1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Dev Neurobiol. 2012 September ; 72(9): 1243-1255. doi:10.1002/dneu.20990.

EphB signaling regulates target innervation in the developing
and deafferented auditory brainstem

Paul A. Nakamural, Candace Y. Hsiehl, and Karina S. Cramerl”
1Department of Neurobiology & Behavior, University of California, Irvine, Irvine CA 92697

Abstract

Precision in auditory brainstem connectivity underlies sound localization. Cochlear activity is
transmitted to the ventral cochlear nucleus (VCN) in the mammalian brainstem via the auditory
nerve. VCN globular bushy cells project to the contralateral medial nucleus of the trapezoid body
(MNTB), where specialized axons terminals, the calyces of Held, encapsulate MNTB principal
neurons. The VCN-MNTB pathway is an essential component of the circuitry used to compute
interaural intensity differences that are used for localizing sounds. When input from one ear is
removed during early postnatal development, auditory brainstem circuitry displays robust
anatomical plasticity. The molecular mechanisms that control the development of auditory
brainstem circuitry and the developmental plasticity of these pathways are poorly understood. In
this study we examined the role of EphB signaling in the development of the VCN-MNTB
projection and in the reorganization of this pathway after unilateral deafferentation. We found that
EphB2 and EphB3 reverse signaling are critical for the normal development of the projection from
VCN to MNTB, but that successful circuit assembly most likely relies upon the coordinated
function of many EphB proteins. We have also found that ephrin-B reverse signaling repels
induced projections to the ipsilateral MNTB after unilateral deafferentation, suggesting that
similar mechanisms regulate these two processes.
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INTRODUCTION

In the mammalian auditory brainstem, globular bushy neurons of the ventral cochlear
nucleus (VCN) project to the contralateral, but not ipsilateral, medial nucleus of the
trapezoid body (MNTB; Kuwabara et al., 1991), where they terminate in calyces of Held
(Held, 1893). MNTB neurons provide inhibitory input to neurons in the adjacent lateral
superior olive (LSO), which also receive tonotopically matched excitatory inputs from the
ipsilateral VCN. In LSO neurons, the balance of inhibition from the contralateral side and
excitation from the ipsilateral side aids in the computation of interaural level differences
used for sound localization (Cant and Casseday, 1986; Sanes, 1990; Glendenning et al.,
1992). Accurate detection of these differences relies on the precise wiring of auditory
brainstem circuitry. The VCN-MNTB projection is established during embryonic and
postnatal development, and VCN axons appear to project directly to contralateral MNTB,
without making transient ipsilateral connections (Kil et al., 1995; Nakamura and Cramer,
2010).
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Previous studies have shown that Eph signaling has significant roles in the development of
the avian and mammalian auditory brainstem (Cramer, 2005; Nakamura and Cramer, 2010).
Eph proteins, Eph receptors and ephrin ligands, mediate cell-cell bidirectional signaling;
upon binding, forward signaling acts through Eph receptors in the Eph-expressing cell while
reverse signaling acts through ephrins in the ephrin-expressing cell. Interactions between
Ephs and ephrins can result in attraction or repulsion. Eph proteins are divided into A and B
subclasses. EphA’s preferentially bind to ephrin-A’s and EphB’s preferentially bind to
ephrin-B’s, with a few exceptions (Flanagan and Vanderhaeghen, 1998; Kullander and
Klein, 2002). Notably, EphA4 binds to ephrin-B2 (Gale et al., 1996) and EphB2 binds to
ephrin-A5 (Himanen et al., 2004). We previously showed that mutant mice with reduced
ephrin-B reverse signaling display a significant number of projections from VCN to
ipsilateral MNTB (Hsieh et al., 2010), suggesting that this signaling normally prevents the
formation of ipsilateral calyces. We observed abnormal MNTB targeting in two separate
lines of mice, one with decreased reverse signaling through ephrin-B2 and another with null
mutations in EphB2and EphB3, both receptors for the ephrin-B2 ligand. However, the large
number of possible binding interactions presents a challenge for determining how Eph
signaling is integrated to generate precise projections during development.

An understanding of the regulation of VCN-MNTB projections can be further informed by
lesion studies. After unilateral removal of the cochlea, VCN neurons on the lesioned side
undergo cell death (Hashisaki and Rubel, 1989; Mostafapour et al., 2000), while axons from
the intact VCN branch and produce novel calyceal projections to the ipsilateral MNTB
(Kitzes et al., 1995; Russell and Moore, 1995; Hsieh et al., 2007). An interesting possibility
is that lesion-induced reorganization shares mechanisms that control normal development.

In this study we characterized the spatiotemporal expression patterns of all EphB receptors
and their binding partners in the VCN-MNTB pathway during embryonic and postnatal
development. These expression patterns suggest that EphB signaling influences VCN axon
guidance during several stages of VCN-MNTB circuit formation at various ages. To further
understand the role of EphB signaling, we tested which EphB receptors act to restrict VCN-
MNTB projections during normal development. We found that £phB2, EphB3 double
mutants show significant ipsilateral VCN-MNTB projections, whereas single mutations
showed no effect. Finally, we tested whether EphB signaling regulates reorganization after
cochlea removal. We found that significantly greater lesion-induced ipsilateral projections
are induced in EphB mutants than in wild type mice. These findings suggest that the
molecular mechanisms underlying specificity in normal development are similarly operative
during lesion-induced synaptogenesis.

