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Abstract

Electrical synapses formed by gap junctions composed of connexin36 (Cx36) are widely
distributed in the mammalian central nervous system (CNS). Here, we used immunofluorescence
methods to document the expression of Cx36 in the cochlear nucleus and in various structures of
the auditory pathway of rat and mouse. Labelling of Cx36 visualized exclusively as Cx36-puncta
was densely distributed primarily on the somata and initial dendrites of neuronal populations in
the ventral cochlear nucleus, and was abundant in superficial layers of the dorsal cochlear nucleus.
Other auditory centers displaying Cx36-puncta included the medial nucleus of the trapezoid body
(MNTB), regions surrounding the lateral superior olivary nucleus, the dorsal nucleus of the medial
lemniscus, the nucleus sagulum, all subnuclei of the inferior colliculus, and the auditory cerebral
cortex. In EGFP-Cx36 transgenic mice, EGFP reporter was detected in neurons located in each of
auditory centers that harboured Cx36-puncta. In the ventral cochlear nuclei and the MNTB, many
neuronal somata were heavily innervated by nerve terminals containing vesicular glutamate
transporter-1 (vglutl) and Cx36 was frequently localized at these terminals. Cochlear ablation
caused a near total depletion of vglutl-positive terminals in the ventral cochlear nuclei, with a
commensurate loss of labelling for Cx36 around most neuronal somata, but preserved Cx36-
puncta at somatic neuronal appositions. The results suggest that electrical synapses formed by
Cx36-containing gap junctions occur in most of the widely distributed centers of the auditory
system. Further, it appears that morphologically mixed chemical/electrical synapses formed by
nerve terminals are abundant in the ventral cochlear nucleus, including those at endbulbs of Held
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Neuroimage data

Neuroimage 1. Movie file of the image in Fig. 8A (z-stack of 5.2 pm), showing labelling for Cx36 (red) and vglutl (green), showing
association of Cx36 puncta with vglutl-positive nerve terminals (green) in the AVCN, with various angles of rotation.

Neuroimage 2. Labelling of Cx36 (red) and vglutl (green) associated with an octopus cell in the PVCN.
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formed by cochlear primary afferent fibers, and those at calyx of Held synapses on MNTB
neurons.
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INTRODUCTION

Gap junctions at cell appositions are composed of connexin proteins that form intercellular
channels allowing cell-to-cell passage of ions and small molecules (Goodenough and Paul,
2009; Herve and Derangeon, 2013). In neural systems, gap junctions between neurons create
the structural substrate of electrical synaptic transmission (Bennett, 1997). The prevalence
and physiological importance of electrical synapses between neurons in the CNS of lower
vertebrates has long been recognized (Sotelo and Korn, 1978; Bennett and Goodenough,
1978). In contrast, it is only in the past decade that there has been general acceptance of the
widespread occurrence and functional relevance of electrical synapses in neural circuitry of
mammalian brain and spinal cord (Connors, 2009; Pereda et al., 2013; Pereda, 2014). The
principle connexin component of neuronal gap junctions in mammalian systems is
connexin36 (Cx36), which has been documented to occur in ultrastructurally-identified gap
junctions between neurons (Rash et al., 2000, 2001), and which supports electrical synaptic
transmission in many regions of the CNS (Bennett and Zukin, 2004; Connors and Long,
2004; Hormuzdi et al., 2004; Sohl et al., 2005; Meier and Dermietzel; 2006 Bautista et al.,
2012). Immunohistochemical visualization of Cx36 in gap junctions at the ultrastructural
level is well-correlated with its localization by immunofluorescence, at least in vivo (Rash et
al., 2004, 2005, 2007a,b), a fortuitous feature arising from what appears to be
immunolabelling and detection of Cx36 exclusively at gap junctions, with its other potential
subcellular and intracellular sites apparently remaining masked and undetectable with
currently available anti-Cx36 antibodies (Nagy, 2012; Nagy et al., 2013; Bautista and Nagy,
2014; Bautista et al., 2014). Thus, Cx36 represents at least one marker for allowing light
microscopic immunofluorescence identification of Cx36-containing neuronal gap junctions
and reveals their cellular localization. Notwithstanding current evidence for widely
distributed networks of electrically coupled neurons, our ongoing surveys of Cx36 in the
entire CNS of mice and rats continues to reveal numerous additional structures that display
remarkable patterns of immunolabelling for Cx36 (Nagy, unpublished observations). These
include brain regions that have not been previously explored for the existence of neuronal
gap junctions, or those where evidence for electrical synapses has been reported, but which
have not yet been examined by immunofluorescence labelling of Cx36 with the utility of
this connexin providing a broadly defining marker of neuronal gap junctions. These
structures are best exemplified by various nuclei in the auditory system, which are the focus
of the present study.

The cochlear nuclei were among the first areas found to harbour neuronal gap junctions in
the mammalian CNS. Within subdivisions of this structure, somato-somatic, somato-
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dendritic and dendro-dendritic gap junctions at what we refer to here as “purely electrical
synapses” were reported to occur in the anteroventral cochlear nucleus (AVCN) as well as
the dorsal cochlear nucleus (DCN) (Sotelo, 1975; Sotelo et al., 1976; Wouterlood et al.,
1984; Mugnaini, 1985). In addition, another type of electrical synapse formed by gap
junctions between an axon terminal and a postsynaptic neuron, which was found to have
wide occurrence in lower vertebrates (Bennett and Goodenough, 1978) and termed “mixed
synapses” with potential for dual chemical and electrical transmission, has been described in
the ventral cochlear nucleus (Sotelo and Triller, 1982). Subsequent to these early reports,
molecular and/or morphological correlates of electrical synapses, and electrical coupling via
these synapses between cochlear neurons, has been the subject of only a few reports. As in
most CNS regions found to contain neuronal gap junctions composed of Cx36, it has been
noted that cochlear neurons express moderate levels of Cx36 mRNA (Condorelli et al.,
2000). However, Cx36 protein was not detected in the cochlear nucleus of mouse, but was
reported to occur in this nucleus of brown bats (Howowitz et al., 2008). More recently,
ultrastructural studies have described neuronal gap junctions between the somata of bushy
cells in the AVCN of rat and monkey (Gomez-Nieto and Rubio, 2009, 2011). In addition, in
vitro electrophysiological approaches have demonstrated functional electrical coupling
between stellate cells and fusiform cells in the dorsal cochlear nucleus (DCN) (Apostolides
and Trussell, 2013).

Here, we examined Cx36 expression by immunofluorescence localization of this connexin
in various subdivisions of the cochlear nucleus and other nuclei in the ascending auditory
system in the CNS of mouse and rat. We used Cx36 knockout mice to confirm specificity of
Cx36 detection, enhanced green fluorescent protein (EGFP)-Cx36 mice to correlate Cx36-
promoter driven EGFP expression with cellular distribution of Cx36, and cochlear ablation
to establish primary afferent origin of the majority of immunolabelling for Cx36 in the
ventral cochlear nuclei. A high level of Cx36 protein expression was found in association
with neurons in each of the cochlear subnuclei, with distinct subcellular localization either at
purely electrical synapses or at what appear to be morphologically mixed synapses in the
ventral cochlear nuclei and in the MNTB, where Cx36 was co-localized with nerve
terminals containing vesicular glutamate transporter-1 (vglutl). These results, together with
moderately distributed immunolabelling of Cx36 observed in regions surrounding the lateral
superior olivary nucleus, as well as within the dorsal nucleus of the medial lemniscus, all
subnuclei of the inferior collicular, and in the auditory cerebral cortex, suggest that electrical
synapses are a consistent feature in most divisions of the central auditory system.

EXPERIMENTAL PROCEDURES

Animals and antibodies

A total of twenty-two adult (>2 months of age) male Sprague-Dawley rats, twenty adult
male C57 BL/6-129SvEv mice and three CD1 adult male mice between two and three
months of age were used in this study. Animals were obtained from the Central Animal Care
Services at the University of Manitoba and utilized according to approved protocols by the
Central Animal Care Committee of University of Manitoba, with minimization of the
numbers of animals used. The C57 BL/6-129SvEv mice used included nine wild-type and
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three transgenic Cx36 knockout animals, colonies of which were established at the
University of Manitoba through generous provision of wild-type and Cx36 knockout
breeding pairs (Deans et al., 2001) from Dr. David Paul (Harvard). Eight transgenic adult
male C57 BL/6-129SvEv mice included those in which Cx36 expression is normal and
bacterial artificial chromosome provides EGFP expression driven by the Cx36 promoter,
designated EGFP-Cx36 mice. These mice were taken from a colony established at the
University of Manitoba starting with breeding pairs obtained from UC Davis Mutant Mouse
Regional Resource Center (Davis, CA, USA, see also http://www.gensat.org/index.html).
Data from mice and rats were compared for correspondence of results, and the mice further
served to confirm antibody specificity of Cx36 detection by comparison of immunolabelling
in wild-type vs. Cx36 knockout animals.

Two polyclonal antibodies (Cat. No. 36-4600 and Cat. No. 51-6300) and one monoclonal
antibody (Cat. No. 39-4200) against Cx36 were obtained from Life Technologies
Corporation (Grand Island, NY, USA) (formerly Invitrogen/Zymed Laboratories), and have
been previously characterized for specificity of Cx36 detection in various regions of rodent
brain (Li et al., 2004; Rash et al., 2007a,b; Curti et al., 2012). These antibodies were used at
a concentration of 1-2 pug/ml in primary antibody incubations with tissue sections. Other
antibodies included a guinea pig polyclonal anti-vglutl and a guinea pig polyclonal anti-
vglut2 obtained from Millipore (Temecula, CA, USA) and both were used at a dilution of
1:1000, a anti-calbindin D28K antibody obtained from Sigma Aldridge (Oakvile, Ontario,
Canada) and used at a dilution of 1:000, and a rabbit monoclonal anti-EGFP (Life
Technologies; Cat. No. G10362) used at a concentration of 1-2 pg/ml to immunollabel
EGFP in sections from EGFP-Cx36 mice. Secondary antibodies included Cy3-conjugated
goat or donkey anti-mouse 1gG diluted 1:600 (Jackson ImmunoResearch Laboratories, West
Grove, PA, USA), Alexa Flour 488-conjugated goat or donkey anti-rabbit and anti-mouse
1gG diluted 1:600 (Molecular Probes, Eugene, OR, USA), and Cy5-conjugated goat anti-
mouse IgG diluted 1:500 (Jackson ImmunoResearch Laboratories). All antibodies were
diluted in 50 mM Tris-HCI, pH 7.4, containing 1.5% sodium chloride (TBS) and 0.3%
Triton X-100 (TBSTTr) containing 10% normal goat or normal donkey serum.

