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ABSTRACT

Olivocochlear (OC) neurons were studied in a
transgenic mouse with deletion of the a9 nicotinic
acetylcholine receptor subunit. In this o9 knockout
mouse, the peripheral effects of OC stimulation are
lacking and the peripheral terminals of OC neurons
under outer hair cells have abnormal morphology. To
account for this mouse’s apparently normal hearing,
it has been proposed to have central compensation via
collateral branches to the cochlear nucleus. We tested
this idea by staining OC neurons for acetylcholines-
terase and examining their morphology in knockout
mice, wild-type mice of the same background strain,
and CBA/Ca] mice. Knockout mice had normal OC
systems in terms of numbers of OC neurons, dendritic
patterns, and numbers of branches to the cochlear
nucleus. The branch terminations were mainly to
edge regions and to a lesser extent the core of the
cochlear nucleus, and were similar among the strains
in terms of the distribution and staining density.
These data demonstrate that there are no obvious
changes in the central morphology of the OC
neurons in a9 knockout mice and make less attractive
the idea that there is central compensation for
deletion of the peripheral receptor in these mice.
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INTRODUCTION

Olivocochlear (OC) neurons form a descending
pathway that begins in the superior olivary complex
of the brainstem and ends in the cochlea. One group
of OC neurons, medial (M) OC neurons, sends
collateral branches to the cochlear nucleus en route
to ending on outer hair cells (Fig. 1A). MOC neurons
reduce the effects of masking noise and protect the
cochlea from damage due to acoustic overstimulation
(reviewed by Guinan 1996) by altering the active
mechanical properties of the outer hair cells in the
cochlea (Housley and Ashmore 1991; Dallos et al.
1997). Their effects are mediated via the release of
acetylcholine, which activates a nicotinic receptor
formed of a9 and «l0 nicotinic receptor subunits
(Elgoyhen et al. 1994, 2001; Sgard et al. 2002).

The creation of a transgenic mouse with a deletion of
the a9 nicotinic acetylcholine receptor (nAChR) repre-
sents an opportunity to test what role the OC neurons
play in hearing. a9 knockout mice have cochleas that
are functionally de-efferented, evidenced in the fact that
they show none of the traditional electrophysiological
effects following OC bundle stimulation (Vetter et al.
1999; Maison et al. 2007). The peripheral terminals of
MOC neurons in the knockout have abnormal mor-
phology (Vetter et al. 1999). They consist of larger-
than-normal terminals in a ratio of one or two per hair
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cell (Fig. 1B, top), whereas in wild types they are
smaller terminals in a ratio of 1-5 (average, 3) per hair
cell (Fig. 1B, bottom). The knockout mice have been
tested behaviorally to determine whether basic mea-
sures of hearing have been influenced (May et al.
2002). In both quiet and continuous noise, thresholds
for tone detection and measures of intensity discrimi-
nation were unchanged relative to control subjects and
to mice of the CBA/CaJ strain. This is a surprising
result, given that surgical lesions of the OC bundle in
normal animals result in behavioral deficits for signal
detection in noise (Dewson 1968; Trahoitis and Elliott
1970; May and McQuone 1995; Heinz et al. 1998).

One possible explanation for the knockout/lesion
difference is that unlike surgically lesioned animals,
knockout animals have developed without a function-
ing a9 nAChR, allowing for the possibility of compen-
satory involvement of other systems. One idea proposed
(May et al. 2002) is that axon collateral branches given
off to the cochlear nucleus by MOC neurons (Fig. 1A)
compensate for loss of MOC action peripherally so that
behavioral measures are unchanged. These branches
act via a receptor that has yet to be identified but is
different from that of the periphery, since &9 nAChR is
not present in the brain (Elgoyhen et al. 1994).

If such central plasticity is present, the MOC
neurons may have accompanying anatomical changes
such as those seen in other areas of the central
auditory pathway (DeBello et al. 2001). The present
study investigates MOC central plasticity by character-
izing the anatomical phenotype of the a9 knockout
mouse. Our detailed examination of the central
anatomy investigated whether there were any differ-
ences between knockout and wild-type strains in the
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FIG. 1. A Schematic showing the medial olivocochlear (MOC)
neurons in the brainstem, their collateral branches to the ventral
cochlear nucleus (VCN), and their terminal projections to the outer
hair cells (OHQO) in the cochlea. Only projections to the left side are
shown. In the knockout mouse strain investigated (09 —/-), the a9
receptor subunit in the cochlea was deleted, but the receptor in the
brainstem was preserved (it is believed to be a non-09 cholinergic
receptor). Most MOC neurons are located in the ventral nucleus of
the trapezoid body (VNTB). B Surface view of MOC endings on outer