METHODS

Mice

All procedures were approved by the University of California, Irvine Institutional Animal
Care and Use Committee. Wild type, EphB2N, EphB3N, EphB20vll: EphB3nul,
EphB22cZ: EphB3MI and ephrin-B22Z mutant mouse lines (Fig. 1) on a mixed CD-1/129
background were used in this study. The £p#B2"!! line lacks the entire EphB2 protein; there
is no EphB2 forward signaling and no EphB2-elicited ephrin-B reverse signaling (Fig. 1B;
Henkemeyer et al., 1996). Similarly, the £pAB3"! mouse line lacks forward and reverse
signaling via EphB3 (Fig. 1C; Henkemeyer et al., 1996). The £phB2"N; EphB3ull
compound mutant line lacks EphB2 and EphB3 forward signaling and EphB2- and EphB3-
induced reverse signaling (Fig. 1D). The EphB22cZ; EphB3"II mutant mouse line has the
extracellular, transmembrane, and juxtamembrane domains of EphB2 fused to p—
galactosidase intracellularly and a null mutation in EphB3, this allows for normal EphB2-
induced ephrin-B reverse signaling, but no forward signaling through EphB2 and EphB3
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(Fig. 1E; Henkemeyer et al., 1996). The Epfrin-B22Z line has an allele that encodes the
extracellular domain of ephrin-B2 fused to an intracellular f—galactosidase, which results in
reduced ephrin-B2 reverse signaling, but intact ephrin-B2-elicited forward signaling (Fig.
1F; Dravis et al., 2004). Because ep/rin-B22°Z homozygous mutants die perinatally (Cowan
et al., 2004), only ephrin-BA%Z heterozygous mutants were used in this study. We used
mice from ages embryonic day 13.5 (E13.5) to postnatal day 5 (P5), with EQ.5 set as noon
on the day the vaginal plug was found and PO being the day of birth. Mice were genotyped
with PCR using DNA obtained from tail samples. Primer sequences for PCR and PCR
product sizes have been described previously (Henkemeyer et al., 1996; Dravis et al., 2004;
Hsieh et al., 2010). None of the mutant mice used in this study are deaf (Howard et al.,
2003; Miko et al., 2007; Miko et al., 2008).

Immunohistochemistry

For embryonic ages, tissue was immersion fixed for 1 hour in 4% paraformaldehyde (PFA)
in phosphate buffered saline (PBS) at 4°C and then cryoprotected in 30% sucrose in PBS
overnight at 4°C. For postnatal ages, pups were euthanized with isoflurane and
transcardially perfused with 0.9% saline then 4% PFA in PBS. Brainstems were removed
and postfixed for 1 hour in 4% PFA in PBS at 4°C and then cryoprotected in 30% sucrose in
PBS at 4°C overnight. For all ages, coronal sections were cut on a cryostat (Leica
Microsystems) at 18—-20 um and mounted directly onto chrome-alum-subbed slides. Slides
were rinsed in 0.1 M Tris-buffered saline (pH 7.4; TBS) and then incubated in 0.03% H,0,
in methanol for 10 minutes, rinsed in 0.05% Triton X-100 in TBS (TBST), and then
immersed in blocking solution containing 3% normal serum in TBST for 1 hour. After
blocking, slides were briefly rinsed in TBST and then incubated overnight in primary
antibody in 1% serum in TBST. The following day, slides were rinsed in TBS, incubated
with a biotinylated secondary antibody, either goat anti-rabbit, goat anti-mouse, or rabbit
anti-goat (6 pg/ml, Vector Laboratories), in 1% serum in TBST for 2 hours, rinsed with
TBS, and then incubated in ABC solution (Vector Laboratories) for 1 hour. Slides were then
rinsed with TBS and reacted with 3,3’-diaminobenzidine, rinsed, dehydrated in a graded
series of ethanol to xylenes, and coverslipped with DPX mountant (VWR International). The
following primary antibodies were used: rabbit anti-ephrin-B1 (5 pg/ml, Invitrogen), goat
anti-ephrin-B2 (10 pg/ml, Neuromics), rabbit anti-ephrin-B3 (5 pg/ml, Invitrogen), rabbit
anti-ephrin-A5 (5 pg/ml, Invitrogen), mouse anti-EphB1-3 (1 pg/ml, Developmental Studies
Hybridoma Bank), rabbit anti-EphB2 (5 pg/ml, Invitrogen), rabbit anti-EphB3 (5 pg/ml,
Abcam), mouse anti-EphB4 (5 pg/ml, Invitrogen), and mouse anti-EphB6 (5 pg/ml, Abcam).
In a subset of embryonic animals, we used MafB immunohistochemistry (0.1 pg/ml, Santa
Cruz Biotechnology) in parallel sections to confirm the location of the cochlear nucleus
(Howell et al., 2007).