Light microscope immunofluorescence

Animals were deeply anesthetised with equithesin (3 ml/kg), placed on a bed of ice, and
transcardially perfused with 0.1-0.2 ml per gram body weight of cold (4°C) pre-fixative
consisting of 50 mM sodium phosphate buffer, pH 7.4, 0.1% sodium nitrite, 0.9% NaCl and
1 unit/ml of heparin. For immunolabelling of Cx36 and vglutl, animals were then perfused
with 0.5 to 1 ml per gram body weight of fixative solution containing cold 0.16 M sodium
phosphate buffer, pH 7.4, 0.2% picric acid and either 1% or 2% formaldehyde diluted from a
20% stock solution (Electron Microscopy Sciences, Hatfield, PA, USA). Animals were then
perfused with 0.1-0.2 ml per gram body weight of a cold solution containing 10% sucrose
and 25 mM sodium phosphate buffer, pH 7.4, to wash out excess fixative. Brains were
removed and stored at 4°C for 24-48 h in cryoprotectant containing 25 mM sodium
phosphate buffer, pH 7.4, 10% sucrose and 0.04% sodium azide. Due to the weak tissue
fixation conditions used, brains were taken for sectioning no longer than a few days after
cryoprotection. Transverse sections of brainstem were cut at a thickness of 10-15 pm using a
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cryostat and collected on gelatinized glass slides. Slide-mounted sections could be routinely
stored at —35 °C for several months before use. Considerations regarding the differential
sensitivity of Cx36 vs. EGFP to tissue fixation and consequent difficulties in
immunohistochemical detection of these proteins in combination using double labelling
procedures with current commercially available antibodies have been previously discussed
(Nagy et al., 2013, 2014; Bautista and Nagy, 2014). Thus, for immunolabelling of EGFP in
EGFP-Cx36 mice, animals were transcardially perfused as above, except with fixative
containing 4% formaldehyde, where labelling for Cx36 was substantially diminished and
often abolished.

Slide mounted sections were removed from storage, air dried under a fan for 10 min, and
then washed for 20 min in TBSTr. Sections processed for immunofluorescence staining as
previously described (Li et al., 2008; Bautista et al., 2012; Curti et al., 2012) were incubated
simultaneously with two primary antibodies for 24 h at 4°C, then washed for 1 h in TBSTr
and incubated with appropriate secondary antibodies for 1.5 h at room temperature. Some
sections processed for immunolabelling were counterstained with Blue Nissl NeuroTrace
(stain N21479) (Molecular Probes, Eugene, OR, USA). All sections were coverslipped with
the antifade medium Fluoromount-G (SouthernBiotech, Birmingham, AB, USA). Control
procedures, involving omission of one of the primary antibodies with inclusion of the
secondary antibodies used for double labelling, indicated absence of inappropriate cross-
reactions between primary and secondary antibodies for all of the combinations used in this
study.

Immunofluorescence was examined on a Zeiss Axioskop2 fluorescence microscope with
Axiovision 3.0 software, a Zeiss Imager Z2 microscope using Zen image capture software
(Carl Zeiss Canada, Toronto, Ontario, Canada), and a Zeiss 710 laser scanning confocal
microscope using ZEN 2010 image capture and analysis software. Data from wide-field and
confocal microscopes were collected either as single scan images or z-stack images with
multiple scans capturing a thickness of 2 to 7 um of tissue at z scanning intervals of typically
0.4 to 0.6 um. Final images were assembled using CorelDraw Graphics (Corel Corp.,
Ottawa, Canada) and Adobe Photoshop CS software (Adobe Systems, San Jose, CA, USA).
Movie files were constructed using Zeiss ZEN software.

Cochlear ablation

Eight adult male Sprague-Dawley rats were taken for surgical procedures as previously
described (Nagy et al., 2013), involving ablation of the cochlea and the spiral ganglion,
which is the source of primary afferents innervating the cochlear nucleus. Rats were
anesthetized with isofluorane, placed on a lateral supine position, and incisions were made
into the external auditory canal using a lateral approach to expose the tympanic bulla lying
lateral and superior to the digastric muscle. Once the tympanic bulla was visualized, a drill
was used to expose the cochlea, which was ablated effectively producing a Scarpa
ganglionectomy. Ganglion ablation was approached by cauterization in the area of the
internal auditory meatus using a high temperature, fine tip, extended shaft micro-ophthalmic
cauterization device (Bovie Medical Corp., Clearwater, Florida, USA), or by penetrating this
area using a small hooked needle to ablate Scarpa's ganglion at its attachment to the
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proximal end of the vestibular nerve. The surgical site was packed with haemostatic agent
Avitene, sutured, and animals were maintained for a survival time of 7-9 days, during which
time they were able to locomote and feed. Pain was controlled with buprenorphine
(intramuscular, 0.03-0.06 ml/kg) every 8 hours for two days post-surgery. Tissues from
animals subject to surgery were prepared for immunohistochemistry as described above. The
intact side of each animal served as the basis for comparison of the effect of deafferentation
on the contralateral lesion side, and possible effects of the surgery on the contralateral intact
side was evaluated by comparison of the intact side with unoperated control animals.

Unilateral cochlear ablation led to a large loss of labelling for vglutl and Cx36 in the ventral
cochlear nuclei on the lesioned side. The loss of vglutl was nearly complete, and therefore
was not examined quantitatively. Loss of Cx36 was evaluated by counting the number of
Cx36-puncta associated with individual neuronal somata in the ventral cochlear nuclei on
the control vs. lesioned side in each of the eight animals taken for cochlear ablation. High
magnification confocal images were taken of individual, blue Nissl counterstained, neuronal
somata using single scans to allow visualization of distinct Cx36-puncta. A total of twenty
somata were photographed on each of the control and lesioned sides in each of the eight
animals, giving a total of 320 somata that were examined. The Cx36-puncta associated with
somata were counted manually and the average number of puncta on somata on the control
side vs. the lesioned side was expressed as mean + s.e.m. as well as the percentage reduction
(= s.e.m.) of the average of those on somata on lesioned vs. the control side. This percentage
reduction on the lesioned side was calculated for each animal and thus served to normalize
for variation in quality of labelling for Cx36 between animals. The average percentage
reduction over the eight animals was then calculated. Cx36-puncta on a total of 163 neurons
and 160 neurons were examined on the control side vs. lesioned side, respectively, in the
eight animals with cochlear ablations, with an average of 20 neurons examined per side. A
total of 4,365 puncta and 772 puncta were counted on the control vs. lesioned side,
respectively, for an average of 545 on the control side vs.97 on the lesioned side.

Technical considerations

Robust immunofluorescence labelling of Cx36 is readily achieved with the commercially
available anti-Cx36 antibodies used in this report. Several methodological points, however,
warrant emphasis. First, we have repeatedly noted that optimal immunofluorescence
labelling with these antibodies is highly dependent on appropriate tissue fixation conditions,
because detection of Cx36 appears to be notoriously sensitive to fixation (Nagy, 2012; Nagy
et al., 2013; Bautista and Nagy, 2014; Bautista et al., 2014). Labelling of Cx36 is best with a
1% formaldehyde/picric acid fix, is significantly diminished with a 2% concentration of this
fix, and is obliterated with a 4% concentration. Even after perfusion with the 1% fixation, a
perfusion flush of the fixative with non-fixative solution is recommended to avoid excessive
post-fixation following tissue extraction. Others have also failed to detect labelling for Cx36
after strong tissue fixation, specifically in the cochlear nucleus of mouse (Howowitz et al.,
2008). Second, this requirement for weak fixation precludes use of free-floating sections for
immunohistochemical processing, because these sections tend to disintegrate upon repeated
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handling. The use of cryostat sections is advisable, with optimal thickness of 10-20 um;
labelling of Cx36 is reduced in thicker sections despite the use of permeabilizing agents. In
the event of a poor transcardiac perfusion with fixative, sections mounted on gelatinized
slides or commercially available treated slides may occasionally deteriorate or dislodge from
slides, which can be prevented by immersion of slide-mounted sections into 1% fixative for
15-45 sec prior to tissue processing, with only a slight loss of Cx36 immunolabelling
quality. Third, this sensitivity to fixation can be particularly problematic when preparing
fixative by depolymerization of paraformaldehyde. We have found that different batches of
paraformaldehyde obtained from different commercial suppliers vary notoriously in their
capacity to depolymerize, thus introducing variability in free aldehyde concentration and
hence fixation strength. The problem can be surmounted by using commercially available
depolymerized formaldehyde provided in sealed ampules, as described in Experimental
Procedures above. Fourth, optimal labelling of Cx36 with weak fixation can be a advantages
in double labelling approaches where detection of the second antigen is equally sensitive to
fixation as Cx36, or this can be a disadvantage when the second antigen requires a strong
fixation (e.g.,2-4% formaldehyde), as we have experienced in the case of double-labelling of
Cx36 with such proteins as parvalbumin, calbindin, EGFP and (vglutl). This incompatibility
in fixation can be partly overcome by introducing a short post-fixation of 30 min after
perfusion with 1% fix and/or by varying perfusion volume with this fix (e.g., 40 to 60 ml for
a 30 gram mouse, 100 to 300 ml for a 300 gram rat). With these points in mind, we present
here a description of Cx36 localization in some of the major auditory centers in ascending
sequence of the auditory pathway.

