Neo3' PCR (5-GTC AGT TTC ATA GCC TGA AGA ACG-3'). Gel
electrophoresis yielded a wild type PCR product of 600 bp, and an EphB2™"!I mutant
product of 270 bp.

The EphB2'2¢Z;EphB3™!Il mouse line was genotyped using three different primers: N2 PCR
1 (5-CACAAGTCATTTTTG CCACTC TAG-3'), N2 PCR 2 (5-TAA AAC GAC GGG
ATC ATC GCG AGC C-3") and N2 PCR 6 (5-AGC CAT GGT ACC TTG AGG CAT
TTG-3'). The wild type product is 450 bp and the EphB2!2Z mutant product is 400 bp.

The presence of the EphB3™!! mutation was determined using two separate PCR reactions,
one wild type reaction and one mutant reaction. The wild type reaction uses two primers:
Sek4 44 (5'-CCA GCA ACG CCG TGT GAC CTG TG-3') and Sek4 45 (5-ACC AGG
GAG CTG GTC TAG GTG GG-3). The product is 800 bp. The mutant reaction uses two
primers: Sek4 43 (5'-GCT CCC GAT TCG CAG CGC ATC G-3') and Sek4 44 (same
primer used for wild type reaction). The product is 550 bp.

Ephrin-B2'2¢Z mice (Dravis et al., 2004)—Three oligonucleotides (LZ, EB2-1, and
EB2-2N) containing the sequences AGGCGATTAAGTTGGGTAACG,
TCTGTCAAGTTCGCTCTGAGG, and CTTGTAGTAAATGTTGGCAGGACT were used
(Operon Biotechnologies). Gel electrophoresis of PCR product revealed a 500 bp band for
wild type ephrin-B2 allele and a 400 bp band for the ephrin-B2'2°Z allele.

EphB2 and ephrin-B2 immunohistochemistry

For EphB2 immunohistochemistry, the primary antibody (Zymed/Invitrogen) was a rabbit
polyclonal antiserum generated against a synthetic peptide derived from the juxtamembrane
region of the mouse EphB2 protein, used at 5 pg/mL. For ephrin-B2 immunohistochemistry,
the primary antibody (Neuromics) was a goat polyclonal antiserum generated against the
extracellular domain of the mouse ephrin-B2 protein, used at 10 pg/mL. Wild type mice
were perfused with 4% paraformaldehyde (PFA) and brainstem tissue was sectioned
coronally at 16 um on a cryostat (Leica Microsystems). Slides were immersed in 0.03%
H,0, in methanol, rinsed in TBST (0.05% Triton X-100 in 0.1 M Tris buffered saline, pH
7.4) and incubated in blocking solution containing TBST with 3% normal goat serum (for
EphB2) or normal rabbit serum (for ephrin-B2). Slides were then incubated overnight in
primary antibody in 1% serum in TBST, rinsed, incubated with a biotinylated anti-rabbit or
anti-goat secondary antibody (for EphB2 and ephrin-B2, respectively; Vector Laboratories)
diluted in 1% serum in TBST, rinsed and incubated in ABC solution (Vector Laboratories).
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Slides were reacted with 3,3'-diaminobenzidine (DAB) and then dehydrated in a graded
series of ethanol to xylene, and coverslipped with DPX. To facilitate identification of
anatomical borders of brainstem nuclei, thionin staining was performed on every third
section. Negative control sections were processed with the above protocol except that the
primary antibody was omitted.

To assess Whether expression varied with the frequency axis of MNTB, the optical density
(OD) was measured in immunolabeled sections from P4 and P12 wild type mice using NIH
ImageJ. MNTB was divided into 5 equal parts and OD was measured in each of those
divisions, encompassing the full mediolateral extent of each MNTB. Values were
normalized to the background level for each section. Linear regression analysis was used to
test whether OD varied systematically along the mediolateral axis.

The cell density and volume of MNTB were measured in thionin stained sections from P12
wild type and ephrin-B2 12¢Z/* mice. To measure cell density, boxes with fixed size were
placed in rostral and caudal sections of MNTB and the number of nuclei within each box
was counted for each section. Measurements from sections were then averaged together to
obtain a single value for each animal. The Cavalieri method was used to obtain MNTB
volume estimates. Briefly, MNTB area was measured using Openlab software (Improvision)
in alternate sections. MNTB area measurements were summed, multiplied by 2 (the section
spacing), and multiplied by the section thickness (50 um) to obtain an MNTB volume for
each animal. T-tests were used to determine whether cell density and volume differed
significantly between genotypes.

Neuroanatomical labeling

To visualize the projections from VCN to MNTB, axons from VCN were labeled in two
ways: with lipophilic dyes in fixed tissue or with dextran dyes in fresh tissue slices made in
an acute in vitro preparation. In fixed tissue, we used the lipophilic dye NeuroVVue Red (PTI
Research, Inc., Exton, PA), as previously described (Hsieh and Cramer, 2006; Hsieh et al.,
2007). After perfusion with 4% PFA, the cerebellum was carefully dissected away so that
VCN was clearly visible. With fine forceps, a small piece of NeuroVue Red filter paper
(100-200 pm?2) was placed in VCN. To allow dye transport, brainstems were incubated in
4% PFA at 37° C for 10-14 days. Coronal vibratome sections were then cut at 100 pum,
mounted onto slides, and coverslipped with Glycergel mounting medium (Dako).