The ephrin-B1 antibody was generated against the internal sequence of mouse ephrin-B1 (aa
150-240 of P52795). Western blot analysis yielded a single band at 50 kDa. The ephrin-B2
antibody was generated against the extracellular domain of ephrin-B2 (aa 27-227 of
AAAB8293) and produces a main, single band at ~40 kDa (Migani et al., 2007). The ephrin-
B3 antibody binds to the internal sequence of ephrin-B3 (aa 165-250 of NP_031937) and
yielded a single band at 55 kDa on a western blot. The ephrin-Ab5 antibody was generated
against the C-terminal end of mouse ephrin-A5 (aa 160-250) and produces a band at ~25
kDa on a western blot (manufacturer’s technical information). The EphB1-3 antibody was
generated using recombinant rat EphB1 protein (aa 18-538). On western blots, this antibody
recognizes EphB1, EphB3, and weakly binds to EphB2, but not to EphB4 or EphB6 (Jevince
et al., 2006). The EphB2 antibody binds to the juxtamembrane region of EphB2 (aa 530-615
of NP_034272) and produced a single band at 120 kDa on western blot. The EphB3
antibody was generated using recombinant human EphB3 (NP_004434) and yields a single
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band at 110 kDA on western blots with mouse tissue (manufacturer’s technical information).
The EphB4 antibody (clone 3D7G8) was generated using a recombinant protein derived
from the C-terminal region of EphB4 and on western blots it identifies a single band at ~115
kDa (manufacturer’s technical information). The EphB6 antibody was generated using a
recombinant protein corresponding to aa 23-122 of human EphB6 and yields a single band
of 109 kDa on western blots (manufacturer’s technical information).

Neuroanatomical labeling

Mice were euthanized with an overdose of isoflurane and then perfused transcardially with
0.9% saline followed by 4% PFA in PBS. Brainstems were extracted and following post-
fixation overnight in 4% PFA in PBS at 4°C, the cerebellum was dissected away and a small
piece (100-200 um?) of NeuroVue Red dye (PTI Research) was inserted into VCN (Hsieh et
al., 2007; Hsieh et al., 2010). The brainstems were then returned to 4% PFA in PBS and
incubated at 37°C for 2—-3 weeks to allow for dye transport. Coronal brainstem sections were
cut at 100 pm on a vibratome (Leica Microsystems), mounted onto chrome-alum-subbed
slides, and coverslipped with Glycergel mounting media (Dako). Labeling was performed at
P10-12 for studies of normal development, and at P9-11 for studies of deafferentation-
induced plasticity.

Cochlearemoval

Imaging

Unilateral cochlea removals (CR) were performed at P2—P3 as previously described (Hsieh
and Cramer, 2006; Hsieh et al., 2007). Mouse pups were anesthetized with hypothermia and
an incision was made ventral to the pinna to expose the tympanic membrane. Using a sterile
pipette, the middle ear mesenchyme and ossicles were aspirated and then the pipette was
inserted into the oval window to aspirate the cochlea. The procedure was performed with a
stereomicroscope using heat-sterilized instruments (Germinator 500, CellPoint Scientific).
Following the surgery, pups were warmed on a heating pad and then returned to their home
cage with their mothers for 7-8 days. After this survival period, the pups were sacrificed and
the VCN-MNTB projection was labeled using the neuroanatomical labeling procedure
described above.

Brainstem sections were examined, analyzed, and digitally imaged with a Zeiss Axioskop
microscope, Axiocam camera, and Openlab software (Improvision). High-powered images
were acquired as three-dimensional stacks on a custom-built two photon laser-scanning
microscope using Slidebook software (Intelligent Imaging Innovations, Inc). Digital images
were imported into Adobe Photoshop to adjust brightness and contrast and then imported
into Adobe Illustrator for photomicrograph production.

Data analysis

To determine the specificity of the VCN-MNTB projection in mutant mice during normal
development and to compare the amount of deafferentation-induced sprouting to MNTB
between our different lines of mutant mice, we counted all labeled calyceal terminations in
MNTB on both sides and calculated an ipsilateral to contralateral (I/C) ratio for each mouse
as described previously (Hsieh and Cramer, 2006; Hsieh et al., 2007; Hsieh et al., 2010).
Briefly, we counted the dye-labeled calyces in the MNTB ipsilateral to the VCN with the
dye placement and divided this number by the total number of calyces counted in the MNTB
contralateral to the dye-injected VCN to normalize for differences in the amount of dye used
between animals. A termination was counted as a calyx if at least one-third of the MNTB
cell surface was covered. All counts were performed blind to genotype. We used a
Wilcoxon/Kruskal-Wallis rank-sum test to determine differences in I/C ratios between
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groups of different genotypes. For the parametric two-way ANOVA, we transformed the 1/C
ratio data using an arcsine transformation and compared these data to transformed I/C ratios
obtained from non-operated, age-matched controls of the same genotype.

To determine if genotype had an effect on the degree of VCN degeneration following CR,
we measured the volume of VCN on the lesioned and intact sides and divided the lesioned
VCN volume by the intact VCN volume to calculate a percentage of remaining VCN for
each animal in a random subset of animals. For measuring the volume of VCN, we
measured the area of VCN in every other section containing VCN using Openlab software,
multiplied the summed areas by 2 (the section spacing), and then by 100 um (the section
thickness). All measurements of VCN volume were performed blind to genotype. We then
grouped the animals by genotype and compared means with an ANOVA.

