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

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Neuroscience. 2014 March 28; 263: 159-180. doi:10.1016/j.neuroscience.2013.12.057.

Connexin36 identified at morphologically mixed chemical/
electrical synapses on trigeminal motoneurons and at primary
afferent terminals on spinal cord neurons in adult mouse and rat
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Abstract

Morphologically mixed chemical/electrical synapses at axon terminals, with the electrical
component formed by gap junctions, is common in the CNS of lower vertebrates. In mammalian
CNS, evidence for morphologically mixed synapses has been obtained in only a few locations.
Here, we used immunofluorescence approaches to examine the localization of the neuronally
expressed gap junction forming protein connexin36 (Cx36) in relation to the axon terminal marker
vesicular glutamate transporterl (vglutl) in spinal cord and trigeminal motor nucleus (Mo5) of rat
and mouse. In adult rodents, immunolabelling for Cx36 appeared exclusively as Cx36-puncta, and
was widely distributed at all rostro-caudal levels in most spinal cord laminae and in the Mo5. A
high proportion of Cx36-puncta was co-localized with vglutl, forming morphologically mixed
synapses on motoneurons, in intermediate spinal cord lamina, and in regions of medial lamina VI,
where vglutl-containing terminals associated with Cx36 converged on neurons adjacent to the
central canal. Unilateral transection of lumbar dorsal roots reduced immunolabelling of both
vglutl and Cx36 in intermediate laminae and lamina IX. Further, vglutl-terminals displaying
Cx36-puncta were contacted by terminals labelled for glutamic acid decarboxylase65, which is
known to be contained in presynaptic terminals on large diameter primary afferents.
Developmentally, mixed synapses begin to emerge in the spinal cord only after the second to third
postnatal week and thereafter increase to adult levels. Our findings demonstrate that axon
terminals of primary afferent origin form morphologically mixed synapses containing Cx36 in
broadly distributed areas of adult rodent spinal cord and Mo5.
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INTRODUCTION

A surge of reports over the past decade on electrical synapses formed by gap junctions
between neurons in mammalian brain was fueled in part by the discovery of the first gap
junction forming protein expressed in neurons, namely, connexin (Cx36) (Condorelli et al.,
1998; Sohl et al., 1998). Subsequent findings of widespread neuronal expression of Cx36,
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(Condorelli et al., 2000), demonstrations of Cx36 in ultrastructurally-identified neuronal gap
junctions in adult rodent brain (Nagy et al., 2004; Rash et al., 2000,2001a,b,2007a,b), and
indications of the physiological relevance of these junctions, partly deduced from functional
deficits in Cx36 knockout (ko) mice, all contributed to the general acceptance of the
prevalence and importance of electrical transmission in most major regions of mammalian
CNS (Bennett and Zukin, 2004; Connors and Long, 2004; Hormuzdi et al., 2004; Sohl et al.,
2005; Meier and Dermietzel, 2006). Specifically, electrical coupling is considered to
generate synchrony of subthreshold membrane oscillations and to promote synchronous
recruitment of rhythmic firing (Bennett and Zukin, 2004; Connors and Long, 2004), which
is emerging as a key feature of information processing in neuronal networks (Singer, 1999;
Whittington and Traub, 2003; Senkowski et al., 2008). Nearly all electrical synapses so far
studied in mammalian brain occur between dendrites and/or somata of specific classes of
neurons. However, gap junctions can also be found at axon terminals, as in many systems of
lower vertebrates (Bennett and Goodenough, 1978; Bennett, 1997), creating “mixed
synapses” that provide for dual chemical and electrical neurotransmission. Mixed synapses
in rodent CNS have been described in only a few CNS areas, including the lateral vestibular
nucleus (LVN) (Sotelo and Palay, 1970; Korn et al., 1973; Nagy et al., 2013), hippocampus
(Vivar et al., 2012; Hamzei-Sichani et al., 2012; Nagy, 2012) and spinal cord (Rash et al.,
1996).

Electrical synapses and neuronal gap junctions in mammalian spinal cord have received far
less attention than those in brain. In developing and juvenile rodent spinal cord, there is gap
junction-mediated coupling between distinct subsets of interneurons (Hinckley and Ziskind-
Conhaim, 2006; Wilson et al., 2007; Bautista et al., 2012) as well as between motoneurons,
with progressive loss of motoneuronal coupling during the second week of life (Arasaki et
al., 1984; Fulton et al., 1980; Walton and Navarette, 1991; Bou-Flores and Berger, 2001).
Electrical coupling between developing motoneurons was suggested to support synchronous
neuronal activity prior to the maturation of chemical synaptic connectivity (Kiehn et al.,
2000; Kiehn and Tresch, 2002; Tresch and Kiehn, 2000,2002). Analysis of connexin mMRNA
and/or protein expression has suggested that multiple connexins are expressed in spinal and
trigeminal motoneurons, including Cx26, Cx32, Cx36, Cx37, Cx40, Cx43 and Cx45 (Chang
et al., 1999; Chang and Balice-Gordon, 2000; Chang et al., 2000; Personius and Balice-
Gordon, 2000, 2001; Personius et al., 2001, 2007; Micevych and Abelson, 1991; Matsumoto
et al., 1991,1992), raising the possibility that each of these connexins could form functional
gap junctions between motoneurons. However, our recent analysis of connexin expression
among trigeminal and spinal cord motoneurons in postnatal and adult rodent, using
antibodies specific for each connexin, found labelling of only Cx36 in these neurons
(Bautista et al., 2013a,b). Our results suggests that Cx36 is the major connexin mediating the
electrical and dye-coupling observed between motoneurons at early postnatal ages.