In fresh tissue, we used dextran dyes in acute brainstem slices maintained in vitro. First,
mice were euthanized with an overdose of isoflurane and perfused transcardially with
artificial cerebrospinal fluid (ACSF; 130 mM NaCl, 3 mM KCI, 1.2 mM KH,PQy, 2.4 mM
CaCly, 1.3 mM MgSQy, 20 MM NaHCO3, 3 MM HEPES, and 10 mM glucose saturated
with 95% 04/5% CO5). Brainstems were quickly removed and thick brainstem slices (0.5~
1.0 mm) were cut and maintained in oxygenated ACSF. Dextran amine dyes (Rhodamine or
Alexa 488, 3,000 MW; Invitrogen) were used in a 6.25% solution containing 0.4% Triton
X-100 in PBS. Brainstems were injected either unilaterally with a single dye or bilaterally
with two different dyes. Dye solutions were delivered to VCN using pressure injection
through a pulled micropipette attached to a Picospritzer. Current was subsequently applied at
the dye injection site. Dye was allowed to transport for 1-3 hours. Tissue was fixed
overnight in 4% PFA in PBS at 4°C, rinsed, then sectioned on a vibratome at 100 pum,
mounted on slides and coverslipped with Glycergel mounting medium.

In some cases we delivered small deposits of rhodamine dextran amine (RDA) or
horseradish peroxidase (HRP) in order to label small numbers of identifiable individual
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axons in P6-28 ephrin-B2'2Z/* mice. Using a pulled glass pipette coated with concentrated
RDA or HRP, three to four deposits were made in the ventral acoustic stria, just
ventromedial to the VCN. Dye was allowed to transport for 2 hours and brainstems were
fixed in 4% PFA at 4°C overnight. Brainstems were sectioned coronally at 150-200 pm on a
vibratome, reacted for DAB (for HRP deposits), mounted on slides, and coverslipped.

VCN axon tracing and synaptic marker immunofluorescence

Imaging

To test whether aberrant terminations expressed synaptic markers, we used in vitro dye
labeling with RDA in the fresh tissue slice preparation described above, combined with
immunolabeling of synaptic terminal proteins. RDA was applied unilaterally in brainstems
obtained from P3-4, P9-10 and P25-26 mice. Brainstems were then fixed overnight in 4%
PFA at 4°C and were sectioned at 50 um on a microtome or 25 um on a cryostat (P3-4).
Tissue sections containing MNTB were then processed for synapsin | or SV2
immunofluorescence. Sections were incubated in blocking solution containing 4% normal
goat serum and 0.5% Triton-X100 in PBS for 1 hour at room temperature. We used primary
antibody generated against the presynaptic protein synapsin | (Abcam) or SV2. The SV2
antibody developed by Kathleen M. Buckley was obtained from the Developmental Studies
Hybridoma Bank developed under the auspices of the NICHD and maintained by the
University of lowa, Department of Biology, lowa City, EA 52242, Primary antibodies were
used at 0.2 ug/mL (synapsin I) or 1 ug/mL (SV2) in blocking solution, and tissue was
incubated at 4°C overnight. Sections were rinsed with blocking solution and then incubated
in a secondary antibody solution containing either goat anti-rabbit Alexa Fluor 488
(Invitrogen; for synapsin | reactivity) or goat anti-mouse Alexa Fluor 405 or 488 (for SV2
reactivity) diluted at 2 ug/mL in blocking solution for 2 hours at room temperature. Sections
were rinsed, mounted on slides, coverslipped, and imaged.

Images of brainstem tissue were obtained with either a Zeiss Axiocam digital camera
operated with Openlab software (Improvision) or a custom-made video-rate two-photon
laser scanning microscope, as described previously (Nguyen et al., 2001; Stutzmann et al.,
2003; Stutzmann and Parker, 2005). Briefly, excitation was provided by trains of 100 fs
pulses at 750-800 nm from a Chameleon Ti:sapphire laser (Coherent, Inc.). The laser beam
was scanned at 30 frames per second and focused through a 20x water-immersion objective
[numerical aperture (NA) 1.2], or 40x oil-immersion objective (NA 1.3) on an upright
microscope (Olympus BX51WIF, Olympus America, Inc.). Emitted fluorescence light was
detected by photomultipliers (Hamamatsu) to derive a video signal that was captured and
analyzed using SlideBook 5.0 (Intelligent Imaging Innovations, Inc.). Z-stacks were
acquired at 0.5-1.0 um per plane, rendered in 3-D, and exported as TIFF files for further
analysis. Images obtained with either microscope were then prepared for figure layout with
Adobe CS4 software (Adobe Systems).