Several EphB proteins are expressed during VCN-MNTB development

Because there are several proteins in the EphB subfamily with broad binding specificity, we
examined the expression of all ephrin-B ligands and EphB receptors at embryonic day 13.5
(E13.5), when VCN axons are crossing the midline to reach the contralateral MNTB
(Howell et al., 2007), at E17.5, when VCN axons first contact contralateral MNTB neurons
(Hoffpauir et al., 2010), and at postnatal day 0 (P0) and P4-5, during calyx of Held
formation and maturation (Kil et al., 1995; Hoffpauir et al., 2006; Nakamura and Cramer,
2010). In order to understand EphB signaling during VCN-MNTB development, we
documented the spatiotemporal expression of EphB1, EphB2, EphB3, EphB4, and EphB6,
as well as that of their binding partners, ephrin-B1, ephrin-B2, ephrin-B3, and ephrin-A5 (n
> 3 mice for each antibody at every age).

Embryonic development—At E13.5, when VCN axons are crossing the midline to
innervate the contralateral MNTB, we observed expression of ephrin-B2 (Fig. 2A), ephrin-
B3 (Fig. 2B), ephrin-A5 (Fig. 2C), EphB2 (Fig. 2D), and EphB4 (Fig. 2E) in the cochlear
nucleus (asterisks in Fig. 2A-E). Many EphB proteins were also expressed at the midline
(arrowheads in Fig. 2F-L) of the auditory brainstem. Ephrin-B2 (Fig. 2F), ephrin-B3 (Fig.
2G), and all EphB receptors (Fig. 2H-L) were present at the midline at varying levels, with
ephrin-B3 expressed the most. We did not observe any EphB staining in VCN axons and
MNTB is not identifiable at this age.

At E17.5, when MNTB neurons are first innervated by VCN axons (Hoffpauir et al., 2010),
ephrin-B1 (Fig. 3A), ephrin-B2 (Fig. 3B), ephrin-A5 (Fig. 3C), and EphB1, 2, and 3 (Fig.
3D-E) were expressed in the VCN (asterisks in Fig. 3A-E). Similar to the observations in
E13.5 brainstems, ephrin-B2 (Fig. 3F), ephrin-B3 (Fig. 3G), and all EphB receptors (Fig.
3H-L) were expressed at the midline (arrowheads in Fig. 3F-L) at this age, with heaviest
staining of ephrin-B3. We did not observe any staining in VCN axons or in MNTB neurons
at E17.5.

Postnatal development—Expression of ephrin-B’s and EphB’s was evident in VCN
axons and MNTB neurons at PO. Ephrin-B1 (Fig. 4A), ephrin-B2 (Fig. 4B), ephrin-A5 (Fig.
4C), and EphB1, 2, and 3 (Fig. 4D) were expressed in VCN (asterisks in Fig. 4A-D) and
ephrin-B1 (Fig. 5A) and EphB2 (Fig. 5B) expression was evident in VCN axons. Ephrin-B1
(Fig. 5A), ephrin-A5 (Fig. 5C), and EphB3 (Fig. 5D) were expressed in MNTB. Ephrin-B2
(Fig. 5E), ephrin-B3 (Fig. 5F), and EphB3 (Fig. 5G) were expressed at the midline
(arrowheads in Fig. 5E-G) of the brainstem at this age, while the expression of all other
EphB receptors was no longer detectable in this region.
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Similar to expression at PO, ephrin-B1 (Fig. 4E), ephrin-B2 (Fig. 4F), ephrin-A5 (Fig. 4G),
and EphB1, 2, and 3 (Fig. 4H) were present in VCN (asterisks in Fig. 4E-H) and ephrin-B1
(Fig. 6A) and EphB2 (Fig. 6B) were expressed in VCN axons at P4-5. However, the
expression of ephrin-B2 in MNTB neurons (Fig. 6C), in addition to ephrin-B1 (Fig. 6A),
ephrin-A5 (Fig. 6D), and EphB3 (Fig. 6E), became evident by this age. The expression of
EphB3 in MNTB at P4 appeared less than at PO. At P4-5, the only Eph protein expressed at
the midline (arrowhead in Fig. 6F) of the auditory brainstem was ephrin-B3 (Fig. 6F).
Expression results are summarized in Table 1.

EphB2 and EphB3 reverse signaling is required for normal development

We have previously shown that £phB2": EphB3MI but not EphBA2°Z; EphB3N, double
mutant mice have aberrant projections to the ipsilateral MNTB (Hsieh et al., 2010).
However, it is unclear whether EphB2 alone or EphB2 and EphB3 together are necessary for
the ephrin-B reverse signaling required to restrict the VCN projections to the contralateral
MNTB. To address this question, we traced the VCN-MNTB pathway in P10-P12 wild type
and EphB2"Y single mutant mice and compared the 1/C ratios to those obtained from
EphB3!l single mutant mice and EphrB2": EphB3Y double mutant mice (Hsieh et al.,
2010). Similar to wild type mice, £p#B27'~ mice had projections from VCN that terminated
almost exclusively in the contralateral MNTB (Fig. 7). An example of labeling can be seen
in Fig. 7B, where calyces can be seen in the contralateral MNTB (high-powered image in
inset), but not in the ispilateral MNTB. Wild type and £p/#B27'~ mutant mice had mean 1/C
ratios of 0.03 £ 0.01 (n=9) and 0.03 + 0.01 (n=7), respectively, which did not differ from
each other (P = 0.87) and from £phB3~~ mutant mice (P = 0.40 and 0.30; Fig. 7A), which
had a mean I/C of 0.03 + 0.01 (n=14). EphB2"'~; EphB3'~ mice had a mean I/C ratio of
0.14 + 0.03 (n=5), which is greater than wild type (P < 0.05), EphB2"~ (P < 0.05), and
EphB37'~ mutant mice (P < 0.05; Fig. 7A). These data suggest that EphB2 and EphB3 have
an overlapping function in regards to the normal development of the VCN-MNTB
projection; in the absence of either EphB2 or EphB3, the other can compensate for this loss.