VNTB
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number of OC neurons and their dendritic patterns.
Dendrites were examined because MOC neurons
receive predominant synaptic input onto their den-
drites (Helfert et al. 1988; Benson and Brown 2006).
We devoted particular attention to the OC central
branches to the cochlear nucleus, in light of the
hypothesis of their involvement in compensation
(May et al. 2002). Interestingly, our results demon-
strate normal MOC central anatomy in knockout mice
and make less attractive the hypothesis of changes in
OC central properties as a compensatory mechanism.
The results are of further interest because the normal
central branches, sent to neurons expressing a non-a9
receptor subunit, are from the same MOC neurons
that have abnormal peripheral branches (Vetter et al.
1999), sent to OHCs lacking a functional o9 subunit.
The results, then, illustrate that the postsynaptic target
plays a large role in defining terminal morphology.

METHODS
Animals

All experimental procedures on animals were in
accordance with the National Institutes of Health
guidelines for the care and use of laboratory animals
and were performed under approved protocols at the
Massachusetts Eye & Ear Infirmary and Tufts Univer-
sity School of Medicine. Mice with deletions of the a9
nAChR (knockouts) were created as described by
Vetter et al. (1999). Central anatomical results are
presented for these knockouts (a9 —/—, n="7 mice),
wild-type littermates (a9 +/+, n=7 mice), and wild-
type controls of the same strain (WT, n=2 mice);

a
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hair cells in a knockout (@9 —/-, top) and a wild-type littermate (09 +/
+, bottom). Endings were immunostained for synaptophysin. Arrows
point to enlarged endings in the 09 —/— that are usually present in a
ratio of one or two per hair cell, and to smaller, more numerous
endings in the 09 +/+ that are similar to those in other wild-type
strains (Vetter et al. 1999). This material is from the middle turns of
the cochleas of two of the animals used for central analysis of MOC
neurons.
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peripheral anatomical results (Fig. 1B) are presented
for a single knockout and a single wild-type littermate.
The WT group was included (and compared to the
a9 +/+ group) because it is in some sense a control
for genetic drift of the a9 colony. The strain for all of
these mice was 129 Sv/Ev. Results are also presented
for mice of strain CBA/CaJ (n=4 mice); these mice
were obtained from Jackson Laboratories. All mice
were between 3 and 5 months old.

Histology

Stains for acetylcholinesterase (AChE) were per-
formed as described previously (Brown and Levine
2008). Mice were anesthetized with ketamine
(100 mg/kg, i.p.) and xylazine (20 mg/kg, i.p.) and
sacrificed by intracardiac perfusion with physiological
saline followed by 4% paraformaldehyde in 0.1 M
sodium phosphate buffer pH 7.2. After post-fixing for
approximately 1 h, brainstems were dissected and
immersed in the same fixative for an additional 1 h,
then immersed in 30% sucrose overnight. Sections
were cut (80 um thickness) in the transverse plane on
a freezing microtome. Sections were stained for AChE
by the Koelle indirect method (Koelle and Friedenwald
1949), modified according to Osen et al. (1984), by the
following protocol: First, sections were incubated for
30 min in acetylthiocholine medium, rinsed in distilled
water, incubated for 1 min in 4% sodium sulfide
solution (pH 7.8), rinsed, incubated for 30 s in 1%
silver nitrate, and rinsed again. The sections were
mounted on slides, dried, counterstained with neutral
red and then dehydrated, and coverslipped.

Cochleas were decalcified by overnight immersion
in PBS-buffered 8% EDTA, then stripped of bone and
the organ of Corti was dissected out. Immunostaining
of synaptic endings on outer hair cells used a
monoclonal antibody to synaptophysin (Chemicon;
final dilution 1:1,000) with overnight incubation at
4°C. Secondary antibody was an anti-mouse Oregon
Green antibody (Molecular Probes/InVitrogen) used
at 1:500. Standard confocal microscopy was per-
formed on a Leica TCS SP2 AOBS equipped confocal
microscope.