Data analysis

For each mouse genotype, we evaluated whether the VCN-MNTB projection was restricted
to the contralateral MNTB. To enable comparisons between mouse lines, we corrected for
variations in the size of dye placement or volume of dextran dye injections as previously
described (Hsieh and Cramer, 2006; Hsieh et al., 2007). Specifically, for all sections from
each mouse we counted dye-labeled calyceal terminations in the MNTB ipsilateral to the
dye placement (MNTBI), and divided that count by the total number of calyceal
terminations in the MNTB contralateral to the dye placement (MNTBc). This ratio, the 1/C
ratio, was calculated for each animal, and sorted by genotype. To determine differences in
the 1/C ratio between different mouse genotypes, we used a Wilcoxon/Kruskal-Wallis Rank
Sum test.
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Results

EphB2 and ephrin-B2 expression in developing auditory brainstem

To determine the roles of EphB2 and ephrin-B2 in the development of the VCN-MNTB
pathway, we first surveyed the expression of these proteins in wild type brainstems at ages
PO-P21. Immunohistochemical labeling over this range of ages revealed complementary
expression patterns. At PO, EphB2 was lightly expressed in VCN and VCN axons (Fig. 1A-
B). Ephrin-B2 expression was not seen in VCN and MNTB at PO (Fig. 1C-D). At P4 EphB2
expression increased in VCN neurons (Fig. 1E) and VCN axons (Fig. 1F). Ephrin-B2
expression was observed in VCN and MNTB cell bodies at this age (Fig. 1G-H). At P12,
EphB2 and ephrin-B2 expression in VCN remained heavy (Fig. 11 and 1K, respectively),
while EphB2 VCN axon staining substantially diminished (Fig. 1J). Expression of ephrin-B2
in MNTB was still apparent at P12 (Fig. IL). At P21, expression of EphB2 and ephrin-B2 in
VCN and MNTB was undetectable (Fig 1LM-P). Together, these results indicate that EphB2
is expressed in VCN axons and ephrin-B2 is expressed in MNTB neurons in the VCN-
MNTB pathway at early postnatal ages, with a peak in expression at about P12 and a decline
thereafter.

These expression studies showed that ephrin-B2, but not EphB2, is expressed in MNTB
during development. Because Eph proteins in many cases have graded expression that
facilitates the formation of topographic projections (McLaughlin and O’Leary, 2005;
Flanagan, 2006), we examined the expression of ephrin-B2 along the tonotopic
(mediolateral) axis of MNTB. OD measurements were made in ephrin-B2 immunolabeled
MNTB from P4 and P12 wild type mice. These measurements were made from sequential
binned regions across the mediolateral extent of MNTB at both ages. Linear regression
analysis showed that optical density did not vary with mediolateral position in MNTB at P4
(r2=0.019, p > 0.5; n = 3 animals) or at P12 (r2 = 0.015, p > 0.5; n = 4; Supplemental
Figure 1).

Effects of EphB2, EphB3 and ephrin-B2 mutations

To determine the roles of EphB2, EphB3 and ephrin-B2 in the development of strictly
contralateral brainstem projections, we examined brainstem projections at P10-14, just prior
to a time when sound evoked responses have adult-like properties (Sonntag et al., 2009) and
the VCN-MNTB projection is nearly mature (Kandler and Friauf, 1993; Kil et al., 1995;
Ford et al., 2009). We unilaterally labeled VCN in mice from the EphB2n!l:EphB3null,
EphB2!2cZ;EphB3M!! and ephrin-B2!2Z mouse lines using NeuroVue Red dye placement in
fixed tissue and then evaluated labeled terminations in MNTBc and MNTBI (see schematic
diagram in Figure 2). We counted labeled calyces in MNTBi and MNTBc and obtained an 1/
C ratio (see Materials and Methods) that normalizes for inter-animal variations in the
amount of dye delivered to VCN, and thus allows for comparisons between animal groups.

In wild type animals, VCN projections terminated in identifiable calyces in MNTBc (Fig.
2A) but not MNTBI (Fig. 2B), yielding a very low I/C ratio of 0.046 + 0.010 (n = 16
animals). Similarly, we found that in EphB2*/*:EphB3~/~ mice, VCN projections terminated
only in MNTBg, yielding an I/C ratio of 0.0281 £ 0.09 (n = 9; data not shown). A Wilcoxon/
Kruskal-Wallis test revealed no significant difference between wild type mice and these
mice with only null mutations of EphB3 (p = 0.27). However, in EphB2*/~;EphB3~/~ and
EphB2~/~;EphB3~/~ mice, there were clearly visible abnormal projections from VCN to
MNTBI (Fig. 2D) in addition to a normal, robust projection from VCN to MNTBc (Fig. 2C).
These ipsilateral projections terminated in structures that morphologically resembled the
calyx of Held. I/C ratios for these groups were 0.061 + 0.022 (n = 12) and 0.141 + 0.030 (n
= 5), respectively (Fig. 2E), indicating that the abnormal ipsilateral projection amounted to
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about 10% of the contralateral projection. 1/C ratios for EphB2~/~;EphB3~/~ mice were
significantly higher than EphB2*/*;EphB3~/~mice (p < 0.014). These data suggest that
EphB2, alone or together with EphB3, is required to prevent formation of ipsilateral VCN-
MNTB projections.

We assessed brainstem projections in mice from the EphB2!2cZ;EphB3"!! line (Fig. 2F-H).
We found that all three genotypes examined, EphB2*/*;EphB3~/~, EphB2/2¢Z/*;EphB3~/~
and EphB2'acZ/lacZ:EphB3~/~ had normal projections from VCN terminating in MNTBc,
and few discernable projections to MNTBI. Figure 3F and 3G show labeling in an
EphB2!acZ/lacZ:EphB3~/~ mouse. The 1/C ratios for EphB2*/*;EphB3~/~,
EphB2!acZ/*:EphB3~/~ and EphB2!acZ/1acZ:EphB3~/~ were 0.025 + 0.025 (n = 5), 0.010 +
0.006 (n =9) and 0.000 = 0.000 (n = 3) (Fig. 2H). These values were not significantly
different from one another (p = 0.568), suggesting that the intracellular domain of the
EphB2 receptor, and forward signaling through this region, are not necessary for normal
targeting of VCN axons to MNTB.