EphB signaling regulates the induced projection from VCN to the ipsilateral MNTB

Because signaling between EphB proteins plays a role in the normal development of the
VCN-MNTB pathway, we asked whether this signaling also plays a role in the formation of
the projection from VCN to the ipsilateral MNTB induced by early unilateral
deafferentation, when this circuit is still maturing. To determine if EphB signaling also
influences the induced projection to MNTB from the ipsilateral VCN, we unilaterally
removed the cochlea at P2-3 in wild type, ephrin-BA%Z, EphB2 U EphB3Ull and
EphB22cZ: EphB3Il mutant mice, labeled the VCN-MNTB pathways after a survival
period of 7-8 days, which is sufficient to permit formation of lesion-induced ipsilateral
projections (Hsieh and Cramer, 2006), and compared I/C ratios between genotypes. In all
genotypes we ohserved a substantial projection to the ipsilateral MNTB after unilateral
deafferentation (Fig. 8). After cochlea removal (CR), wild type mice had a mean 1/C ratio of
0.23 +0.04 (n = 14; Fig. 8A and 8B). Ephrin-B22Z* mice had a mean 1/C ratio of 0.37 +
0.07 (n=10; Fig. 8A and 8C), which was greater than the mean obtained from wild type mice
(P < 0.05). EphB27I=;EphB3~'~ mice had a mean I/C ratio of 0.44 + 0.03 (n = 4; Fig. 8A and
8D), which was also greater than the mean I/C ratio of wild type mice (P < 0.05) after
unilateral deafferentation. In contrast, CR in EphBAcZNNacZ: £ppB371~ mice resulted in a
mean |/C ratio of 0.18 + 0.06 (n=5; Fig. 8A and 8E), which did not differ from the wild type
mean |/C ratio (P = 0.40) and suggests that EphB2 forward signaling does not affect this
process.

Two distinct possibilities could account for the increased I/C ratios in ephrin-B22Z/* and
EphBZ!'=; EphB37'~ mice after unilateral deafferentation. One possibility is that they had
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more induced sprouting to the ipsilateral MNTB. An alternative explanation is that they had
higher 1/C ratios than wild type mice before surgery (Hsieh et al., 2010), but the amount of
induced sprouting was not any more than the amount of sprouting observed in wild types.
To address these two possibilities, we performed a two-way ANOVA on arcsine-
transformed I/C ratios, with genotype (wild type or mutant) and surgical status (non-
operated or CR) as independent factors. We found that in epfArin-B22¢Z/* mice, the amount
of induced projections to the ipsilateral MNTB did not differ from wild type (P = 0.90,
genotype-surgical status interaction; Fig. 8F). Similarly, the level of induced sprouting to the
ipsilateral MNTB in EphB27!'=; EphB3™'~ mice was not greater than the level observed in
wild type mice (P = 0.60, genotype-surgical status interaction; Fig 8G), providing evidence
to support the latter possibility.

However, because ephrin-BA2Z/* and EphB2~'~; EphB3~ mice have a substantial
projection to the ipsilateral MNTB without surgery (about 15% of MNTB neurons receive
input from the ipsilateral VCN (Hsieh et al., 2010)), it is expected that following unilateral
deafferentation, the denervated MNTB in these mutant mice lose less inputs compared to
wild type mice (in which only about 3% of MNTB neurons receive input from the ipsilateral
VCN). With fewer MNTB neurons to re-innervate and less drive for axonal sprouting after
unilateral deafferentation, an equal/amount of induced sprouting would actually indicate
more plasticity in ephrin-BAZI* and EphB2™'~; EphB3'~ mice. For a more direct
comparison, we performed unilateral CR in £phB27~ and EphB3'~ single mutant mice,
mice in which the level of MNTB innervation by the ipsilateral VCN does not differ from
wild type mice (Fig. 7) and the amount of MNTB denervation following CR would be the
same as the level in wild type mice. Interestingly, we found that £phB27'~ and EphB3!~
mice had mean 1/C ratios of 0.38 = 0.05 (n = 6; Fig. 8A and 8H) and 0.18 £+ 0.03 (n = 8; Fig.
8A and 8l), respectively, after unilateral deafferentation. This mean 1/C ratio from EphB2~
mice was greater than the mean 1/C ratio obtained in wild type mice (P < 0.05), but did not
differ from the ratios of epfrin-B22Z* (P = 0.59) and EphB2~'~; EphB3™~ mice (P = 0.52).
The mean EphB37~ I/C ratio after CR was not different from the mean wild type 1/C ratio
after CR (P = 0.49).