Analysis

Counts of somata and of collateral branches to the
cochlear nucleus were made using a compound
microscope with x10 and x60 lenses. Only somata
entirely within the section were counted. All somata
were counted; there was no correction applied to the
counts. Individual MOC dendrites were drawn with
the x10 and x60 lenses. The length and orientation of
an individual dendrite was then approximated by a
vector beginning at the soma and ending at the tip.
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Length of this vector was used as dendrite length and
angle (from dorsal, 0°) was used for dendrite angle
(Fig. 4). Intertwined dendrites were difficult to tease
apart so we were only able to study dendrites that
were relatively isolated from other stained elements.
Only individual dendrites were considered; all the
dendrites from individual neurons could not be
reconstructed.

Quantitative measures of the innervation area
(Fig. 10) were made by acquiring images with a x10
lens and a Hamamatsu CCD digital camera. Using
Metamorph Image (Universal Imaging Corp.) and a
computer-aided anatomy system, the images were
thresholded (Fig. 7B) and compared to the micro-
graphs before thresholding (Fig. 7A). The threshold
level was set low enough so that all AChE-stained
branches were included but not so low that artifact
and non-stained structures (e.g., darkly counter-
stained neurons) were included. The edges of this
optimal threshold were sharp and well defined. Only
the cochlear nucleus was considered so stained axons
in the OC bundle were not part of this analysis. The
area of the stained regions in the thresholded sections
(i.e., black regions in Fig. 7B) was measured using
Image J. Statistical tests were considered significant
for p<0.05.

RESULTS
OC somata

OC neurons and their collateral branches were visual-
ized using stains for acetylcholinesterase (Schuknecht
and Nomura 1965; Osen 1969; Brown and Howlett
1972; Warr 1975; Martin 1981; White and Warr 1983;
Osen et al. 1984; Brown and Levine 2008). Available
data suggest that this stain is a specific marker for OC
neurons in the mouse superior olivary complex
because it yields essentially the same spatial distribu-
tion and number as retrograde labeling of OC
neurons (Brown and Levine 2008). On this basis, we
will presume that AChE staining is a marker for OC
neurons in the superior olivary complex. MOC
somata and their dendrites were darkly stained for
AChE in all strains tested including a9 knockouts
(Fig. 2A) and wild types (Fig. 2B). MOC neurons have
large somata and were located in the ventral nucleus
of the trapezoid body (VNTB), as described previously
by retrograde labeling studies in other strains of mice
(Campbell and Henson 1988; Brown and Levine
2008) and rat (Vetter et al. 1991; Vetter and Mugnaini
1992). Their distribution in all strains extends a
considerable distance in the rostro—caudal direction,
beginning somewhat caudal to the lateral superior
olivary nucleus (LSO) and extending rostrally to the
caudal part of the ventral nucleus of the lateral
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FIG. 2. Micrographs showing the similar appearance of AChE-stained MOC somata in a knockout (@9 —/~, A) and wild type (WT, B) of the same
strain. In both panels, long dendrites are visible extending especially in the medial direction (toward the right). Somata are located in the VNTB

rostral to the lateral superior olive on the left side of the brainstem.

lemniscus. In the present study, the average number
of MOC neurons in the VNTB of one side of the brain
ranged between strains from 172.6 to 195.0. These
averages were not different between the strains
(Fig. 3A, see legend). A few large OC neurons were
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FIG. 3. Counts of A MOC neurons in VNTB, B DPO neurons, C
LOC intrinsic neurons, and D LOC shell neurons. Data are from
knockout mice with deletions of the a9 receptor (@9 -/, n=13
superior olives), wild-type littermates (¢9 +/+, n=11 superior olives),
wild-type controls of the same strain (WT, n=4 superior olives), and

located just dorso—medial to the LSO in a region
identified as the dorsal periolivary nucleus (DPO).
Although it is not clear that these DPO neurons are
MOC neurons, they bear similarities to MOC neurons
in the VNTB except that their dendrites are more
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CBA controls (n=7 superior olives). Bars show the mean values and
error bars show one SEM. For each panel, no statistically significant
differences (ANOVA tests) were observed between the four groups, or
between three groups formed by combining the +/+ and WT into a
single group.
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symmetric about the soma (Brown and Levine 2008).
The number of DPO neurons was small and again did
not differ between strains (on one side of the brain
the average number of DPO neurons ranged from
10.7 to 12.8, Fig. 3B).