We then examined the ephrin-B2!2Z mouse line to further investigate the role of reverse
signaling in strictly contralateral projections in the auditory brainstem (Fig. 21-K). We
found that in ephrin-B2*/* mice, there were very few projections from VCN to MNTBi (data
not shown), producing a very low I/C ratio (0.046 + 0.010; n = 16). In contrast, ephrin-
B2acZ/* mice had numerous calyces in MNTBI (Fig. 2J) in addition to the normal
projections to MNTBc (Fig. 21). The I/C ratio in ephrin-B2!2Z/* mice (0.138 + 0.028; n =
12) was significantly higher than in ephrin-B2*/* mice (p < 0.001; Fig. 2K). The ephrin-
B2'acZ* mice had I/C ratios similar to those obtained from EphB2~/~;EphB3~/~ mice
described above (p = 0.60). The results from these three transgenic mouse lines show that
the absence of reverse signaling between EphB2 and ephrin-B2 is strongly associated with
the robust appearance of aberrant ispilateral calyces in MNTB.

Aberrant and normal projections develop simultaneously

We examined EphB2"!:EphB3"U!! and ephrin-B2!2¢Z mouse lines at earlier time points to
determine whether the aberrant projections from VCN to MNTBI form concurrently with
normal projections from VCN to MNTBc (Fig. 3). We used in vitro labeling to visualize
projections from VCN at P3-5, a time when calyces are first beginning to form in MNTB
(Hoffpauir et al., 2006).

In P3—4 wild type animals (Fig. 3A-D), projections from VCN to MNTBc appeared as small
branches emanating from the ventral acoustic stria (Fig. 3A) or as immature calyceal
structures (Fig. 3C). These calyx-like terminations strongly co-localized with the
presynaptic protein SV2 (Supplemental Figure 2; n = 12). In MNTBI at this age, we
observed collateral axon branches (Fig. 3B, D), but these ipsilateral branches did not have
calyceal morphology and did not co-localize with SV2 (Supplemental Figure 2). At P5, we
no longer observed small branches in MNTBc or MNTBI and only observed calyceal
terminations in MNTBc (data not shown).

Similar to the results seen in wild type mice, labeling of the VCN-MNTB pathway in both
transgenic mouse lines at P3-4 (Fig. 3E-H) revealed non-calyceal axonal branches
emanating from the ventral acoustic stria in both MNTBc (Fig. 3E) and MNTBi (Fig. 3F).
However, unlike the results in wild type mice, labeling of the VCN-MNTB pathway
revealed calyceal terminations in both MNTBc (Fig. 3G) and MNTBI (Fig. 3H). These
rudimentary calyceal terminations were also present at P5 in both MNTBc and MNTBi (data
not shown). EphB2*/*;EphB3~/~ mice, like wild type mice, had few if any aberrant calyceal
terminations in MNTBI (I/C ratio = 0.006 + 0.006; n = 11), and significantly less than
EphB2~/~;EphB3~/~ mice (Fig 3l; I/C ratio = 0.206 + 0.087; n = 3; p < 0.004). Likewise, in
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ephrin-B2*/* mice, there were very few aberrant calyceal terminations in MNTBi (I/C ratio
=0.017 £ 0.008; n = 9) but there were significantly more projections to MNTBI in ephrin-
B2'acZ/* mice (Fig 3J; I/C ratio = 0.073 + 0.018; n = 11; p < 0.022). Thus, at the first ages
where calyces can be detected, both aberrant projections and normal projections arise at the
same time in mutant EphB2~/~;EphB3~/~ and ephrin-B2'2Z/* mice.

Aberrant projections persist after hearing onset

We next determined whether aberrant projections from VCN to MNTBI persist or are
eliminated later in development. We used bilateral dextran amine labeling of projections
from VCN to the MNTB in acute brainstem slices from P20 and older, ages when hearing
onset has occurred and when projections are considered mature. To visualize both normal
and aberrant projections to a single MNTB, we injected one VCN with Alexa 488 dextran
amine and the other VCN with RDA (Fig. 4). We found that, similar to results from earlier
ages, EphB2~/~:EphB3~/~ (Fig. 4A) and ephrin-B2'2Z* (Fig. 4B) mice have significantly
greater numbers of ipsilateral projections to MNTB than wild type mice.

We quantified calyceal projections using the 1/C ratio for both mouse lines at these older
ages. Within the EphB2"ull: EphB"U!! line (Fig. 4C), EphB2*/*;EphB3~/~ mice lacked
projections from VCN to MNTBi (I/C ratio = 0.005 * 0.002; n = 17); likewise, heterozygous
EphB2*/~;EphB3~/~ mice had very few, if any, ipsilateral calyces (I/C ratio = 0.004 + 0.003;
n = 6). However, numerous calyces were seen in MNTBI in EphB2~/~;EphB3~/~ mice (Fig.
4A; 1/C ratio = 0.112 + 0.020; n = 3) and the I/C ratio was significantly greater than
EphB2*/*;EphB3~/~ mice (p < 0.0049). We compared EphB2~/~;EphB3~/~ I/C ratios at this
age to ratios from P3-5 and P10-14 double mutants and found no significant difference (p =
0.417), indicating that the aberrant projections from VCN to MNTBi persist at later ages.