To confirm that the differences in I/C ratios were due to differences in the amount of
sprouting to MNTB and not from differences in the degree of VCN degeneration caused by
CR, we compared the extent of VCN degeneration between wild type and

EphB2acZliacZ: FphB3-= mutants, mice in which the mean 1/C ratios did not differ from the
mean wild type 1/C ratio, and £p/#B27~ mutants, mice in which the mean 1/C ratio was
greater than the mean 1/C ratio of wild types. After unilateral CR, we found that in wild
type, EphBAacZllacZ: Eppp3-I= and EphB2~ mice the mean percentages of VCN remaining
was 22.27 + 2.27, 30.92 + 9.47, and 27.61 £ 11.72, respectively. These means did not differ
from each other (P = 0.79; n = 3 animals for each genotype), suggesting that genotype does
not affect the amount of VCN cell death after CR.

DISCUSSION

We previously found that compound null mutations in EphB2and EphB3reduce precision
in contralateral VCN-MNTB pathway targeting (Hsieh et al., 2010). Here, we explored the
mechanisms by which EphB signaling regulates targeting in this pathway. We first
performed a comprehensive spatiotemporal expression study of all ephrin-B’s and EphB’s
and found that multiple ephrin-B ligands and EphB receptors are expressed in this pathway
at various stages of development. We then determined that the compound mutation is
needed for the observed phenotype, as single mutations in £EphB2 or EphB3do not show this
effect. Together with our previous study, these results suggest that ephrin-B reverse
signaling regulates contralateral VCN-MNTB targeting, and that precision in this pathway
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results from coordinated function of several EphB proteins. Finally, we investigated the role
of EphB signaling in lesion-induced ipsilateral projections. We examined the VCN-MNTB
pathway in EphB mutant and wild type mice after cochlea removal during early postnatal
development, when this circuit is relatively immature (Rodriguez-Contreras et al., 2008;
Rusu and Borst, 2011). Our results suggest that EphB reverse signaling also limits
innervation of the ipsilateral MNTB after early postnatal deafferentation, similar to the
regulation of ipsilateral MNTB innervation during normal development. However, unlike
normal development, this ephrin-B2 reverse signaling seems to be mostly elicited by EphB2
alone and does not appear to be compensated by EphB3.

EphB signaling in trans vs. cis

Brainstem regions with immunolabeling expressed both ephrin-B ligands and EphB
receptors. Ephrins and Eph receptors expressed in the same cell can interact in a c/s fashion,
which is believed to block frans interactions (Hornberger et al., 1999; Carvalho et al., 2006)
and may thus play a role in the development of this pathway. For example, ephrin-B2, which
shows increased expression in MNTB at P4, could bind to EphB3 within MNTB neurons.
This binding would reduce the level of EphB3 available to bind to ephrin-B1 expressed in
VCN axons, and could consequently reduce repulsion. Co-expressed EphB2 and ephrin-B1
could similarly interact in VCN axons.

Innervation of contralateral vs. ipsilateral targets

Our data suggest that the regulation of contralateral vs. ipsilateral targeting in the VCN-
MNTB pathway depends on two key points, one at the midline and the other within MNTB.
Our expression studies suggest that EphB signaling between growing axons and the midline
is limited at early ages. At E13.5, when VCN axons cross the midline (Howell et al., 2007),
we observed minimal levels of EphB and ephrin-B expression in these axons. Midline
expression was heavy at this age and did not start to decrease until P4. Low expression of
EphB proteins in VCN axons may permit midline crossing at this age. In the chick auditory
brainstem, ephrin-B2-expressing cochlear nucleus axons cross the midline when EphB
expression in this region is very low, and EphB2 is up-regulated at the midline after these
axons cross. Additionally, EphB2 misexpression at the midline dramatically increases axon
misrouting, suggesting that midline EphB receptors inhibit cochlear nucleus axons (Cramer
et al., 2006). It is possible that in the chick auditory brainstem, EphB expression at the
midline creates a repulsive barrier, which prevents the re-crossing of cochlear nucleus
axons. Unlike this developmental sequence in chicks, in this study we observed heavy
expression at the midline at the time when VCN axons cross, and little expression in VCN
axons until PO, well after midline crossing.

In the mouse auditory brainstem, it is not clear to what extent EphB signaling influences the
initial growth of axons across the midline. EphB proteins may prevent axon growth, but only
after expression emerges in axons. The delay from axon crossing to onset of axonal EphB
expression contrasts with that seen in other areas of the central nervous system. For
example, in the mouse spinal cord, ephrin-B3 at the midline controls the crossing of EphB-
and EphA4-positive commissural axons (Kullander et al., 2001; Yokoyama et al., 2001;
Kadison et al., 2006). Additionally, at the mouse optic chiasm, ephrin-B2 in midline glial
cells repulse EphB1-expressing retinal ganglion cell axons into the ipsilateral optic tract
(Petros et al., 2009).

EphB signaling may thus be limited in its control of initial midline crossing. Consistent with
this prediction, in EphB mutant mice we found that most VCN-MNTB axons cross the
midline and form appropriate contralateral projections. However, a proportion of the
observed ipsilateral projections appear to emerge from VCN axons that did not reach the
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midline, indicating a defect in midline guidance (Hsieh et al., 2010). Mutations in other
axons guidance molecules such as netrins, DCC, slits, and robos show stronger effects in
which the entire VCN-MNTB projection fails to reach the midline (Howell et al., 2007;
Renier et al., 2010). These data suggest that Eph-ephrin interactions work in conjunction
with other axon guidance molecules that provide strong attractive cues for the initial growth
to the midline.