A second group of OC neurons, lateral (L) OC
neurons, has smaller somata that are distributed
within and on the borders of the LSO. LOC somata
were also stained for AChE, but less darkly than MOC
neurons, as reported in previous studies (White and
Warr 1983). Sometimes the initial portions of the
LOC primary dendrites were stained, but LOC axons
were unstained. AChE-stained LOC neurons were
divided into intrinsic neurons, whose somata were
within the LSO, and shell neurons, whose somata
were on the margins of the LSO (Vetter and Mugnaini
1992). Counts of LOC somata (Fig. 3C, D) showed no
significant differences between strains (see Fig. 3
legend). We compared intrinsic neuron counts sub-
divided according to position in either the medial
lobe or the lateral lobe of the LSO; they were also
similar between strains (data not shown).

Other structures that were stained less darkly than
OC neurons were the facial motor nucleus just caudal
to the superior olivary complex and the trigeminal
motor nucleus just rostral and dorsal to the complex.
This staining difference was not caused by any
difference in processing from section to section
because it could be appreciated even when OC
neurons and a portion of the facial motor nucleus
appeared within the same section. The reaction
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FIG. 4. Dendrite lengths plotted as a function of dendrite angle (in
degrees from dorsal) for: A knockout mice with deletions of the a9
receptor (@9 —/-), 181 dendrites from three mice; and B wild-type
littermates (@9 +/+), 169 dendrites from three mice. Data are mostly
from MOC neurons located in VNTB (filled symbols) and a few
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product in these motor nuclei was brown in color
and occupied the extracellular space in the general
vicinity of the neurons rather than the black reaction
color that occurred within the OC neurons. The
reason for this difference in staining is not clear.

MOC dendrites

MOC neurons in knockout and wild-type strains have
extensive dendrites (Fig. 2). We studied the dendrites
by plotting their lengths in polar format as a function
of their orientation (Fig. 4) in order to determine
whether they show the elongations in the medial
direction as reported in CBA mice (Brown and Levine
2008). Dendrite lengths were approximated by a
straight line segment from origin at the somata to
their tip and their orientations by the angle of this
segment with respect to the dorsal direction. Included
in Figure 4 are dendrites from MOC neurons in the
VNTB (filled symbols) and dendrites from neurons in
DPO (open symbols). For VNTB neurons, the average
length of the a9 —/— dendrites was 148.4 pm (SEM
5.4 pm, n=181) and for the a9 +/+ mice was 160.6 pm
(SEM 4.7 pm, n=169) and there was no significant
difference between the two averages (¢ value —1.69, p=
0.09). These values are similar to that for CBA mice
(avg. length 150.4 pm, SEM 5.7 um, n=136 as
reported previously by Brown and Levine 2008). For
DPO neurons, the average lengths of the dendrites
were also similar for the two strains (a9 —/— dendrites
averaged 147.1 pm (SEM 10.0 um, n=17); a9 +/+
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neurons in DPO (open symbols). The Rayleigh test for randomness of
a circular distribution (Batschelet 1981) was significant for both

samples, indicating that they are skewed, non-random distributions
(A, r=0.13, Zobserved=3.15, Zeiitica=1.64 for @=0.05; B, r=0.14,
Zobserved=23~05/ Zeritical=1.64 for =0.05).
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dendrites averaged 180.1 pm (SEM 12.4 pm, n=23,
not significantly different, ¢ value —1.96, p=0.06)).

Dendrites of VNTB neurons in both strains of mice
were often more numerous and longer in the medial
direction than in the lateral direction, which can be
appreciated from an examination of individual den-
drites (Fig. 2). We determined, using the Rayleigh test
for a uniformly circular distribution (see Fig. 4
legend), that the distributions of dendrites were
non-uniform. Our samples contained more dendrites
pointing medially than laterally. For example, in
a9 —/— mice there were 96 dendrites oriented toward
the medial direction (angles 0-179° in Fig. 4) whereas
and only 85 dendrites toward the lateral direction.
The medial dendrites were also longer (average
length 178.5 pm) compared to lateral dendrites
(average length 114.4 pm), a statistically significant
difference (¢ value 6.523, p=0.0001). For dendrites of
VNTB neurons in a9 +/+ mice, the 104 dendrites
toward the medial direction averaged 181.4 um in
length whereas those 88 dendrites toward the lateral
direction averaged 141.1 um, also significantly differ-
ent (¢ value 5.044, p=0.0001). Dendrites of DPO
neurons, however, had more similar lengths in the
lateral vs. medial directions (Fig. 4). All of these
trends have previously been reported for CBA mice
(Brown and Levine 2008).