Extensive distribution of Cx36 in the cochlear nuclei

Subdivisions of the cochlear nuclei include the prominent anteroventral nucleus (AVCN),
the smaller posteroventral nucleus (PVVCN), and the dorsal cochlear nucleus (DCN)
extending as a thinner dorsolateral shell along the length of these other two nuclei.
Immunofluorescence labelling of Cx36 was heterogeneously distributed in each of these
regions but, among the auditory centers examined here, the ventral cochlear nuclei exhibited
the highest density and the most remarkable patterns of Cx36 labelling. Low magnification
overviews of labelling in Nissl counterstained (blue) sections of the AVCN in rat and the
PVCN in mouse are shown in Figures 1A and 1B, respectively. In the AVCN,
immunolabelling was most pronounced in the ventromedial portion of the nucleus, as well
as near the 8™ nerve root entry zone and more dorsally along the entering root, and was
sparse in the dorsolateral quadrant of the AVCN. Labelling was invariably associated with
fluorescence Nissl-stained neurons, as seen in overlay (Fig. 1A3), but immunofluorescence
was of sufficient intensity and density to outline the location and distribution of Cx36-
immunopositive neurons even in the absence of Nissl staining. Immunolabelling was
conspicuously and largely localized to neuronal somata and their initial dendrites, and only
very rarely scattered in neuropil. The distribution of labelling for Cx36 was somewhat more
sparse in the PVVCN, where labelling was most concentrated on what appeared to be octopus
cells (Fig. 1B). The distribution and characteristics of labelling for Cx36 in mouse AVCN
(as well as all other auditory centers of mouse) resembled that observed in rat (Fig. 2A).
Specificity of anti-Cx36 antibody was confirmed by comparisons of labelling in wide-type
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vs. Cx36 knockout mice, where there was a total loss of immunofluorescence signal
following Cx36 gene ablation (Fig. 2B).

The ventral cochlear nuclei contain several anatomically and physiologically well-
characterized neuron types, including spherical and globular bushy cells, multipolar cells
(aka, stellate or chopper cells) and octopus cells (for review see Cant and Benson, 2003;
Trettel and Morest, 2001). In addition, located within the ascending portion of the 8t nerve
bundle separating the AVCN and PVCN, as well as within the areas of the 8t nerve root, are
clusters of relatively large cochlear root neurons (Merchan et al., 1988). Assignment of
Cx36 expression to these and various other classes of cochlear neurons in the absence of
definitive markers for each class is not possible. However, some classes of Cx36-positive
neurons could be readily deduced based on the size of their somata in Nissl stained sections,
their dendritic arborizations as revealed by associated labelling of Cx36, and/or their
location within the cochlear nuclei complex. Labelling patterns displayed by some of these
neuron types is shown in Figure 3. Though not evident at low magnification (Fig. 1),
antibody labelling of Cx36 appears exclusively as immunofluorescence puncta (referred to
here as Cx36-puncta), at least under the immunohistochemical protocols used here, which is
qualitatively similar to the Cx36-puncta we detect in other CNS areas of mammals and fish
(Curti et al., 2012; Nagy, 2012; Nagy et al., 2013; Bautista and Nagy, 2014; Bautista et al.,
2014; Rash et al., 2014). Cx36-puncta are localized to the surface or periphery (i.e., plasma
membranes) of neuronal cell bodies and dendrites, as determined by confocal scanning
through individual cells in the z-dimension. Intracellular labelling appears to be absent,
perhaps due to masking of Cx36 epitopes during its trafficking to gap junctions and/or to
low intracellular levels undergoing such trafficking. As discussed above (see Introduction),
these Cx36-puncta are considered to reflect sites of gap junctions at close neuronal plasma
membrane appositions.

In general, cellular distribution patterns of Cx36-puncta could be classified into three
categories in the cochlear nuclei and other auditory regions examined. First is localization of
these puncta at appositions between neuronal somata, which has been observed elsewhere
(Curti et al., 2012; Bautista and Nagy, 2014), but is otherwise relatively rare in the
mammalian CNS, where most neuronal gap junctions occur along arborizations of dendrites.
In the present work, this pattern was observed only in the AVCN, and specifically with
Cx36-puncta localized at appositions between cells having the appearance of bushy cells
(Fig. 3A). Pairs of bushy cells were most frequently seen to be coupled by these puncta, but
three or four cells linked in sequence by these puncta were also occasionally found (Fig.
3A). The second pattern, evident in both AVCN and PVCN, as well as in several other
auditory centers, is represented by individual Cx36-puncta that were relatively uniform in
size and were more or less uniformly distributed at the surface of neuronal somata and/or
initial dendrites. This pattern was most strikingly associated with large multipolar neurons in
the posterior portion of the AVCN (Fig. 3B,C), with octopus cells in the PVCN (Fig. 3D),
and with what appeared to be the majority of auditory root neurons (Fig. 3E). The third
pattern is well illustrated by labelling in the DCN, where Cx36-puncta were dispersed at
moderate density throughout its superficial molecular layer and equally dispersed with low
density in its deeper layers (Fig. 3F). These puncta were not associated with neuronal
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somata (not shown), and their localization to fine dendritic processes was often precluded by
poor fluorescence Nissl counterstaining of such processes in weakly fixed tissue.

EGFP reporter for Cx36 expression in the cochlear nuclei

Several transgenic mouse lines have been developed where protein reporter expression is
driven by the Cx36 promoter (Degen et al., 2004; Wellershaus et al., 2007; Martin et al.,
2011), providing potentially powerful models for delineation of neurons that produce Cx36
and presumably form electrical synapses composed of this connexin. So far, however, these
mice have yet to be used for comprehensive documentation of neuronal populations with
capability for Cx36 expression in widespread areas of the CNS. In the absence of such
documentation, and due to possibilities of false-negative and false-positive reporter
expression, it is not yet clear how reliably reporter expressed in cells of these mice
corresponds to neurons that are known to express Cx36 or that are known to be electrically
coupled. Here, we compare immunofluorescence detection of EGFP in EGFP-Cx36 mice
with the distribution of immunolabelling for Cx36. In the AVCN and PVVCN, neurons faintly
to intensely immunopositive for EGFP in these mice (Fig. 4A1, 4B1) were similarly
distributed as those labelled for Cx36 (Fig. 1). Double immunofluorescence labelling of
EGFP combined with labelling for calbindin (Fig. 4A2, 4B2), which has been shown to be
localized to cells having the morphological appearance of bushy cells (globular bushy cells)
in the AVCN, multipolar and octopus cells in the PVCN and cartwheel cells in the DCN
(Brazwinsky et al., 2008; Friauf, 1994; Zettel et al., 1991), revealed a high degree of EGFP/
calbindin co-localization within what appeared to be bushy cells in the AVCN (Fig. 4A3)
and in the ventral PVCN (Fig. 4B3). A more exact identification of EGFP-positive cell types
was difficult due to poor labelling of EGFP along dendritic processes (Fig. 4C) and, hence,
poor definition of their morphology. Some cells in the granular cell domain are positive for
EGFP and negative for calbindin (Fig 4A, B), and they are negative for Cx36 labelling (Fig.
1). In addition, octopus cells appear negative for calbindin (Fig. 4B), but these cells have
been shown to express calbindin in rats (Friauf, 1994).

Labelling for EGFP in the DCN was somewhat more robust in neuronal somata, although
dendritic arborizations were weakly labelled (Fig. 4D-F). EGFP-immunopositive neurons
were distributed in all regions of the DCN, with small cells having diameters of 6-10 pm
localized in the molecular layer, and larger cells with long axis diameters of 20-25 um
concentrated along the fusiform cell layer and sparsely distributed in deeper layers (Fig.
(4D-G)). Among those EGFP-positive cells, we identified superficial stellate cells within the
molecular layer and fusiform cells in the fusiform cell layer. Double immunolabelling for
EGFP combined with calbindin, which is a marker for cartwheel cells in the rodent DCN
(Friauf, 1994), showed that all EGFP-positive cells were devoid of labelling for calbindin
(Fig. 4F). Separate animals subject to tissue fixation with 2% formaldehyde-picric acid were
taken for attempts to double-label for Cx36 and EGFP. Despite the incompatibility of
fixative strengths required for optimal labelling of these proteins, some Cx36-puncta within
the molecular layer (Fig. 4H1) were found to be localized along the primary dendrites of
large EGFP-positive neurons likely corresponding to fusiform cells (Fig. 4H2). Similar
attempts to localize Cx36-puncta along EGFP-positive dendrites, and specifically at
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dendritic appositions, in the molecular failed due to inadequate labelling of EGFP along fine
dendritic processes.

Cx36 at vglutl-containing axon terminals in cochlear nuclei

In fish, 8™ cranial nerve primary afferent fibers terminating in the brainstem are know to
form mixed synapses, where the terminals of these afferents transmit not only chemically,
but also electrically via gap junctions formed by Cx35, which is the fish ortholog of Cx36
(Rash et al., 2003, 2013). Recently, we have reported that Cx36 is similarly localized to
nerve terminals of 81 nerve primary afferents ending on neurons in the vestibular nuclei,
forming morphologically mixed synapses (Nagy et al., 2013). Such synapses have been
observed ultrastructurally in the ventral cochlear nuclei of rat, where large nerve terminals
laden with synaptic vesicles were seen forming clearly identified gap junctions with
unidentified postsynaptic neurons (Fig. 5), and it was suggested that these terminals may be
of primary afferent origin (Sotelo and Triller, 1982). In the cochlear nuclei, the size and
locations of many of the neurons displaying Cx36-puncta suggest that they could receive
auditory nerve input, and several of the neuron types that we found to be decorated by these
puncta (e.g., bushy, multipolar, octopus and auditory root neurons) are known to be
innervated by 8t nerve afferent terminals, raising the possibility that Cx36 may be localized
to these terminals. This was examined by double immunofluorescence localization of Cx36
in relation to vglutl, which is a specific marker of excitatory synapses, including those
formed by auditory nerve terminals (Gémez-Nieto and Rubio, 2009).