Expression of EphB proteins at the midline may differentially influence the response of
EphB-positive axons in contraleral vs. ipsilateral targets. For example, EphB2 in VCN axons
may respond differently to ephrin-B2 and/or ephrin-A5 in the contralateral MNTB after
interacting with ephrin-B2 and -B3 at the midline, an instance where EphB2 signaling might
be repulsive in the ipsilateral target, but attractive in the contralateral target. A potential
molecular mechanism that could mediate the repulsiveness vs. attractiveness of EphB
interactions is EphB-ephrin-B endocytosis, (Zimmer et al., 2003), which could occur at the
midline, creating opposing effects of EphB signaling on different sides of the brainstem.

The distribution of EphB proteins in VCN neurons may differ in the proximal and distal
regions of axons, creating distinct molecular environments and different interactions for the
ipsilateral and contralateral MNTB. EphB-ephrin-B interactions may be more prominent in
the ipsilateral MNTB if diffusion of EphB transcript or protein is limited. In the visual
system, the response of Eph-expressing retinal axons depends on the concentration of
ephrins, where high concentrations are repulsive and low concentrations are attractive
(Hansen et al., 2004). Conversely, EphB expression could be up-regulated at the midline
(Brittis et al., 2002), which could enable asymmetric EphB signaling between the ipsilateral
and contralateral MNTB.

Aberrant innervation of the ipsilateral MNTB in £phB2"!;: EphB3I! double mutant mice
during normal development may arise from multiple mechanisms at these two points, the
midline and the MNTB. Our data showing the decline in EphB3 expression at early
postnatal ages suggest that EphB3 signaling may be relatively more important for limiting
ipsilateral projections during initial axon growth in the embryonic ages, while EphB2, which
shows a more prolonged expression pattern, may regulate both early and late developmental
events. This difference between EphB2 and EphB3 function is supported by our CR data in
postnatal single mutant mice. The EpAB2 mutation shows an increase in lesion-induced
ipsilateral projections, while the £phB3 mutation does not, consistent with the observation
that EphB3 expression has decreased by the time of that lesions were performed at P2-3.
These CR data, along with our observations in ephrin-B22°Z mice during normal
development (Hsieh et al., 2010), support the idea of different roles for EphB2 and EphB3
and the role of ephrin-B2 reverse signaling as an effector for EphB functions in axon
guidance and targeting.

EphB signaling during normal development and developmental plasticity

In this study, we have found that mutations in EphB proteins that affect normal development
also affect developmental plasticity. Chemorepulsive molecules expressed at the time of
lesion may have a similar inhibitory function during axonal reorganization after lesion.
While it is possible that deafferentation alters the levels of Eph proteins, it seems unlikely
based on previously reported work. The amount of lesion-induced sprouting due to a null
mutation in EphA4 was greater than what we observed in EphB mutant mice; however, there
was no change in the level of EphA4 expression after unilateral deafferentation (Hsieh et al.,
2007). Furthermore, this null mutation in £EphA4 does not affect normal development, but
only the extent of induced ipsilateral innervation after unilateral deafferentation. However, it
may be that EphA4 signaling does have a role during normal development of the VCN-
MNTB projection, but that other EphA receptors can compensate when only EphA4 is
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removed. Indeed, we have not observed any aberrant VCN-MNTB phenotypes during
development in single EphB receptor mutant mice. Because EphA4 binds to ephrin-B2
(Gale et al., 1996), it is possible that the effect observed in the £pAA4 null mouse after
unilateral deafferentation is due to reduced ephrin-B reverse signaling. Moreover, the
reactivity between EphA4 and both ephrin-A’s and ephrin-B’s suggests that there may be
cooperative interactions between these classes during the maturation of auditory system
circuitry (Miko et al., 2007; Miko et al., 2008; Gabriele et al., 2011).
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Figure 1.

Schematic of EphB signaling in wild type and mutant mice. In wild type mice, there is
EphB2 and EphB3 forward signaling and ephrin-B2 reverse signaling (A). In EphB27!~
mice, there is no EphB2 forward signaling and no EphB2-elicited reverse signaling (B).
EphB3 '~ mice have no EphB3 forward signaling and no EphB3-elicited reverse signaling
(C). EphBZ=; EphB3!~ double mutant mice have no forward signaling through EphB2 and
EphB3 and no EphB2- and EphB3-elicited reverse signaling (D). In
EphBAacZliacZ: EppB 3= mice, there is no EphB2 forward signaling, no EphB3 forward or
reverse signaling, but EphB2-elicited reverse signaling is intact (E). Epfrin-BA2°Z/* mice
have intact ephrin-B2 forward signaling, but reduced ephrin-B2 reverse signaling (F).
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Figure 2.
EphB expression in coronal sections through the auditory brainstem at embryonic day 13.5.

Ephrin-B2 (A), ephrin-B3 (B), ephrin-A5 (C), EphB2 (D), and EphB4 (E) are expressed in
the cochlear nucleus (asterisks). Ephrin-B2 (F), ephrin-B3 (G), EphB1, 2, and 3 (H-J),
EphB4 (K), and EphB6 (L) are expressed at the midline (arrowhead) of the brainstem. Scale
bar in A represents 100 um and applies to all panels.
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Figure3.
EphB expression in coronal sections through the auditory brainstem at embryonic day 17.5.