OC collateral branches to the cochlear nucleus

Stained axons were observed emanating from both
VNTB and DPO neurons and they traveled dorsally to

0.1 mm
a9-/-1B2
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form the OC bundle, which was well stained in all the
strains of mice examined (Fig. 5). Collateral branches
from axons were visible along the OC bundle’s course
on the entire medial edge of the cochlear nucleus
(Fig. 5B). In this region, counts were made of
individual branches just after they came off the OC
bundle. There was no fading of the AChE stain in
mid-section so all branches could be counted. The
number of branches is plotted for the several strains
examined in Figure 6A. The average number of
branches to the cochlear nucleus on one side ranged
between strains from 127.0 and 140.5, and when
normalized by the numbers of MOC neurons ranged
from 0.72 to 0.74. There was no significant difference
between strains (see Fig. 6 legend). On entering the
cochlear nucleus, the branches often ramified and
became intermixed. No stained branches were ob-
served entering the ventral cochlear nucleus from
sources other than the OC bundle. MOC neurons also
give off branches to the vestibular nuclei (Brown
1993). These collaterals were difficult to count
because there was more background reaction product
in this area of the brainstem and because these
branches often began branching just after coming
off the parent axons. However, there was qualitative
similarity in the frequency of these branches to the
vestibular nuclei in all strains examined.

Branch terminations

OC collateral branches terminate mainly in edge
regions and to a lesser extent in the core of the

FIG. 5. Photomicrographs of the olivocochlear bundle (OCB) and
its branches (bn) stained black for AChE. Shown are sections from A a
knockout lacking the 09 receptor (@9 —/~), and B a wild-type control
(WT). In these sections, most of the branches form endings at the
medial edge (med), some in the core of the anteroventral cochlear

nucleus (AVCN), and a few at its superficial edge (sup). To be
consistent with the other figures of the paper, these images of the
cochlear nucleus on the right side have been reversed to appear as
cochlear nuclei on the left side.
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FIG. 6. A Counts of OC branches directed toward the cochlear
nucleus in knockout mice with deletions of the a9 receptor (@9 —/~,
avg. of 128.1 branches (SEM 5.7) in n=13 cochlear nuclei), wild-
type littermates (@9 +/+, avg. of 139.4 branches (SEM 4.2) in n=14
cochlear nuclei), wild-type controls (WT, avg. of 140.5 branches
(SEM 11.2) in n=4 cochlear nuclei) and CBA controls (avg. of 127
branches (SEM 8.6) in n=7 cochlear nuclei). Bars show the mean
values and error bars show one SEM. No statistically significant
differences were observed (ANOVA test) between the four groups, or
between three groups formed by combining the +/+ and WT into a
single group. B Average ratio of cochlear nucleus (CN) branches/
MOC somata for each of the four groups.

ventral cochlear nucleus with almost no staining in
the dorsal cochlear nucleus (Martin 1981; Osen et al.
1984; Brown et al. 1988; Brown 1993). Figure 7A
shows staining of the terminations of branches in a
section of the anteroventral cochlear nucleus (AVCN)
just rostral to the entry of the auditory nerve. There is
dense staining of branches at the medial edge, with
some branches straying into the core of the cochlear
nucleus especially ventrally where the nerve root is
large. There is additional staining at the lateral and
dorsal edges of the AVCN. Figure 7A is from a
knockout mouse, but wild-type and CBA mice showed
the same general pattern of branch terminations
except that CBA mice may have less staining from
branches that terminate at the lateral edge. Except for
this difference, the darkness and appearance of
staining in the cochlear nucleus was similar in all
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FIG. 7. Thresholding method applied to one section through the
AVCN just rostral to the auditory nerve root. A Image of an AChE-
stained section showing staining of branch terminations mainly at the
margins of the nucleus in a knockout mouse. B The same section
after thresholding.

strains of mice. Individual branches that terminated
in edge regions were extensively intertwined, but
individual branches in the core could sometimes be
separated. Examples of core branches from AVCN are
shown from a knockout and a CBA mouse in Figure 8.
As in all branches, the initial portion of the branch is
thin. Then, the branch increases in diameter and
forms frequent swellings, which have been demon-
strated to be sites where they form synapses (Benson

A

20 pm
I

FIG. 8. Camera lucida drawings illustrating the similar appearance
of AChE-stained branches from a knockout (A) and from a CBA
mouse (B). Both branches were directed to a similar location in the
core of AVCN (see inset). Here, they form numerous swellings and
small sub-branches. The branches begin as thinner segments without
swellings (right part of drawing) as they originate from axons in the
olivocochlear bundle.
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and Brown 1990). In terms of the number of swellings
per length and the shapes of the swellings, the
terminal morphology of the branches in the knockout
did not obviously differ between strains.