We performed a similar dual labeling study in the ephrin-B2'2Z mouse line at P20 and older
(Fig. 4D). Like EphB2~/~;EphB3~/~ mice, ephrin-B2!2Z/* mice retained their aberrant
ipsilateral VCN-MNTB projections. Figure 4B shows a mature, ipsilateral calyx adjacent to
contralateral axons and a normal calyx in an ephrin-B2'2Z/* mouse. The mean 1/C ratio in
ephrin-B2/2¢Z/* mice was 0.184 + 0.038 (n = 3), which was significantly greater than that
obtained in ephrin-B2*/* mice (I/C ratio = 0.009 + 0.005; n = 3; p < 0.049). Both
EphB2~/~;EphB3~/~ and ephrin-B2-12¢Z/* mice thus maintain their ipsilateral calyces at
older ages.

In all of the mice examined using bilateral labeling at early and late ages, we found no cases
in which an individual MNTB neuron received both ipsilateral and contralateral calyces,
suggesting that mutant mice retain the ability to establish only a single VCN input per
MNTB neuron. This observation suggests that ipsilateral VCN-MNTB projections in
mutants thus replace the normal contralateral projection. An alternative possibility is that the
ipsilateral projections may rescue MNTB neurons that would normally undergo cell death. If
so, we would predict that mutants with bilateral VCN-MNTB projections would have a
greater total number of MNTB neurons. To test this possibility, we compared the cell
density and volume of thionin-stained MNTB in wild type and ephrin-B2 2Z/* mice. We
found that ephrin-B2 '2¢Z/+ mice did not differ from wild type mice in MNTB cell density (p
> 0.1; n = 3 for each group; Supplemental Figure 3). Moreover, the total volume of MNTB
did not differ between ephrin-B2 '2Z* mice and wild type littermates (p > 0.1; n = 6 wild
type mice and 4 ephrin-B2 12¢Z/* mice; Supplemental Figure 3). Together, these data suggest
that the number of MNTB neurons in these mutant mice is not different from wild type
mice. It is thus unlikely that MNTB neuron number is altered by the presence of ipsilateral
VCN-MNTB projections in these mice.
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In order to evaluate the origin of axons that form ipsilateral projections to MNTB, we made
small injections to label individual axons in ephrin-B2 12Z/* mice (Supplemental Figure 4).
Of 10 cases in which individual axons that projected to MNTBI could be unambiguously
resolved, 7 could be followed back to parent branches that projected horizontally toward the
midline, consistent with the possibility that ipsilateral calyces arise from branches of the
normal, contralateral VCN-MNTB projection. In contrast, 3 axons were seen that projected
only to ipsilateral MNTB, with no branch projecting toward the midline (Supplemental
Figure 4).

Ipsilateral calyces express presynaptic markers

The calyceal terminations of ipsilateral VCN-MNTB projections appear morphologically
very similar to the normal, contralateral termination. To assess the possibility that these
aberrant ipsilateral calyces form synaptic contacts in MNTBI, we used synapsin | or SV2
immunofluorescence together with RDA axon labeling in animals P9 and older. RDA
labeled ipsilateral calyces (Fig. 5A) in a P9 EphB2~/~; EphB3~/~ mouse co-localized with
synapsin | immunofluorescence (Fig. 5B-C). Similarly, ipsilateral projections in a P26
ephrin-B2!2¢Z/* mouse (Fig. 5D) co-localized with SV2 immunofluorescence (Fig. 5E-F).
All of the labeled ipsilateral calyces examined (n = 10 mice) in both genotypes were
immunopositive for presynaptic markers, similar to the normal, functional synapses seen in
MNTBc.

Discussion

We evaluated the role of EphB signaling in restricting the VCN-MNTB projection to the
contralateral side of the brainstem. We found that when calyces form in MNTB (P0-P4),
EphB2 is expressed in VCN axons and ephrin-B2 expression in MNTB increases. Mice with
mutations restricted to the intracellular domain of EphB2 showed no abnormality in VCN
axon targeting. In contrast, EphB2~/~; EphB3~/~ and ephrin-B2'2Z/* mice had significant
numbers of ipsilateral, calyceal VCN-MNTB projections. In these mutants, VCN-MNTBI
projections emerged during early stages of development, and persisted through later ages.
Some of these aberrant ipsilateral calyces arose from axons that projected only ipsilaterally,
while others arose from collateral branches of axons that also projected contralaterally.
Furthermore, these ipsilateral calyceal terminations expressed the synaptic markers SV2 and
synapsin I, suggesting that they form functional connections.

Our results, summarized in Figure 6, suggest that ipsilateral calyceal projections are
normally prevented by reverse signaling through ephrin-B2. Our expression data suggest
that this reverse signaling is elicited in MNTB neurons by VCN axons that express EphB2.
Taken together, our findings suggest that reverse signaling acts non-cell-autonomously to
prevent ipsilateral calyces from forming.

Formation of contralateral VCN-MNTB projections

VCN axons normally grow through ipsilateral MNTB without forming connections, and
subsequently make contacts only with contralateral MNTB neurons. One possible
explanation for this target specificity is that when axons first encounter the ipsilateral
MNTB, they are repelled, or lack sufficient attraction. Previous work has shown that VCN
axons are strongly attracted to the midline during early brainstem development (Poe and
Brunso-Bechtold, 1998). Specifically, netrin-1 is expressed at the midline of the brainstem
during the initial growth of VCN axons, which express the netrin receptor DCC; mutations
in either of these genes results in a failure of the ventral acoustic stria to form (Howell et al.
2007). As in the spinal cord (Stein and Tessier-Lavigne, 2001), VCN axon attraction to
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netrin might diminish after axons reach the midline, permitting axon growth toward
contralateral MNTB.