Ephrin-B1 (A), ephrin-B2 (B), ephrin-A5 (C), and EphB1, 2, and 3 (D-E) are expressed in
the VCN (asterisks). Ephrin-B2 (F), ephrin-B3 (G), and all EphB receptors (H-L) are
expressed at the midline (arrowhead) of the brainstem. Scale bar in A represents 100 um and
applies to panels A—E. Scale bar in F represents 200 um and applies to panels F-L.
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Figure4.

EphB expression in the VCN at postnatal days 0 and 4. Ephrin-B1 (A), ephrin-B2 (B),
ephrin-A5 (C), and EphB1-3 (D) are expressed in the VCN (asterisks) at PO and at P4 (E-H,
respectively). Scale bar in A represents 100 pum and applies to all panels.
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Figure5.

EphB expression in coronal sections through the auditory brainstem at postnatal day O.
Ephrin-B1 (A) and EphB2 (B) are expressed in VCN axons. Ephrin-B1 (A), ephrin-A5 (C)
and EphB3 (D) are expressed in MNTB. Ephrin-B2 (E), ephrin-B3 (F), and EphB3 (G) are
expressed at the midline (arrowhead in all panels) of the brainstem. Scale bar in A represents
100 pm and applies to panels A-D. Scale bar in E represents 200 um and applies to panels
E-G.
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Figure6.

EphB expression in coronal sections through the auditory brainstem at postnatal day 4-5.
Ephrin-B1 (A) and EphB2 (B) are expressed in VCN axons. Ephrin-B1 (A), ephrin-B2 (C),
ephrin-A5 (D), and EphB3 (E) are expressed in MNTB. Ephrin-B3 (F) is expressed at the
midline (arrowhead in all panels) of the brainstem. Scale bar in A represents 100 um and
applies to panels A-E. Scale bar in F represents 400 um and applies to that panel only.
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EphB2 and EphB3 are necessary for the normal development of the VCN-MNTB projection.
After dye placement into VCN on one side, labeled calyceal terminations were counted in
the ipsilateral MNTB (MNTBI) and contralateral MNTB (MNTBc) to calculate an
ipsilateral/contralateral (1/C) ratio in wild type, EphB27=, EphB37'~, and

EphBZ!=; EphB37'~ mice. Null mutations in £EphB2or EphB3alone do not phenocopy
EphB2, EphB3 double mutant mice, which have 1/C ratios greater than wild type mice (A; P
< 0.05, asterisk). Mean 1/C ratios from EphB2and EphB3single mutant mice do not differ
from the mean 1/C ratio of wild type mice (A; P > 0.05). Projections from VVCN are
restricted to MNTBc in £phB27/~ mice, suggesting that ephrin-B reverse signaling is not
elicited by EphB2 alone (B). A high-power image of a typical calyx of Held is shown in the
inset of panel B. Scale bar in panel B represents 100 um. Scale bar in the panel B inset
represents 10 um.
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Figure8.

EphB signaling regulates deafferentation-induced innervation of the ipsilateral MNTB. 1/C
ratios after unilateral cochlea removal (CR) at P2-3 were grouped by genotype (A).
Asterisks indicate groups that have mean 1/C ratios greater than the mean 1/C ratio for wild
type mice (P < 0.05). Examples of coronal sections after dye-labeling in unilaterally
deafferented wild type (B), ephrin-B2ZI* (C), EphB2™'~;EphB3™~ (D), and
EphBAacZiiacZ: eppp 3= (E), demonstrate bilateral VCN-MNTB projections. Calyceal
terminations in the ipsilateral MNTB (MNTBI) are indicated with arrowheads. Because non-
operated ephrin-BAZI* and EphB27'~; EphB3™'~ mice have I/C ratios greater than non-
operated wild type mice, we further analyzed the CR data from these two lines with a two-
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way ANOVA on arcsine-transformed I/C ratios (1/C”). We found no significant genotype-
surgical status interaction for both lines (F and G; P > 0.05). VCN-MNTB tracings in
EphB27'~ (H) and EphB3'~ (1) single mutant mice demonstrate that the mean 1/C ratio of
operated EphB27~, but not EphB3~, mice was greater than the mean I/C ratio of operated
wild type mice (A; P < 0.05). Scale bar in B represents 200 um and applies to panels B-E
and H-I.
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Summary of Eph protein expression in auditory regions and the midline at E13.5 to P4.

Table 1

VCN VCN MNTB | midline

ephrin-B1 | E17.5, PO, P4 PO, P4 | PO, P4

ephrin-B2 | E13.5, E17.5, PO, P4 P4 E13.5, E17.5, PO

ephrin-B3 | E13.5 E13.5, E17.5, PO, P4

ephrin-A5 | E13.5,E17.5, PO, P4 PO, P4

EphB1-3 | E17.5, PO, P4 E13.5,E17.5
EphB2 E13.5,E17.5, PO, P4 | PO, P4 E13.5,E17.5
EphB3 E17.5, PO, P4 PO, P4 E13.5, E17.5, PO
EphB4 E13.5 E13.5,E17.5
EphB6 E13.5,E17.5
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