For a quantitative analysis of the stained branches,
we used “thresholding” to quantify the staining
(Fig. 7B). These thresholded regions represent “filled
in” regions of branch termination much as the eye
fills in the stained region of cochlear nucleus when
the sections are viewed with a low magnification (x4)
objective. The stained area includes all parts of the
collateral branches, but is likely dominated by the
thicker parts with swellings (Fig. 8). Figure 9 is an atlas
of thresholded cochlear nucleus sections from an
a9 —/— and a wild-type mouse. The two example
atlases shown have small individual differences in
staining, but these differences were not consistently
observed between strains. In all strains, the most
staining was at the medial border of the cochlear
nucleus. There was also staining at the dorsal border
of the ventral cochlear nucleus, just beneath the
granule cell lamina. This granule cell lamina divides
the ventral from the dorsal subdivisions of the
nucleus. There is lesser edge staining at the superficial
edge (lateral border of the nucleus). This staining did
not extend as far rostrally as the medial edge staining.
Some staining was present in the subpenduncular
corner, a small region of granule cells just ventral to
the inferior cerebellar peduncle (Mugnaini et al.
1980), and a very small amount of staining extended
dorsally along the medial border of the dorsal

71

cochlear nucleus. Staining was also present within
the core of the ventral cochlear nucleus, especially in
the caudal auditory nerve root where it occurred
within islands of cells between the incoming fascicles
of auditory nerve fibers. Another core staining area is
found several sections rostral to the nerve root (e.g.,
Fig. 8). More isolated branches are seen elsewhere in
the core with the exception of the most rostral part of
AVCN and the caudal-most part of posteroventral
subdivision of the cochlear nucleus (PVCN), which
lacks staining. In particular, the octopus cell area in
caudal PVCN contained minimal staining.
Quantitative comparisons of the stained areas of
two a9 knockout and two wild-type mice are shown in
Figure 10. There is little difference in the total
staining between the four mice (panel A). This total
staining follows a pattern in the rostro—caudal dimen-
sion (xaxis) where the amount of staining is small
caudally, increases toward the middle of the cochlear
nucleus, and then falls again at the rostral parts. A dip
in this pattern is seen in the middle section contain-
ing the auditory nerve root, which is a cell-poor
region of the nucleus. There was no significant
difference in total staining between the animals (see
Fig. 10 legend). We parcellated the subregions of
staining into medial, dorsal, and lateral edges and also
the core (Fig. 10, panels B-E). Core staining was
defined as staining that was physically separated from
edge staining, usually by branches oriented perpen-
dicularly to the large patches of edge staining. A few
such branches can be seen emanating from the large

FIG. 9. Atlas sections showing the generally similar distribution of branch staining in the ventral cochlear nucleus of a wild-type control (A) and a
knockout (B). There is a rich innervation of the edges of the nucleus (med: medial edge; lam: lamina of granule cells at the dorsal edge; sup: superficial
layer at the lateral edge). Staining tapers off rostrally and caudally. The black represents AChE staining in images after thresholding (see Fig. 7).



72

FIG. 10. Area of stained branches in the cochlear nucleus as a P

function of rostro/caudal distance for two knockouts (@9 —/, solid
lines) and two wild types (WT, dashed lines). A Total area for the four
individual animals. The remaining panels show averaged staining for
two knockouts and two wild types in B medial edge, C dorsal edge,
D lateral edge, and E core. Area was measured from images after
thresholding (Figs. 7 and 9). The four cases were aligned using the
“dip” in total staining (A) that occurs in the auditory nerve root.
ANOVA tests revealed no section-by-section difference in the total
staining, both between the four animals were compared as four
groups and between two groups formed by the averages of the
knockouts and the averages of the wild types.

patches of medial-edge staining in Figure 7. Of the
subregions, the medial edge shows the greatest
amount of staining and the other edge regions show
lesser amounts. The core shows the least amount of
staining. Medial staining extends more rostrally than
the other subgroups. In the two animals used for this
atlas, there were slightly higher amounts of staining at
the lateral edge in the knockouts, but this was not
observed in qualitative examination of other knock-
outs. There were no clear differences between knock-
out and wild type in the other subregions.