In our studies, all genotypes had substantial contralateral VCN-MNTB projections. EphB2
and ephrin-B2 are thus not necessary for growth across the midline, or for formation of
contralateral calyces. Instead, mutations in EphB2 and ephrin-B2 resulted in a significant
number of projections from VCN to ipsilateral MNTB. Our results suggest that, during
normal development, these molecules prevent the formation of ipsilateral VCN-MNTB
projections.

Formation of ipsilateral VCN-MNTB projections in mutant mice

Ephrin-B2 expression is evident in MNTB only after PO, when VCN axons have grown past
MNTBI, crossed the midline, and arrived at MNTBc (Kil et al., 1995; Hoffpauir et al.,
2006). EphB2-ephrin-B2 signaling could commence at this time during the initial contacts
between VCN growth cones and MNTB cells. This interaction might normally result in an
environment that inhibits formation of ipsilateral contacts. In mutants, reduced inhibition
could promote the induction or maintenance of ipsilateral sprouts. Additionally, it could
alter the likelihood that existing ipsilateral branches form calyceal terminations in MNTB.

EphB signaling promotes synapse maturation (Henkemeyer et al., 2003; Kayser et al., 2006;
Kayser et al., 2008; Lim et al., 2008; McClelland et al., 2009) and could thus influence the
ability of VCN axon branches in ipsilateral MNTB to make synaptic contacts. However, our
data show that a decrease in signaling enhances formation of synaptic contacts between
VCN axon branches and ipsilateral MNTB, contradicting EphB functions in other systems.
Moreover, mutant mice appear to have normal contralateral terminations. It is thus likely
that mutant phenotypes arise instead from increased ipsilateral axon branching or increased
stability of these ipsilateral branches. In support of this possibility, several studies have
demonstrated that EphB signaling influences axon branching, and this signaling can promote
either branch growth (Hindges et al., 2002) or retraction (Xu and Henkemeyer, 2009).

Origins of ipsilateral projections

Ipsilateral calyceal projections have previously been described under two other
circumstances. In the first, unilateral cochlear deafferentation induces sprouting of the intact
VCN axons to form ipsilateral calyces (Kitzes et al., 1995; Russell and Moore, 1995; Hsieh
et al., 2007). These projections can be induced at later postnatal ages when the branches
observed at P3—4 are no longer present in ipsilateral MNTB (Hsieh and Cramer, 2006). In
the second, null mutations of Robo3 cause VCN axons to grow only to the ipsilateral MNTB
and form calyceal terminations without reaching the midline (Renier et al., 2010). These
results suggest that ipsilateral calyceal projections may result from branches of normal,
contralateral projections, or as direct exclusive projections from VCN to ipsilateral MNTB.

Both types of projection in EphB2 or ephrin-B2 mutants could potentially underlie our
finding that reverse signaling through ephrin-B2 is needed to prevent the formation of
ipsilateral VCN-MNTB projections. Our observations of single axons suggest that both
types of projection occur in mice with mutations in EphB2 or ephrin-B2. Strictly ipsilateral
projections might arise in mutants if axons experience increased attraction during their
initial growth through MNTBI. An interesting possibility that may account for our diverse
observations in single axons is that mutant VCN-MNTBI axons may extend or retract their
contralateral branches during the postnatal period. Further studies examining how these
axons change over time are thus needed to characterize fully the source of ipsilateral VCN-
MNTB projections in these mutants.
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Effects of EphB2-ephrin-B2 signaling

A role for reverse signaling in the normal targeting of VCN-MNTB axons is supported by
the observation of aberrant ipsilateral calyces in ephrin-B2!2Z/* mice, in which reverse
signaling is reduced but forward signaling is normal. The number of aberrant, ipsilateral
projections in these mice was similar to that seen in EphB2~/~; EphB3~/~ mutants.
Moreover, the EphB2!2¢Z mutation, which permits reverse but not forward signaling, has no
effect. These data, together with expression patterns, suggest that interactions between VCN
axons and MNTB cells normally permit reverse signaling in the MNTB target cell, and this
reverse signaling results in an environment that non-cell-autonomously limits the formation
of ipsilateral calyces (see Figure 6). In the absence of reverse signaling, ipsilateral VCN
axon branches would encounter a permissive environment in MNTB.

Our results suggest that normal signaling between VCN axons and MNTB inhibits the
formation of ipsilateral calyces. This finding is consistent with findings after unilateral
deafferentation (Kitzes et al., 1995; Russell and Moore, 1995; Hsieh and Cramer, 2006;
Hsieh et al., 2007), in which VCN-MNTB projections might be attracted toward MNTB
cells after inhibitory signals induced by intact projections are removed. Interestingly, in
mice lacking the Eph receptor EphA4, which binds to ephrin-B2 (Gale et al., 1996), lesion-
induced ipsilateral projections are more numerous (Hsieh et al., 2007), consistent with the
idea that Eph protein signaling limits ipsilateral projections.