Double labelling for these proteins in the AVCN of rat and mouse is shown in Figures 6-8.
Immunolabelling for vglutl in the cochlear nucleus resembled that in previous studies of
guinea pig and rats (Gomez-Nieto and Rubio, 2009; Zhou et al., 2007), but was more
variable from animal to animal, particularly in mouse, due to less than optimal fixation for
vglutl, but which was required to simultaneously label Cx36. In mouse, labelling of Cx36 in
the AVCN (Fig. 6A) had a similar punctate appearance as seen in rat (Fig. 2), Cx36 was
associated with many though not all neuronal somata, and Cx36-puncta around individual
neurons showed a high degree of co-localization with vglutl (Fig. 6B). This co-localization
was more extensively examined in more robustly labelled sections from rat (Fig. 7 and 8).
At low magnification, many neuronal somata were heavily surrounded by labelling for
vglutl (Fig. 7A1), and nearly all neurons that were heavily labelled for Cx36 on their somata
and proximal dendrites (Fig. 7A2) were also densely decorated with vglutl-positive axon
terminals, as seen in the AVCN and along the course of auditory root neurons (Fig. 7A3,
red/green overlap appears as yellow in overlay). Neurons in the dorsolateral area of the
AVCN lacking Cx36 were nevertheless densely innervated by vglutl-positive terminals.

Higher magnification confocal analysis of individual neuronal somata revealed that
collections of Cx36-puncta on these somata were often associated with patches of labelling
for vglutl, as shown by examples of two AVCN neurons (Fig. 8A, B) and a auditory root
neuron (Fig. 8C). A similarly dense distribution of vglut1-positive terminals was seen on the
somata and initial dendritic segments of octopus cells in the PVCN (Fig. 8D1), and Cx36-
puncta typically concentrated on these cells (Fig. 8D2) were invariably localized to these
terminals (Fig. 8D3). Surrounding terminals lacking association with these neurons were
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devoid of Cx36-puncta (Fig. 8D). Images in Fig. 8A and 8D3 are presented as Neuroimage
file 1 and 2. This Cx36/vglutl association suggests localization of Cx36-containing gap
junctions at sites where vglut1-positive terminals form synaptic contacts with neuronal
somata and proximal dendrites, presumably reflecting sites of morphologically mixed
synapses. It is of note that Cx36-puncta in the DCN were never found to be co-localized
with terminal boutons labelled for either vglutl or vglut2 in the molecular layer or deeper
layers.

Cx36 at purely electrical synapses

In the course of examining Cx36/vglutl relationships, our attention was drawn to one of the
three categories of labelling for Cx36 described above, namely, localization of Cx36 at
appositions between medium sized neurons in the central and ventral portions of the AVCN
that was shown in Figure 3A. The identity of these neurons is not entirely certain, but
several anatomical and molecular parameters allowed their tentative designation as bushy
cells. These parameters include, their location within the AVCN, the medium size of their
cell body, the endbuld-like appearance of vglutl labelling (Fig. 9F), and their labelling for
calbindin, which is a marker for at least one type of bushy cell (Brazwinsky et al., 2008;
Zettel et al., 1991). In both rat and mouse tissues, bushy cells were only poorly labelled for
calbindin, likely as a result of our use of weak fixation (Fig. 4, 9A), but double-labelling
showed that these calbindin-positive neurons harbour Cx36-puncta at their somatic
appositions (Fig. 9A). Double-labelling for Cx36 and vglutl associated with these neurons
(Fig. 9B1), together with labelling of Cx36 in the same sections counterstained with blue
Nissl (Fig. 9B2), showed that vglut1-positive terminals were heavily concentrated around
their somata and that Cx36-puncta at their somatic appositions were not co-localized with
vglutl (Fig. 9B). This is shown by higher magnification confocal analysis in Figures 9C-F.
It is of note that in separate sections double-labelled for Cx36 and vglut2, Cx36-puncta
localized at sites of somatic appositions were similarly lacking co-localization with vglut2
(not shown).

In Figure 9C, the somata and short initial dendritic segments of two neurons and a portion of
a third are delineated by labelling of Cx36 and vglutl around their periphery. As in the case
of other cells described above, Cx36 is frequently seen overlapping or in close association
with labelling of vglutl-positive terminal boutons. Labelling of Cx36 at sites of somatic
appositions consisted of numerous Cx36-puncta (~18 in the example of Fig. 9C), and these
sites were devoid of labelling for vglutl, despite the occurrence of substantial Cx36/vglutl
co-localization in immediately adjacent regions (Fig. 9D, E). Arrays of Cx36-puncta at these
somatic appositions could be visualized: i) edge on where they appeared as linear
arrangements of unresolved puncta (Fig. 9D); ii) at a slightly oblique angle where Cx36-
puncta become somewhat discernable (Fig. 9E); or iii) en face where the size of the
appositions and full complement of Cx36-puncta (> 30 puncta in 9F) become readily
apparent (Fig. 9F). These results suggest that a population of bushy cells receive
morphologically mixed synapses formed by vglutl-positive terminals and are at the same
time coupled by purely electrical synapses formed by Cx36-containing gap junctions.
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Primary afferent source of Cx36 associated with vglutl

Unilateral ablation of the cochlea was conducted on rats to determine whether vglutl-
positive axon terminals bearing Cx36-puncta in the cochlear nuclei arise from 8t nerve
primary afferents originating from neurons in the spiral ganglia. All eight animals subject to
this procedure exhibited a near total depletion of labelling for vglutl in the ventral cochlear
nuclei, as shown by comparison of vglutl detection on the unoperated control side in the
AVCN (Fig. 10A) vs. the contralateral lesioned side (Fig. 10B). This massive loss of vglutl
was accompanied by a large loss of labelling for Cx36 around neuronal somata and their
proximal dendrites in these nuclei, as shown in similar sections of the AVCN on the control
side (Fig. 10C) vs. the lesioned contralateral side (Fig. 10D). Auditory root neurons were
equally depleted of their contacts by vglutl-containing nerve terminals (not shown), which
was paralleled by a near total loss of labelling for Cx36 associated with these neurons, as
shown by comparison of the density of Cx36-puncta on root neurons on the intact (Fig. 10E)
vs. lesioned (Fig. 10F) side. Counts of Cx36-puncta associated with individual neuronal
somata on the control intact side vs. puncta associated with somata on the lesioned side
indicated an average reduction of 81 + 3.2%, based on an average of 27 + 2.6 puncta per
somata on the control side vs. 5.0 £ 1.1 puncta on somata on the lesioned side. Examples of
images used for counts of Cx36-puncta on the intact side and those remaining on the
lesioned side are shown in Figure. 10G and 10H, respectively.

Cochlear ablation had no discernable effect on labelling for Cx36 or vglutl in the most
superficial layer of the DCN on the lesioned side (not shown). Labelling of Cx36 and vglutl
were also unaffected in the ventral cochlear nuclei on the unoperated side, including those
areas of the AVCN where neuronal somata were seen linked by Cx36-puncta at their
appositions (Fig. 11A). Similar areas on the lesioned side showed a large loss of both
vglutl-positive terminals (Fig. 11B1) and Cx36-puncta (Fig. 11B2) that normally surround
the somata of these neurons. However, Cx36-puncta at somatic appositions between these
neurons was preserved on the lesioned side, as shown at low magnification (Fig. 11B2) and
at higher confocal magnification with blue Nissl counterstaining (Fig. 11C). The loss of
vglutl-containing terminals in the ventral cochlear nuclei following cochlear ablation
indicates that all or nearly all of these terminals are of primary afferent origin, and the loss
of the bulk of Cx36-puncta accompanying the degeneration of these terminals is consistent
with localization of Cx36 at these primary afferent terminals forming morphologically
mixed synapses. In contrast, the persistence of Cx36 at cell-cell contacts after cochlear
ablation is consistent with its localization at gap junctions forming purely electrical synapses
at these contacts.

Cx36 in other nuclei of the ascending auditory pathway

Medial nucleus of the trapezoid body (MNTB)—A second prominent nucleus in the
auditory pathway is the MNTB. Neurons in this structure receive inputs from bushy (i.e.,
globular-bushy) neurons in the AVCN and project to the lateral superior olivary nucleus
(LSO). Among all CNS regions, afferents to MNTB from the AVCN are distinctive because
they terminate as massive endings nearly engulfing the whole of MNTB neuronal somata,
forming their classic calyx of Held innervation pattern in this structure (Satzler et al., 2002;
Rollenhagen and Lubke, 2006). Immunofluorescence labelling of Cx36 in the MNTB was as
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striking as that observed in the cochlear nuclei. Here, we show images of MNTB from
mouse (Fig. 12), but similar labelling patterns of Cx36 were observed in this structure of rat
(not shown). Low magnification comparisons of labelling for vglutl and Cx36 with blue
Nissl counterstaining is shown in Figure 12A. Although not examined in detail or
quantitatively, the somata of most large neurons 18-25 um in diameter were heavily invested
with calyx-like labelling for vglutl and, conversely, nearly all of the vglutl labelling in
MNTB was associated with these large neurons; smaller neurons 10-15 pm in diameter were
present, but displayed little or no association with vglutl (compare vglutl in Fig. 12A1 with
same Nissl stained section in 12A2). This pattern of labelling for vglutl was paralleled
nearly exactly by an overlapping pattern of rich labelling for Cx36 (Fig. 12A2, A3). As
shown at higher magnification (Fig. 12B), Cx36 (labelled red) was detected exclusively as
Cx36-puncta of relatively uniform size localized to the surface (periphery) of cells, and
intracellular red fluorescence in neurons bearing these puncta was not discernably different
in sections from wild-type vs. Cx36 ko mice (not shown). Cx36-puncta were often co-
localized with vglutl, as seen at low magnification (Fig. 12A3) and at higher confocal
magnification (Fig. 12B3, 12C and 12D). It is of note that, despite an extensive search,
Cx36-puncta were not observed at appositions between MNTB neuronal somata; in fact,
these somata were rarely found to be in apposition to each other. Further, although not
examined quantitatively, it appeared that cochlear ablation had little effect on the density or
immunofluorescence intensity of Cx36-puncta localized on MNTB neurons (hot shown).