DISCUSSION
AChE stains for OC neurons

We relied on AChE stains to mark MOC somata within
the superior olivary complex (Warr 1975; White and
Warr 1983; Osen et al. 1984). The dark staining and
low background make the AChE stain an excellent
marker for counting small elements such as individual
cochlear nucleus branches as we have done in the
present study. Available data also support the idea that
the AChE stain is a specific marker for OC branches
to the cochlear nucleus since the branches emanate
from stained axons in the OC bundle and since their
morphology and terminations are similar to those
labeled by tracers (Brown et al. 1991). Most OC
branches are probably from MOC neurons in VNTB.
It is not clear whether DPO neurons form central
collaterals. No non-olivocochlear source of stained
branches to the ventral cochlear nucleus was observed
in our material.

OC somata and dendrites

Our study is the first to demonstrate normal numbers
of OC somata in the a9 knockout mouse. Previous
work (Vetter et al. 1999) demonstrated normal
position of the olivocochlear bundle without exami-
nation of other aspects of central morphology. The
normal number of MOC somata indicates that
deletion of the peripheral receptor and consequent
block of the peripheral effects, which alter peripheral
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terminal morphology (Vetter et al. 1999), does not
affect this system’s number and distribution of somata
in the brain.

MOC dendrites are extensive (Adams 1983; White
and Warr 1983; Osen et al. 1984; Vetter and Mugnaini
1992; Warr et al. 2002; Sanchez-Gonzalez et al. 2003).
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In CBA mice (Brown and Levine 2008), the dendrites
are elongated in the medial direction. Our results
(Fig. 4) demonstrate that this elongation is also
present in the knockout mouse and in wild types of
the 129 Sv/Ev strain. This direction is the route by
which the predominant input arrives from the cochle-
ar nucleus and presumably much of this input is onto
these dendrites. Previous results in CBA mice (Brown
and Levine 2008) show that dendrites are also
somewhat elongated in the rostral direction, perhaps
to receive descending input from higher centers.
Individual dendrites that were isolated from other
dendrites were the only ones that could be recon-
structed and could theoretically have biased us to
consider only a subclass of dendrites. The effect of
this sampling is difficult to estimate.

OC collateral branches to the cochlear nucleus

Our data suggest that independent of mouse strain,
there are about 130 OC collateral branches to each
cochlear nucleus. The stability of the ratio between
the strains investigated here suggests stability in the
central collateral branch system in the cochlear
nucleus in the a9 knockout mouse. The number of
OC branches to the cochlear nucleus has not been
reported previously. In a limited sample of HRP-
labeled MOC axons, our previous studies demonstrat-
ed that the percent of axons that branch was about 2/
3 for OC axons directed to the cochlear basal half
(Brown et al. 1988; Brown 1993), the area where
many MOC neurons terminate. In the present study,
we computed the ratio of branches to cell bodies as
between 0.70 and 0.74 (Fig. 6B), a similar number to
the percent of axons that branch. This comparison
assumes that each MOC neuron gives off a single axon
and that each axon that branches forms only one
branch to the cochlear nucleus. Our rationale for
using the number of MOC neurons, rather than LOC
neurons, for computing the ratio (Fig. 6B) was based
on our earlier work (Brown et al. 1988) showing that
only the thick, MOC axons form cochlear nucleus
branches. The work of others (Ryan et al. 1990;
Horvath et al. 2000) apparently demonstrates
branches from LOC neurons but since they are
distributed mainly to the core and since LOC axons
were not well stained for AChE, they were apparently
not visualized in the present study.

Our results have produced the first atlas of the
branch terminations in the cochlear nucleus (Fig. 9)
and represent the first quantification of the staining
(Fig. 10). The regions targeted by the branches were
similar to those described previously (Martin 1981;
Osen et al. 1984; Brown et al. 1988; Brown 1993).
There was a dense innervation of the medial edge of
the ventral cochlear nucleus as well as the dorsal edge
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(granule cell lamina dividing the ventral from the
dorsal subdivisions of the cochlear nucleus). These
regions showed the largest stained areas (Fig. 10B, C).
Lesser amounts of stained area were present at the
lateral edge of the nucleus. The core of the ventral
cochlear nucleus received the smallest amount of
stained area; in our results, this occurs sporadically
throughout the middle of the cochlear nucleus. In
previous results of Martin (1981), core staining was
found mainly in the PVCN and the reason for this
difference is not clear. One possibility is that the
previous results are from mice of the CbH7 strain,
which has an age-related hearing loss (Li and Borg
1991). The age of the mice used in the present study
was 3-5 months, within the age range for normal
hearing (May et al. 2002).