There are several possible ways in which EphB2-ephrin-B2 binding could alter signals
affecting formation of ipsilateral connections. EphB2-ephrin-B2 binding is part of a
complex set of interactions mediated by the large family of Eph proteins. Relative levels of
Eph signaling are significant determinants of axon trajectories for EphA proteins (Brown et
al., 2000; Reber et al., 2004). Moreover, the function of Eph proteins as attractants or
repellants varies with concentration and may result from concentration-dependent
differences in oligomerization (Stein et al., 1998; Huynh-Do et al., 1999; Hansen et al.,
2004). Mutations in EphB2 or ephrin-B2 could thus shift the balance of repulsion and
attraction in the VCN-MNTB pathway so that a significant fraction of VCN neurons project
to MNTBiI and remain.

An alternative possibility is that axons that contact MNTB cells might, through reverse
signaling, result in production of increased activity of repulsive molecules, either through
post-translational modifications or altered gene expression. Mutations that impair reverse
signaling would reduce the level of repulsion in MNTB and permit growth of ipsilateral
projections. The characterization of proteins whose activity is modified by reverse ephrin-
B2 signaling in MNTB, and the effects of these proteins on ipsilateral VCN branches,
remain to be determined.

Selective effects on ipsilateral VCN-MNTB projections

The robust effects of EphB2 and ephrin-B2 mutations raise the question of how these
proteins might normally act to selectively prevent these ipsilateral VCN-MNTB projections.
An interesting possibility is that ipsilateral branches might express EphB2 in different
amounts than contralateral branches. In support of this possibility is the observation that
interstitial branches of avian retinal ganglion cells are selectively influenced by ephrin-B1,
possibly due to selective subcellular targeting of EphB receptors (or their mMRNA) to these
branches (McLaughlin et al., 2003). Indeed, Eph protein synthesis has been demonstrated in
axons and can result in expression in focal regions within axons (Brittis et al., 2002).

Ipsilateral VCN axon branches receive guidance cues that are distinct from those
encountered by contralateral axon segments, largely because they do not encounter the
midline. Moreover, normally occurring ipsilateral branches form after the contralateral

J Neurosci. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hsieh et al.

Page 12

branches have reached the contralateral superior olivary complex (Howell et al., 2007). Thus
exposure to distinct environments would enable distinct responses to cues that determine the
competence of axon branches to form terminations in MNTB.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Expression of EphB2 and ephrin-B2 during postnatal development

At postnatal day 0 (P0): A. EphB2 is lightly and evenly expressed throughout VCN. B.
EphB2 is also expressed in VCN projection axons (arrows) in the brainstem near MNTB. C.
Ephrin-B2 expression is not evident in VCN at PO. D. Ephrin-B2 is not expressed in MNTB.
At P4: E. EphB2 expression in VCN is stronger and more punctate than at PO. F. EphB2
expression in VCN axons (arrows) and VCN axon terminals is stronger than at PO. G.
Ephrin-B2 shows a more punctate expression pattern than at PO. H. Ephrin-B2 expression
appears to be perisomatic in MNTB. At P12: |. EphB2 expression in VCN remains strong
and punctate. J. EphB2 is no longer expressed in VCN axons. K. Ephrin-B2 expression
remains strong and punctate in VCN. L. Similar to P4, ephrin-B2 staining appears to be
perisomatic in MNTB. At P21: M. EphB2 is not expressed in VCN. N. There is a lack of
EphB2 staining in VCN axons in the brainstem. O. There is a lack of ephrin-B2 staining in
VCN. P. There is no apparent ephrin-B2 staining in MNTB. Scale bars in O and P indicate
100 um. Scale bar in O also applies to A, C, E, G, I, K, and M. Scale bar in P also applies to
B,D,F, H,JL,andN.
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Figure 2. Effects of EphB2, EphB3 and ephrin-B2 mutations on axonal projections from VCN to
MNTB

The schematic diagram shows the orientation of brainstem sections and dye labeling
protocol. For all panels in this figure, dye originates on the right side of the image, in the
VCN outside the field of view. The rectangle indicates the portion of the section in which
labeling will be evaluated. Labeling in fixed tissue was performed at P10-14 in wild type
and transgenic mice. A. In wild type mice, dye labeling of VCN results in labeled calyces in
MNTBc. Arrows indicate some of the labeled calyceal terminations. B. No aberrant
projections are seen in MNTBI. C. In EphB2~/~;EphB3~/~ mice, VCN-MNTBc projections
are normal and terminate in identifiable calyces (arrows). D. However, there are also
abnormal VCN projections to MNTBI that terminate in calyx-like morphology (arrows). E.
A ratio of the number of ipsilateral calyces to the number of contralateral calyces (I/C ratio)
reveals that EphB2~/~;EphB3~/~mice have significantly more aberrant projections (*) than
EphB2*/*;EphB3~/~ or EphB2*/~;EphB3~/~ mice. F. In EphB2'2cZ/lacZ:EphB3~/~ mice,
VCN-MNTBc projections are normal and terminate in identifiable calyces (arrows). G. No
aberrant projections are seen in MNTBI. H. There are no significant differences in I/C ratios
for EphB2*/*;EphB3~/~, EphB2/2¢Z/*;EphB3~/~ and EphB2'acZ/lacZ:EphB3~/~ mice. I. In
ephrin-B22Z*mice, VCN-MNTBc projections appear normal and terminate in identifiable
calyces (arrows). J. However, there are aberrant projections from VCN to MNTBI (arrows).
K. I/C ratios reveal significantly more aberrant projections (*) in ephrin-B2!2¢Z/* than
ephrin-B2**mice. Asterisks indicate p values < 0.05. Scale bar in J also applies to A-D, F—
G and | and indicates 50 pum.
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Figure 3. Aberrant projections develop at the same time as normal projections