In EGFP-Cx36 mice, large MNTB neuronal somata were surrounded by calyx-like labelling
for EFGP (Fig. 13A1), which matched the distribution of vglutl labelling around these same
neurons counterstained with blue fluorescence Nissl (Fig. 13A2), as seen by image overlay
(Fig. 13A3). Confocal analysis indicated that this EGFP labelling on MNTB neuronal
somata (Fig. 13B1) was co-localized with vglutl (Fig. 13B2), as seen in image overlay (Fig.
13B3), suggesting transport of EGFP from EGFP-positive bushy cells to their terminals on
MNTB neurons. Other sites of such EGFP transport might have therefore been expected, but
the MNTB was the only location in the auditory regions presently examined where evidence
was found for EGFP transport to and localization in terminals. These and the above results
suggest localization of EGFP reporter for Cx36 as well as Cx36-puncta at vglutl-positive
calyx of Held terminations formed by bushy cell afferents on MNTB neurons.

Superior olivary complex (SOC)—The SOC is ventrally located in the brainstem and it
is formed by a collection of nuclei that mainly receive ipsilateral excitatory innervation from
bushy (spherical- and globular-bushy) cells of the AVCN and inhibitory inputs from the
MNTB. The major SOC nuclei are the lateral superior olivary complex (LSO), the medial
olivary nuclei (MSO), the MNTB (described above) and the periolivary nuclei. The LSO
consists of large fusiform-bipolar neurons in the center and distinctive large cells around the
LSO periphery (periolivary neurons) (Schofield and Cant, 1992; Thompson and Schofield,
2000). The MSO is a collection of bipolar neurons located medial to the LSO. Neurons in
the central region of the LSO were devoid of labelling for Cx36, whereas moderate numbers
of Cx36-immunopositive neurons were clearly seen scattered around the periphery of the
nucleus, as shown in mouse LSO in Figure 14A. A similar pattern of labelling for Cx36 was
seen in regions of the LSO in rat, where distinctive neuronal somata with long axis
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diameters of 25 um flanking the LSO (Fig. 14B1) were often labelled for Cx36, as shown in
lateral periolivary areas (Fig. 14B2). Higher magnification showed that labelling Cx36
concentrated at the boundaries of the LSO consisted, as elsewhere in the brain, exclusively
of Cx36-puncta, which were associated with neuronal somata and their initial dendritic
segments (Fig. 14C), similar to labelling patterns seen in the ventral cochlear nuclei, except
at a lower density. Neuronal somata and their initial dendrites were rarely seen adjacent to
each other, and no instances were encountered of Cx36-puncta localization at such
appositions. Double immunolabelling for Cx36 and vglutl showed that the vast majority of
Cx36-puncta decorating the somata and initial dendrites of neurons at the LSO peripheral
margins were co-localized with vglutl (Fig. 14C2, inset).

In EGFP-Cx36 mice, cells within the LSO displayed only background fluorescence that was
observed with anti-EGFP antibody omission, while EGFP-positive neuronal somata were
observed at the boundaries of the nucleus, as shown at its lateral regions (Fig. 14D1)
corresponding to a similar field as shown in rat (Fig 14B). In rare instances, the weak and
strong fixations required for visualization of labelling for Cx36 and EGFP struck a fortuitous
compromise, and in this case revealed the association of labelling for Cx36 (Fig. 14D2) on
the very same neurons that were positive for EGFP (Fig. 14D1), as seen in overlay images
(Fig. 14D3).

No labelling of Cx36 was observed in the MSO (not shown), which was unlikely a false-
negative outcome because MSO neurons were entirely devoid of Cx36-puncta in sections
where neurons in MNTB and those surrounding the LSO in the vicinity of the MSO were
well labelled for Cx36.

Dorsal nucleus of the lateral lemniscus (DLL) and nucleus sagulum—The DLL
receives input from lower auditory nuclei (DCN, LSO) and projects bilaterally to the inferior
colliculus and contralaterally to the DLL (Thompson and Schofield, 2000). The nucleus
sagulum also projects to the inferior colliculus. In the DLL of mouse, a high proportion of
large neuronal somata displayed heterogeneous labelling for Cx36 ranging from sparse to
dense (Fig. 15A), while labelling in the nucleus sagulum was sparsely distributed in medial
portions of the nucleus (Fig. 15B). In both nuclei, Cx36-puncta were heavily concentrated
on some large neuronal somata and their initial dendrites (Fig. 15C, D), while these puncta
were more sparsely distributed or were absent on smaller neuronal somata. As in the LSO
and MNTB, Cx36-puncta were never clearly observed at appositions between neuronal
elements either in the DLL or the nucleus sagulum. Qualitatively similar though a lower
density of labelling was observed in these two nuclei of rat (not shown).

In EGFP-Cx36 mice, the DLL showed intense labelling for EGFP in neuronal cell bodies
with poor labelling of their dendrites, and dense collections EGFP-positive dorsoventrally
oriented axons were seen in regions dorsal to the nucleus (Fig. 15E, F). In the nucleus
sagulum, EGFP labelling was observed in a subpopulation of neurons, as shown with Nissl
counterstaining (Fig. 16G). Numerous attempts to achieve adequate labelling for Cx36 in
combination with labelling for vglutl in the DLL and nucleus sagulum failed in both rat and
mouse. It is of note, however, that stronger fixations resulting in obliteration of labelling for
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Cx36 did produce robust labelling of vglutl that appeared to be associated with terminal
boutons in both the DLL and the nucleus sagulum (not shown).

Cx36-puncta and EGFP-positive neurons were extremely sparse or absent in most of many
sections through the intermediate nucleus of the lateral lemniscus, and were absent in the
ventral nucleus of the lateral lemniscus (not shown).

Inferior colliculus (IC)—The inferior colliculus is the principal midbrain nucleus of the
auditory pathway and receives input from several peripheral brainstem nuclei in the auditory
pathway, as well as inputs from the auditory cortex. The inferior colliculus has three
subdivisions: the central nucleus (CNIC), a dorsal cortex (DCIC) that surrounds the CNIC
dorsally, and an external cortex (ECIC) that is located lateral to the CNIC, and has been
alternatively referred to as the ventrolateral nucleus (Loftus et al., 2008). In the IC of adult
rat, labelling of Cx36 was of sparse to moderate density in each of its major subdivisions
(Fig. 16A-C), and consisted of widely distributed Cx36-puncta that were mostly of fine
calibre in the DCIC (Fig. 16A), CNIC (Fig. 16B) and dorsal region of the ECIC (not
shown), and that displayed a greater fluorescence intensity in ventral regions of the ECIC
(Fig. 16C). In fluorescence Nissl stained sections, Cx36-puncta were not found to be
distributed on the surface of neuronal somata (not shown) and, after an extensive search,
none were found to be co-localized with labelling for vglutl (not shown). In EGFP-Cx36
mice with Nissl counterstaining, the inferior colliculus showed considerable regional
heterogeneity in the density of EGFP-immunopositive neurons. The highest density was
clearly evident in the medial portion of the DCIC, where blue Nissl counterstaining reveal
labelling of EGFP in a subpopulation of neurons (Fig. 16D). EGFP-positive neurons were
very sparsely distributed in anterior regions of the CNIC (Fig. 16E), and were present at
moderate levels in posterior areas of the CNIC, where EGFP was localized in a
subpopulation of small neurons and a few larger neurons (Fig. 16F). The ECIC displayed a
large difference in the density and characteristics of EGFP-positive neurons in its dorsal vs.
ventral regions. These neurons in dorsal areas were small and of low density similar to that
in the CNIC (Fig. 16G), whereas ventral areas contained an array of larger EGFP-positive
neurons (Fig. 16H). More ventral to the ECIC, the lateral lemniscus contained dense
collection of EGFP-positive fibers that appeared to be entering the inferior colliculus (Fig.
161).

Medial geniculate nucleus and auditory cortex—The medial geniculate in the
thalamus receives the majority of the ascending input from the inferior colliculus and
descending input from the auditory cortex. Like several other thalamic nuclei (e.g., the
lateral geniculate nucleus, posterior thalamic nuclear group), the medial geniculate nucleus
was remarkably devoid of labelling for Cx36, as shown in its ventromedial portion adjacent
to the posterior thalamic triangular nucleus, which contained sparse Cx36-puncta and is
shown as a positive control for Cx36 detection (Fig. 17A).

Lastly, we examined Cx36 expression in the primary auditory cortex, which receives
ascending input from the medial geniculate. In this cortical area, Cx36-puncta were barely
detectable in layer I, were very sparse in layer I, and sparse in layer 111 (Fig.17B). In deeper
layers (IV-V1), Cx36-puncta were distributed at moderate density in layer IV and V,
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appeared to be somewhat more concentrated in the midregion of layer V, and were of
slightly lower density in layer VI (Fig. 17B). The distribution of Cx36-puncta in auditory
cortex was similar to that in other cortical regions, notwithstanding possible slight difference
in their overall density, and further in depth analysis was not conducted here, as this would
best be addressed in the context of studies of Cx36 in cerebral cortical areas in general.

Note on EGFP as a reporter for Cx36 expression

In the EGFP-Cx36 line of mice used here, there are so far only a few reports indicating a
reasonable correlation between neurons that express EGFP and those that are known to form
ultrastructurally-identified gap junctions and/or are known to be electrically coupled
(Bautista and Nagy, 2014; Palacios-Prado et al., 2014). However, we have found similarly
high correlations in dozens of other brain regions (Nagy, unpublished observations). Still,
there is reason for caution: do as many of the remarkably abundant EGFP-positive neurons
as we observe throughout the CNS of EGFP-Cx36 mice truly express Cx36, or are there
cases of false-positive EGFP expression in these mice? This question could most practically
be addressed by technical improvements in simultaneous immunolabelling for Cx36 and
EGFP. In these mice, we have not yet examined systematically the more readily discernibly
alternative of false-negative EGFP expression in cells known to be electrically coupled, but
expect that instances of this will appear based on the stark absence of EGFP in neurons that
in the entire CNS are premier for their abundance of gap junctions and documented
electrical coupling (Devor and Yarom, 2002; Leznik and Llinas, 2005; Hoge et al., 2011),
namely those in the inferior olivary nucleus (Nagy, unpublished observations).