The functional role of the OC branches to the
cochlear nucleus is still being worked out. The
endings of these branches contain round synaptic
vesicles and form asymmetric synapses (Benson and
Brown 1990), suggesting that they have an excitatory
effect. During OC feedback to the periphery, the
branches may compensate for reduced sensitivity of
the cochlea by increasing the responses of certain
neurons in the cochlear nucleus (Benson and Brown
1990). This type of compensation could theoretically
be important in neurons that code for the absolute
intensity of a sound. In support of this theory,
electrophysiological recordings (Mulders et al. 2003)
demonstrate that specific neurons (those with onset
chopper responses to sound) are excited by stimula-
tion of the OC bundle in a fundamentally different
way from other neurons of the cochlear nucleus.
Similar indications of an excitatory effect of the
branches are suggested from work in slice prepara-
tions in which T stellate (multipolar) neurons can be
excited by cholinergic input (Fujino and Oertel
2001).

Since neither the a9 nor «l0 nicotinic receptor
subunit is present in the cochlear nucleus, the subunit
composition making up the cholinergic receptor for
OC central branches likely contains nAChR subunits
more typical of the brain. Several studies suggest that
this central receptor is the o7 receptor. Anatomically,
the edge regions of the cochlear nucleus (where OC
branches terminate) show binding to a-bungarotoxin
(Morley et al. 1977; Hunt and Schmidt 1978), which
tightly binds the o7, o8, o9, and al0 subunits.
Because o9 and «10 subunits are not found in the
brain, and a8 has thus far been localized only to chick
retina, the most likely candidate expressed by these
neurons that binds bungarotoxin is the «7 subunit.
These same regions show immunostaining (Yao and
Godfrey 1999) and the presence of mRNA for this
receptor (Happe and Morely 1998). The pharmaco-
logical profile of the effect of ACh on cochlear
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nucleus stellate cells is also consistent with the
involvement of an a7 receptor as well as the presence
of other cholinergic receptors (Fujino and Oertel
2001).

Relevance for plasticity in the knockout

The present study indicates that the central neuro-
anatomy of OC neurons is normal in mice with
deletions of the a9 nAChR. The a9 knockout has a
normal complement of MOC and LOC somata as well
as a normal complement of collateral branches to the
cochlear nucleus. The normal central anatomy is
interesting because the peripheral terminals of MOC
neurons in this mouse strain have clearly abnormal
morphology (Vetter et al. 1999; Fig. 1B). Apparently,
the deletion of the receptor at the peripheral synapse
affects the peripheral morphology whereas the persis-
tence of the receptor at the central synapse preserves
the central morphology. Our results highlight the role
played by postsynaptic targets in directing synapto-
genic programs and show for the first time that a
receptor knockout can underlie the very specific
(rather than global) morphological changes in a
presynaptic neuron.

Anatomical changes are the underlying manifesta-
tion of plasticity in function in some cases (DeBello et
al. 2001). If the central branches of OC neurons
underlie plastic changes in hearing in the knockout,
we might have expected changes in their number or
morphology, but these were not observed. Our data
on the cochlear nucleus branches in knockouts do
not exclude the possibility of altered morphology in
some aspect of the anatomy that is beyond the
resolution of the present study’s methods, such as a
change in the ultrastructure of the synapse or a
changed physiology without accompanying anatomi-
cal changes. But our results do exclude large anatom-
ical changes that have been observed in other systems
that apparently result in plasticity of neural function.

Our findings demonstrate the stability of the
central anatomy of the OC system in a9 knockout
mice. Thus, they make less attractive the hypothesis
that central plasticity, such as changes in the collateral
branches to the cochlear nucleus, accounts for the
normal measures of hearing in these animals (May et
al. 2002). It remains possible that auditory cues used
for signal detection involve centers or neurons of the
cochlear nucleus not innervated by the MOC collat-
erals, or that the collaterals merely fine tune such
detection, thus rendering changes below the level of
resolution of behavioral tests. Given the highly
parallel and divergent nature of auditory processing,
even at lower brainstem nuclei, this could involve
numerous other auditory nuclei besides, or working
in conjunction with, the cochlear nucleus.
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