These images were obtained from P3 and P4 EphB2-wildtype and EphB2-null mice. Both
mice have a null mutation in EphB3 that does not affect the VCN-MNTBc projection. In the
wild type: A. RDA labeling in a P3 wild type mouse reveals small axon branches emerging
from the ventral acoustic stria in MNTBc. B. Similarly, small branches are seen in MNTBI.
In A and B, arrows indicate labeled axon branches. C. RDA labeling in a wild type mouse at
P4 reveals an immature calyceal termination (arrow) in MNTBc. D. Branches in MNTBi do
not have calyceal terminations. In the mutant: E. RDA labeling in a P3 EphB2 null mutant
reveals small branches emerging from the ventral acoustic stria in MNTBc. F. Similarly,
branches are seen in MNTBI. G. RDA labeling of a P4 EphB2 null mutants reveals an
immature calyceal termination in MNTBc. H. In these mutants, abnormal projections with
immature calyceal terminations are present in MNTBI. In G and H, arrows indicate
rudimentary calyceal terminations. I. I/C ratios from the EphB2"!Il:EphB3"!! mouse line
indicate that even at this young age (P4-5), there are significantly more aberrant projections
(*) from VCN to MNTBi in EphB2~/~;EphB3~/~ than EphB2*/*:EphB3~/~ or
EphB2*/~;EphB3~/~ mice. J. I/C ratios from the ephrin-B2!2Z mouse line indicate
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significantly more aberrant projections in ephrin-B2!aZ/* than ephrin-B2*/*mice. Asterisks
indicate p values < 0.05. Scale bar in H also applies to A-G and indicates 10 pm.
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Figure 4. Aberrant projections persist after postnatal day 20

The schematic diagram on the right indicates orientation and dual dye labeling protocol.
Alexa 488 dextran amine (green) was applied to one VCN, and RDA (red) was applied to
the other VCN. In the diagram, the rectangle indicates the portion of the section in which
labeling was evaluated, wherein green fluorescence indicates ispilateral axons, and red
fluorescence indicates contralateral axons. A. Dual labeling of a > P20
EphB2~/~;EphB3~/~mouse brainstem reveals mature but aberrant VCN-MNTBi projections.
In this ipsilateral MNTB, there are two aberrant calyces (green). C. Quantification of
aberrant calyces with I/C ratios revealed that there are significantly more aberrant calyces in
EphB2~/~;EphB3~/~ (white bar) than EphB2*/*:EphB3~/~ or EphB2*/~;EphB3~/~ mice
(grey bar). B. Similarly, dual labeling of a > P20 ephrin-B2!2Z* mouse brainstem reveals
mature but aberrant VCN-MNTBI projections. In this example, an aberrant VCN-MNTBI
calyx (green, arrow) is adjacent to a normal VCN-MNTBc calyx (red, arrowhead) D.
Quantification of aberrant calyces with 1/C ratios indicate that there are significantly more
aberrant calyces in ephrin-B2'2Z/* (grey bar) than ephrin-B2*/* (black bar) mice. Asterisks
indicate p values < 0.05. Scale bar in B also applies to A, and indicates 10 pm.
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Figure 5. Aberrant ipsilateral calyces express presynaptic markers

A. In this mutant ipsilateral MNTB (P9 EphB2~/~;EphB3~/~), RDA labeling reveals an
aberrant calyx (arrow). B. Expression of synapsin | in the same section as in A. C. Merge of
panels A and B indicates that the RDA-labeled aberrant calyx is also positive for synapsin |
(yellow). D. In a different mutant ipsilateral MNTB (P26 ephrin-B22¢Z/*) RDA labeling
reveals axons (red) and two aberrant calyces (arrows). E. SV2 immunofluorescence in the
same section as in D. F. Merge of panels D and E indicates that the RDA-labeled calyces
(arrows) are also positive for SV2 (yellow). Scale bar in F also applies to A-E, and indicates
20 pum.
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Figure 6. Summary of results suggesting that reverse signaling through ephrin-B2 in MNTB
neurons prevents the formation of ipsilateral calyces

Genotype is indicated across the top row, and phenotype is indicated across the bottom row.
A. In wild type mice, signaling occurs bidirectionally, as both the receptor (pink) and the
ligand (blue) are fully expressed. These mice have a normal phenotype (bottom), in which
VCN projects to contralateral, but not ipsilateral, MNTB. B. In EphB2~/~ mice a null
mutation eliminates the EphB2 protein entirely, so signaling does not occur in either forward
or reverse direction. Our data indicate that these mice have a significant number of abnormal
ipsilateral VCN-MNTB projections. C. EphB2/acZ/lacZ mjce have B-galactosidase replacing
the intracellular portion of the EphB2 receptor. Thus, they cannot signal in the forward
direction, but reverse signaling functions normally. These mice have normal, contralateral
VCN-MNTB projections. D. Ephrin-B2/2¢Z/* mice have intact forward signaling but reverse
signaling through ephrin-B2 is reduced. These mice have abnormal ipsilateral VCN-MNTB
projections.
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