In the auditory system, our findings provide a direct correlation of Cx36-puncta appearing
on EGFP-positive neurons in two areas, namely the DCN and the peri-regional LSO. In
other regions, identified neuron types decorated with Cx36-puncta were, in separately
processed sections, clearly labelled for EGFP, including fusiform cells and what in all
likelihood were superficial stellate cells in the DCN, as well as bushy cells, octopus and
auditory root neurons in the ventral cochlear nuclei. In the remaining upstream auditory
nuclei, except for the MNTB, it was not possible to assign both Cx36 (i.e., Cx36-puncta)
and EGFP expression to any particular neuronal type. In the MNTB, all or nearly all large
presumably principal neuronal somata displayed Cx36-puncta as well as what appeared to
be terminal contacts positive for EGFP, however, the somata themselves were weakly
labelled for EGFP, suggesting in this case a poor correlation between robust Cx36 and
EGFP expression.

DISCUSSION

Based on immunofluorescence visualization of Cx36 as a marker for cellular sites of Cx36-
containing neuronal gap junctions and immunolabelling of EGFP as a reporter for Cx36
expression, we present evidence indicating the potential for electrical synaptic transmission
in multiple centers of the auditory system and between multiple types of neurons within
these centers. Our results leave open a host of unanswered questions, not the least of which
concerns the apparent diversity and complexity of neuronal gap junctions in some of the
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main auditory nuclei and whether these junctions have functional correlates in electrical
synaptic coupling.

Purely electrical vs. mixed synapses

Neurons can establish gap junctions between their dendrites, between somata, and between
dendrites and somata, all of which we refer to as “purely electrical synapses”, whereas gap
junctions between their axon terminals and postsynaptic elements contribute to the
formation of “mixed synapses” that have the potential for dual chemical and electrical
synaptic co-transmission (Bennett, 1972, 1974, 1977; Bennett and Goodenough, 1978). The
two types of synapses are readily distinguished by ultrastructural identification of the
participating gap junction-forming structures. By immunofluorescence labelling of Cx36
and appropriate cellular markers, Cx36-puncta representing gap junctions at neuronal
somatic or dendritic appositions can be assigned with reasonable confidence to the class of
purely electrical synapses in some systems (Hidaka et al., 2004; Curti et al., 2012; Bautista
and Nagy, 2014; Baude et al., 2007). Immunofluorescence localization of Cx36-puncta to
axon terminals can also reveal sites of mixed synapses, as in the case Cx36 associated with
terminal boutons in the vestibular nuclei (Nagy et al., 2013). However, Cx36-puncta
scattered in neuropil in many areas of the brain are often localized to purely electrical
synapses between fine dendrites that are difficult to visualize by standard neuronal markers.
Alternatively, a clear lack of association of these Cx36-puncta with axon terminal markers
can by default exclude them as gap junction constituents of mixed synapses. Here, our
results provide evidence for Cx36 localization at both purely electrical synapses and mixed
synapses in the auditory system. As only Cx36 was examined in the present study, we
cannot exclude the possibility that other connexins may also contribute to the formation of
neuronal gap junctions in various auditory brain centers.

Cx36 at purely electrical synapses in the AVCN

In the AVCN, clusters of Cx36-puncta that lacked association with vglutl, that persisted
after cochlear ablation, and that appeared at somatic appositions were in all likelihood gap
junctions forming purely electrical synapses between bushy cells. This conclusion is
consistent with our report of ultrastructurally characterized gap junctions between the
somata of bushy cells in the rat AVCN (Gomez-Nieto and Rubio, 2009) as well as the
AVCN of rhesus monkey (Gémez-Nieto and Rubio, 2011). The existence of somato-somatic
and somato-dendritic gap junctions in the AVCN was reported much earlier by Sotelo and
colleagues (Sotelo et al., 1976), but in this early study the cell types involved were not
identified, though they too found that these gap junctions persisted after 8t nerve
deafferentation.

The typically dozens of Cx36-puncta each representing a gap junction plaque at bushy cell
somatic appositions suggests that coupling between these cells may be particularly strong.
So far, however, electrical coupling between bushy cells has not been reported, and
intracellular injections of biocytin, a tracer permeable to Cx36-containing gap junctions, has
not been found to spread between bushy cells in studies of AVCN in vitro (Cao et al., 2007).
It is of note that absence of dye- or tracer-coupling does not equate to absence of gap
junctions or electrical coupling. Neurons well-established to be electrophysiologically
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coupled by Cx36-containing gap junctions may nevertheless defy demonstrations of dye-
coupling in some systems (Logan et al., 1996a,b; Gibson et al., 1999) or exhibit variability
of such coupling (Curti et al., 2012), suggesting loss of junctional channel permeability to
molecules, perhaps in the course of brain slice preparation, despite persistence of electrical
coupling. In any case, demonstration of functional electrical synapses between bushy cells
could contribute to an understanding of how synchronization of firing is enhanced among
these cells, and in particular spherical-bushy cells, when compared to the corresponding
somewhat less coordinated activity in their auditory nerve afferents (Joris et al., 1994a,b;
Paolini et al., 2001; Joris and Smith, 2008). Given that synchronization of neuronal activity
is a hallmark of properties conferred by electrical synapses (Bennett and Zukin, 2004;
Connors and Long, 2004; Hormuzdi et al., 2004; Connors, 2009), networks of bushy cells
electrically coupled by these synapses could respond in a synchronous fashion to activity in
their auditory nerve inputs despite less than synchronous activity of these inputs to
individual cells in the coupled network.

Purely electrical synapses in the DCN

The DCN contains several types of neurons, including inhibitory interneuron stellate and
cartwheel cells in the superficial molecular layer, excitatory principal fusiform cells in the
fusiform cell layer and other types in deeper layers (Browner and Baruch, 1982). The
neuronal organization of the DCN is similar to the cerebellar cortex (Mugnaini, 1985;
Wouterlood et al., 1984), where stellate cells form gap junctionally coupled networks
(Mann-Metzer and Yarom, 1999; Mugnaini, 1985; Wouterlood et al., 1984). Recently,
electrophysiological analysis in the DCN showed weak electrical coupling between stellate
cells and strong electrical coupling between these cells and fusiform cells (Apostolides and
Trussell, 2013). Although ultrastructural evidence of gap junctions between stellate and
fusiform cells is lacking, our detection of Cx36-puncta in the DCN supports the existence of
gap junctions composed of Cx36 within this structure, including their localization on
primary dendrites of EGFP-positive neurons that may correspond to fusiform cells. So far,
gap junction formation by axon terminals in the DCN has not been reported, consistent with
our observations that Cx36-puncta in the DCN were not associated with either vglutl- or
vglut2-containing terminals, including those that are likely auditory nerve endings in deep
layers or that likely belong to parallel fiber endings in the molecular layer (Rubio et al.,
2008). Overall, our results support ultrastructural and electrophysiological data (cited above)
indicating the existence of electrical synapses within the molecular layer of the DCN.
Functionally, electrical coupling between dendrites of fusiform cells and superficial stellate
cells at this early stage of auditory processing has been suggested to allow the ongoing
sensory input to bidirectionally regulate the threshold for recruitment of local inhibition
(Apostolides and Trussell, 2013, 2014).

Mixed synapses in the auditory system

Decades ago, nerve terminals forming gap junctions with unidentified neuronal somata was
reported in the ventral cochlear nuclei of rat, and it was suggested that these terminals may
be of primary afferent origin (Sotelo and Triller, 1982). We now establish that these gap
junctions are composed of Cx36, that they occur at terminals innervating multiple neuron
types, including bushy cells, octopus cells, auditory root neurons and possibly others in the
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ventral cochlear areas, and that they are indeed formed by terminals of primary afferent
origin. In the case of bushy cells, with their high percentage of surface covered by primary
afferent endbulbs of Held, it is almost certain that these gap junctions are formed by the
endbulbs. The similarly distributed Cx36-puncta we found on neuronal somata in the MNTB
and their co-localization with vglutl, together with the dense coverage and envelopment of
these somata by calyx of Held terminations originating from AVCN globular bushy cells,
strongly suggests the formation of Cx36-containing gap junctions by these calyceform
terminations on MNTB neuronal somata. This is supported by expression of EGFP reporter
for Cx36 in bushy cells and apparent transport of this EGFP to calyceform endings on
MNTB neurons, where the EGFP was also co-localized with vglutl. Another location of
Cx36 association with vglutl was around neuronal somata located at peripheral margins of
the LSO. In the DLL and nucleus sagulum, Cx36-puncta were distributed on neuronal cell
bodies in patterns resembling those in other regions where similar puncta were co-localized
with vglutl, suggesting that these puncta may also be associated with nerve terminals
forming gap junctions with postsynaptic somata. However, technical limitations noted above
precluded double labelling for Cx36 and vglutl in these areas.

Identification of mixed synapses and demonstrations of their physiological importance in the
CNS of lower vertebrates has a long history (Bennett, 1972, 1974, 1977; Bennett and
Goodenough, 1978; Pereda et al., 2003, 2004). In mammalian CNS, evidence for mixed
synapses has been found only at a few locations, including rat lateral vestibular nucleus
(LVN) (Korn et al., 1973; Wylie, 1973; Sotelo and Korn, 1978; Nagy et al., 2013), spinal
cord (Rash et al., 1996; Bautista et al., 2014) and hippocampus (Vivar et al., 2012; Nagy,
2012). The present findings suggest multiple additional sites where axon terminals form
mixed synapses in the auditory system of mouse and rat. In the absence of evidence for an
electrical component of transmission at such synapses, which so far includes most of those
found in mammalian CNS, these may be referred to as “morphologically” mixed synapses,
which is implicit in our discussion of these structures. Obtaining evidence for functionally
mixed synapses might be a challenge, but two sites where putative mixed synapses occur,
namely mossy fiber terminals in the posterior hippocampus of rat and the calyx of Held, are
both amenable to electrophysiological recording from axon terminals (Alle et al., 2009;
Forsythe, 1994; Borst et al., 1995), which could allow direct assessment of electrical
coupling between pre- and postsynaptic elements by dual recording approaches.

The physiological relevance of mixed synapses (i.e., those formed by nerve terminals) to
integrative processing in mammalian systems has rarely been considered in mammalian
systems. Speed of transmission at their putative electrical component appears not to be an
advantage over speed of chemical transmission at mammalian body temperature (Bennett,
1972, 1977, 1997, 2000; Bennett and Goodenough, 1978), but this remains to be fully
assessed in mammals. Alternatively, synchronization of neuronal activity could be a
particularly important contribution of these synapses in the auditory system. In this regard,
bushy cells appear to be unique in mammalian CNS because they appear to be the first clear
example of cells that both receive mixed synapses and appear themselves to be coupled by
purely electrical synapses. As has been demonstrated in lower vertebrates (Pappas and
Bennett, 1966; Bennett et al., 1967; Kriebel et al., 1969; Korn et al., 1977) and discussed in
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the context of the lateral vestibular nucleus in rat (Korn et al., 1973; Nagy et al., 2013),
coupling between two neurons can be mediated by presynaptic fibers, which may occur in
situations where a single fiber innervates and forms mixed synapses on two different
neurons, allowing activity in one neuron to be transmitted to another via the gap junctions at
each end of the collateral. This may occur in the auditory system because, among the cell
types on which we find mixed synapses, individual cells can receive collateral inputs from
single auditory afferents. In the AVCN, for example, fibers forming endbulb synapses on the
soma of one bushy cell can form synapses on the dendrite of another bushy cell, the so
called ‘synaptic dyads’ (Gdmez-Nieto and Rubio, 2009, 2011). Further, we have found
examples of one auditory ending synapsing with two bushy somata (Rubio, unpublished
observations), which could allow electrical coupling of those cells by way of these
presynaptic fibers, even further contributing to the potential for synchronous activity of
bushy cells.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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AVCN
CNS
Cx36
CNIC
DCIC
DCN
DLL
ECIC
EGFP
LSO
MNTB
PBS
PVCN
SOC

anteroventral cochlear nucleus

central nervous system

connexin36

central nucleus of the inferior colliculus
dorsal nucleus of the inferior colliculus
dorsal cochlear nucleus

dorsal nucleus of the lateral lemniscus
external nucleus of the inferior colliculus
enhanced green fluorescent protein
lateral superior olivary complex

medial nucleus of the trapazoid body
phosphate-buffered saline
posteroventral cochlear nucleus

superior olivary complex
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TBS 50 mM Tris-HCI, pH 7.4, 1.5% NaCl

TBSTr TBS containing 0.3% Triton X-100

vglutl vesicular glutamate transporter-1
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Fig. 1.
Low magnification overview of immunofluorescence labelling for Cx36 with blue Nissl

counterstain in the AVCN and PVCN of adult rat and mouse. (A1-A3) Image of the AVCN
at the level of the auditory nerve entry root, showing neurons distributed throughout the
main part of the nucleus (A1, asterisk) as well as dispersed neurons located in the 8t nerve
entry zone (A1, arrows). Image of the same field shows immunolabelling for Cx36 (A2),
which is prominent in the ventromedial portion of the AVCN (A2, asterisk) and in the 8t
nerve root entry zone (A2, arrows). In both regions, Cx36 is localized to the majority of
neuronal cell bodies, as shown by blue/red overlay (A3, asterisk and arrows). The
dorsolateral portion of the AVCN contains only sparse labelling for Cx36 (A2, arrowheads).
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(B1-B3) Image of the PVCN at a posterior level of adult mouse, showing neurons in all parts
of the nucleus (B1), but heavy labelling of Cx36 associated only with what appear to be
octopus cells (B2, B3 arrows), with a higher magnification of a Cx36-positive octopus cell
shown in the inset.
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Fig. 2.
Immunofluorescence of Cx36 in the AVCN of mouse. (A) The central region of the AVCN

from a wild-type mouse brain, showing similar labelling for Cx36 as seen in rat. (B) Images
of a field in the AVCN corresponding to that in (A), but from a Cx36 knockout mouse,
showing numerous Nissl stained neurons in the field (B1) and an absence of labelling for
Cx36 in the same field (B2).
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Fig. 3.

Pagiterns of immunofluorescence labelling for Cx36 in the cochlear nuclei of adult rat. (A)
Image shows Cx36 labelling with blue Nissl counterstain in the AVCN. Cx36-puncta
(arrowheads) are seen at neuronal somatic appositions linking multiple neurons (arrows) in
sequence. (B-D) Images showing Cx36-puncta distributed on cell bodies and initial
dendrites of large multipolar neurons in the AVCN (B, C) and octopus neurons in the PVCN
(D). (E) Image with blue Nissl counterstaining shows a cluster of auditory root neurons with
numerous Cx36-puncta on neuronal somata (arrows) and along dendrites (arrowheads).
Labelling of Cx36 is exclusively punctate, and is localized on neuronal surfaces with
negligible intracellular labelling. (F) Immunolabelling of Cx36 in the DCN, showing a
moderate density of Cx36-puncta scattered in the superficial molecular layer (arrows), and
sparsely distributed Cx36-puncta in deeper layers (arrowheads).
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Fig. 4.
Immunofluorescence labelling of EGFP in combination with calbindin or Cx36 in adult

EGFP-Cx36 mice. (A, B) The AVCN showing labelling for EGFP (A1) and calbindin (A2)
in the same field and with overlay (A3) in an anterior region of the nucleus, and labelling for
EGFP (B2) and calbindin (B2) in the same field and with overlay (B3) in the PVCN. EGFP-
positive neurons are distributed in the AVCN (A1, arrows), and in the PVCN (B1), and
many in both regions are calbindin-positive (A3,B3, arrows), but some in the dorsal PVCN
are devoid of calbindin (B1, B3, arrowheads). (C) Labelling for EGFP is localized mainly to
neuronal somata, including cellular nuclei (arrows). (D, E) Labelling for EGFP in the DCN,
with the boxed area in (D) shown at higher magnification in (E). EGFP-positive neurons are
seen throughout the nucleus, but are most concentrated near the border between the fusiform
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cell and molecular layer (D, arrow), with labelling in soma (E, arrows) and less so in
dendritic processes (E, arrowheads). (F) Higher magnification of EGFP-positive neurons
(arrows) in the fusiform cell layer with dendrites directed towards the molecular layer. (G)
The DCN with immunolabelling of EGFP in combination with calbindin. Both large EGFP-
positive cells in superficial regions of the fusiform cell layer (arrows) and small EGFP-
positive cells in the molecular layer (arrowheads) are devoid of labelling for calbindin. (H)
Immunolabelling of EGFP and Cx36 in the same field at the border between the fusiform
and molecular layer, showing Cx36-puncta (H1, arrow) localized to the initial dendritic
segment of an EGFP-positive neuron, as seen in overlay (H2, arrow) and at higher
magnification (H2, inset).
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Fig. 5.
Reproduced from Sotelo and Triller (1982), with permission from Global Rights Dept,

Elsevier (scale bars added). (A, B) Electron micrograph of a large axon terminal contacting
a postsynaptic neuron in the ventral cochlear nucleus in adult rat. The terminal displays
numerous clear and round synaptic vesicles and forms a gap junction with the postsynaptic
neuron (A, arrow), which is shown at higher magnification in (B, arrow). Also seen are
attachment plaques (AP) (aka, adherens junction) at each side of the gap junction, and a
postsynaptic density at a site of vesicle accumulation (arrowhead).
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Fig. 6.

In?munofluorescence of Cx36 in adult mouse AVCN and co-distribution with vglutl. (A)
Image with blue Nissl counterstaining shows similar patterns of immunolabelling for Cx36
in the AVCN of mouse as observed in the AVCN of rat. Abundant Cx36-puncta are seen
around many (arrows) but not all (arrowheads) neuronal cell bodies, and some puncta occur
at neuronal appositions (double arrow). (B) Image of double-labelling for Cx36 (red) and
vglutl (green), showing a high density of labelling for vglutl around most neuronal somata
in the AVCN, and its co-localization with Cx36 (seen as yellow at sites of red/green
overlap) at a subpopulation of these neurons (arrows). Boxed areas (B1, B2) are shown in
insets with labelling for Cx36 alone (B3, B4, respectively).
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Fig. 7.
Double immunofluorescence labelling of vglutl and Cx36 in the AVCN of adult rat. (A) low

magnification wide-field images showing labelling for vglutl (A1) alone and, in the same
field, labelling for Cx36 alone (A2), and after image overlay (A3). Terminals labelled for
vglutl are distributed throughout the AVCN, and are heavily concentrated on large ventrally
located neurons in the nucleus (arrows) and on large auditory root neurons along their dorso-
ventral extension along the 8t nerve entry zone (arrowheads). Terminals positive for vglutl
on these neurons are localized largely to neuronal somata and only rarely along initial
dendritic processes. Dense labelling of Cx36 is seen on neurons that are richly covered with
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vglutl-postive terminals, as seen by yellow after green/red overlay (A3, arrows and
arrowheads).
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Fig. 8.
Laser scanning confocal double immunofluorescence of Cx36 and vglutl in the AVCN and

PVCN of adult rat. (A-C) Image overlays of labelling for Cx36 (red) and vglutl (green) in
association with neuronal somata in a dorsal (A) and ventral (B) region of the AVCN, and
with a neuronal somata of a auditory root neuron (C). In each case, Cx36-puncta are largely
localized to regions of labelling for vglutl on these somata (arrows). (D) Immunolabelling
of vglutl (D1) and in the same field labelling of Cx36 (D2) associated with a large neuron
resembling an octopus cell in the PVCN; only a portion of its dendrites were captured in this
sections. Densely distributed vglutl-positive terminals and Cx36-puncta around the neuronal
soma and its initial dendrites display a high degree of co-localization (D3, arrows, seen as
yellow at sites of red/green overlap). Terminals labelled for vglutl in surrounding regions
are devoid of labelling for Cx36.
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Fig. 9.
Immunolabelling of Cx36 at purely electrical synapses in the AVCN of adult rat. (A) Cx36-

puncta are localized around small and medium sized calbindin-positive neurons (labelled
blue, arrows). (B) Images of the same field showing dense labelling for vglutl (green)
around neuronal somata displaying Cx36-puncta (red) at their appositions (arrows), as
shown with red/green overlay (B1), and as red with blue Nissl counterstain (B2). (C)
Cconfocal magnification, showing Cx36/vglutl co-localization around somata (arrows) and
an absence of labelling for vglutl at somatic appositions displaying Cx36-puncta
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(arrowhead). (D-F) Confocal images showing labelling of Cx36 and vglutl, with Cx36 at
somatic appositions. Cx36-puncta are visualized as linear arrangements at somatic
appositions viewed en edge (D, arrowhead; magnified in inset), or as collections of puncta at
appositions viewed at an oblique angle (E, arrowhead; magnified in inset), or as large
patches of numerous Cx36-puncta at appositions viewed en face (F, arrowhead, and boxed
area shown at higher magnification in inset).
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Fig. 10.
Depletion of vglutl and Cx36 in the AVCN of adult rat after unilateral cochlear ablation. (A,

B) Blue Nissl counterstained sections showing the left intact AVCN with its normal
complement of dense labelling for vglutl on neuronal somata and initial dendrites (A,
arrows), and the right deafferented AVCN with a near total loss of labelling for vglutl
throughout the nucleus (B). (C, D) Similar field as in (A, B) labelled for Cx36, showing a
large number of neurons decorated with Cx36-puncta in the AVCN on the control
unlesioned side (C, arrows) and a substantial depletion of labelling for Cx36 in the AVCN
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on the deafferented side (D). (E, F) Images showing a normal distribution of Cx36-puncta
associated with auditory root neurons in the intact cochlear nucleus (E, arrows), and a
depletion of Cx36 on these neurons in the contralateral deafferented cochlear nucleus (F).
(G, H) The ventral cochlear nuclei at higher magnification of labelling for vglutl and Cx36
with Nissl counterstaining (G1) and the same field with labelling for Cx36 only on the
control (G) side, and a similar set of images from the lesion (H) side, showing signal
confocal scans of areas that were used for counts of Cx36-puncta associated with neuronal
somata on each side.
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Persistence of Cx36 at sites of somatic appositions in the AVCN of adult rat after unilateral
cochlear ablation. (A, B) Images of the same field in the intact AVCN (A), showing small
and medium sized neuronal somata with their normal labelling for vglutl (A1, arrows) and
Cx36 (A2, arrows), and a similar field in the deafferented AVCN (B1, B2) showing a large
loss of vglutl and Cx36 on these neurons, and a persistence of Cx36-puncta (B2, arrows)

localized at appositions between neuronal somata. (C) Higher magnification of a field

similar to that in (B) on the lesioned side counterstained with blue Nissl, showing a large
loss of labelling for vglutl around neuronal somata, and an absence of labelling for Cx36
around these somata except at points of their appositions (arrows), shown magnified in the

inset.
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Fig. 12.
Immunolabelling of Cx36 and vglutl in the MNTB of adult mouse. (A) Low magnification

of the same field (A1-A3) showing labelling of vglutl densely distributed around large
neuronal somata (A1, arrows), and Cx36-puncta around neuronal somata counterstained
with blue Nissl (A2, arrows), with overlay of green/red images (A3), where most neuronal
somata decorated with labelling for vglutl also display Cx36-puncta (arrows). (B) Higher
magnification of the same field (B1-B3), showing the punctate appearance of labelling for
Cx36 around large neuronal somata (B1, arrows), the restricted localization of labelling to
neuronal somata as seen with blue Nissl counterstaining (B2, arrows), and the distribution of

1duosnuep Joyiny
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Cx36-puncta in relation to labelling for vglutl in overlay (B3, arrows). Cx36-puncta are
absent around smaller neuronal cell bodies (B2, arrowhead). (C-D) Confocal images
showing Cx36-puncta around a soma periphery (C1, arrows) and, in the same field, co-
localization of these puncta with labelling for vglutl (C2, arrows). Similar images through
the top surface of a neuronal soma, with labelling of Cx36 (D1) and vglutl-positive
terminals viewed en face, showing association of Cx36-puncta with the terminals (D2,
arrows).
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Fig. 13.
Localization of EGFP (green) and vglutl (red) around neuronal somata in the MNTB of

EGFP-Cx36 adult mouse. (A) The same field (A1-A3) showing weak labelling of EGFP in
neuronal processes and cytoplasm (A1, arrowheads), and dense labelling of EGFP around
the periphery of neuronal somata (D1, arrows) that are contacted by vglutl-positive
terminals (A2, arrows), with overlay indicating co-distribution of EGFP and vglutl around
neuronal somata (A3, arrows). (B) Higher magnification confocal images from a similar
area as in (A), showing the same field (B1-B3), where labelling for EGFP (B1, arrows) is
seen co-localized with labelling of vglutl (B2, arrows; and B3 in overlay) around MNTB
neuronal somata.
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Fig. 14.
Distribution of Cx36 and EGFP around the periphery of the LSO. (A) Immunofluorescence

labelling of Cx36 in adult mouse, showing Cx36 localized around the peripheral margins of
the LSO (arrows), with the LSO itself largely devoid of labelling (asterisk). (B) Images of
the lateral margin of rat LSO, showing large Nissl counterstained neurons in the region (B1,
arrows) and labelling of Cx36 along this margin (B2, arrows). (C) Magnification of the
boxed areas in (B) with labelling for Cx36 alone (C1) and after overlay with blue Nissl
counterstain (C2), showing punctate appearance of labelling for Cx36 and association of
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Cx36-puncta with most of the relatively large periolivary neuronal somata (arrows). The
inset in C2 shows co-localization of Cx36-puncta with vglutl-positive terminals on neuronal
somata in the periolivary region. (D) Immunofluorescence labelling of EGFP and Cx36 at
the peripheral margins of the LSO in EGFP-Cx36 mouse, showing weak labelling for EGFP
within large neuronal somata along the lateral and ventral LSO margins (D1, arrows) and, in
the same field, labelling for Cx36 along these margins (D2, arrows), where Cx36 is localized
to EGFP-positive neurons, as shown in overlay (D3, arrows). The LSO itself (outlined by
dotted line) shows only background green and red fluorescence.
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Immunofluorescence labelling of Cx36 and EGFP in the DLL and nucleus sagulum of adult
mouse. (A, B) Labelling of Cx36 with blue Nissl counterstaining in the DLL (A), showing
Cx36-puncta heavily concentrated on some large neuronal somata (large arrows) and their
initial dendrites (arrowheads), and sparsely distributed or absent on others (small arrows). In
the sagulum (B), Cx36-puncta are moderately distributed on medium sized neurons in the
medial and ventromedial portions of the nucleus (arrows). (C, D) Magnification of neurons
in the DLL (C) and sagulum (D), showing collections of Cx36-puncta on the surface of
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neuronal somata (arrows) and initial dendrites (arrowheads), which was commonly seen in
DLL, but only on a few neurons per section had this density of puncta in the sagulum. (E, F)
Immunolabelling of EGFP in the DLL in adult EGFP-Cx36 mice viewed at low (E) and
higher (F) magnification, showing intense labelling for EGFP in neuronal cell bodies
(arrows), and dense collections of dorsally located EGFP-positive axons (arrowheads). (G)
The nucleus sagulum with blue Nissl counterstain, showing labelling of EGFP in a
subpopulation of neurons (arrows).
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Fig. 16.
Immunofluorescence labelling of Cx36 and EGFP in the IC. (A-C) Adult rat IC, showing

sparse to moderate density of Cx36-puncta in each of its major subdivisions. Cx36-puncta
range from fine to coarse calibre in the dorsal cortex (A; DCIC), the central nucleus (B;
CNIC), and the external cortex (C; ECIC). (D-I) Immunolabelling of EGFP in EGFP-Cx36
mice, showing a heterogeneity in the density of EGFP-immunopositive neurons; the medial
portion of the DCIC has the highest density (D) and anterior regions of the CNIC has the
lowest density (E). Posterior areas of the CNIC has a moderate density of small (F, arrow)
and large (F, arrowhead) neurons. (G-1) The ECIC at a lateral location (G, large arrow),
showing EGFP in scattered neurons (G, small arrows) and in neuronal processes, and in a
ventrolateral location showing EGFP in a dense collection of neuronal somata (H, arrows).
More ventrally, a EGFP-positive axons (I) are seen entering the ventral ECIC.

Neuroscience. Author manuscript; available in PMC 2016 September 10.



1duosnue Joyiny 1duasnueln Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rubio and Nagy Page 51

+ NISSL
medial geniculate
rat

+ NISSL

primary auditory cortex
mouse

Fig. 17.
Immunofluorescence labelling of Cx36 in the thalamus and primary auditory cortex. (A)

Image showing absence of labelling for Cx36 in the medial geniculate nucleus of adult rat,
shown in its ventromedial quadrant (asterisk) bordering the posterior thalamic triangular
nucleus (double asterisk), in which labelling is shown as positive control for Cx36 detection
in a blue Nissl counterstained section (dotted line indicates border between the two nuclei).
(B) Labelling of Cx36 in the primary auditory cerebral cortex with blue Nissl
counterstaining in adult mouse. Dotted line (upper right) shows auditory cortical surface,
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arrow points to dorsal, and numerals indicate cortical layers. Cx36-puncta are barely
detectable in layer I, very sparse in layer I, and sparse in layer Ill. In deeper layers, Cx36-
puncta are distributed at moderate density in layer 1V and V, and are of slightly lower
density in layer VI.
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