In spinal cord as in brain, neuronal gap junctions and/or functional neuronal coupling persist
among specific neuronal populations in adult animals (Matsumoto et al., 1988,1989; van der
Want et al., 1998; Logan et al., 1996; Coleman and Sengelaub, 2002). Recently, we reported
the expression of Cx36 in ventral and intermediate regions of the lumbar spinal cord of adult
mice, and the loss of sensory-evoked presynaptic inhibition in mice lacking Cx36 (Bautista
etal., 2012). The present study was motivated in part by our detection of abundant labelling
of Cx36 in most spinal cord laminag, including extensive immunolabelling for Cx36 among
motoneurons in lamina 1X in adult rat and mouse (Bautista et al., 2012; Bautista et al.,
2013a,b). The persistence of Cx36-puncta in adult spinal cord, particularly those associated
with motoneurons, and the presence of ultrastructurally-identified gap junctions associated
with some populations of motoneurons in adult rodent spinal cord (Matsumoto et al.,
1988,1989; van der Want et al., 1998; Rash et al., 1996) appears to be at odds with the
developmental loss of electrical coupling and dye-coupling between motoneurons (Fulton et
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al., 1980; Walton and Navarette, 1991; Chang et al., 1999). To reconcile this disparity, the
present study provides a more comprehensive analysis of the immunofluorescence
localization of Cx36 in the ventral horn and deep dorsal horn laminae as well as the
trigeminal motor nucleus of mouse and rat spinal cord. In addition, we considered
subcellular locations at which Cx36-containing neuronal gap junctions occur. We
investigated the association of Cx36-containing gap junctions with axon terminals; an
association that would suggest the presence of mixed synapses capable of dual chemical-
electrical transmission in the adult spinal cord. Specifically, we examined the localization of
Cx36 in relation to a marker of excitatory axon terminals of myelinated lumbar sensory
afferents, namely vesicular glutamate transporter-1 (vglutl; Alvarez et al., 2004), in relation
to vesicular glutamate transporter-2 (vglut2), a marker of other excitatory intraspinal axon
terminals (Persson et al., 2006) and in relation to a marker of axon terminals containing
glutamic acid decarboxylase65 (GADG65) that are in part associated with inhibitory synapses
on sensory afferents (Hughes et al., 2005).

EXPERIMENTAL PROCEDURES

Animals and antibodies

Animals used included twenty-two adult (30 to 50 days old) male Sprague-Dawley rats, and
eighteen adult wild-type mice and four Cx36 knockout mice from colonies of C57BL/
6-129SVEV mice (Deans et al., 2001) that were established at the University of Manitoba
through generous provision of breeding pairs of these mice from Dr. David Paul (Harvard).
In addition, four male rats and four male wild-type mice were used at each of various
developmental ages, including postnatal day (PD) 5, 10, 15, 20, 25 and 30. Tissues from
some of these animals were taken for use in parallel unrelated studies. Animals were utilized
according to approved protocols by the Central Animal Care Committee of University of
Manitoba, with minimization of the numbers animals used.

Three different antibodies against Cx36 were obtained from Life Technologies Corporation
(Grand Island, NY, USA) (formerly Invitrogen/Zymed Laboratories), and included two
rabbit polyclonal antibodies (Cat. No. 36-4600 and Cat. No. 51-6300) and one mouse
monoclonal antibody (Cat. No. 39-4200), each used in incubations of tissue sections at a
concentration of 1-2 pg/ml. The monoclonal anti-Cx36 was used for most of the studies
involving double or triple immunolabelling with two or three different primary antibodies.
Specificity characteristics of Cx36 detection by the anti-Cx36 antibodies in various regions
of rodent brain have been previously reported (Li et al., 2004; Rash et al., 2007a,b; Curti et
al., 2012). Additional antibodies included: guinea pig polyclonal antibodies against vglutl
and vglut2 obtained from Millipore (Temecula, CA, USA), and used at a dilution of 1:1000;
and an anti-GADG5 obtained from BD Biosciences (Birmingham, UK) and used at a dilution
of 1:100. In addition, we used a chicken polyclonal anti-peripherin antibody (obtained from
Millipore and diluted of 1:500) to identify motoneurons and primary afferent fibers in the
spinal cord. Peripherin is an intermediate filament protein highly expressed in neurons of the
peripheral nervous system, but is also found in central neurons that have projections to
peripheral structures, including motoneurons which display intense labelling for this protein
(Clarke et al., 2010). Various secondary antibodies included Cy3-conjugated goat or donkey
anti-mouse and anti-rabbit 1gG (Jackson ImmunoResearch Laboratories, West Grove, PA,
USA), Alexa Flour 488-conjugated goat or donkey anti-rabbit and anti-mouse IgG
(Molecular Probes, Eugene, OR, USA), AlexaFluor-647 conjugated goat anti-chicken 1gG
(Life Technologies Corporation) and Cy3-conjugated goat anti-chicken (Jackson
ImmunoResearch Laboratories). All secondary antibodies were used at a dilution of 1:600,
and all primary and secondary antibodies were diluted in 50 mM Tris-HCI, pH 7.4,
containing 1.5% sodium chloride (TBS), 0.3% Triton X-100 (TBSTr) and 10% normal goat
or normal donkey serum.
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Dorsal rhizotomy

Primary afferent input to the lumbar spinal cord of rats was unilaterally disrupted by dorsal
rhizotomy. Four animals weighing from 250-280 grams were anesthetized with isofluorane
delivered via a nose cone, and monitored for anesthesia (heart rate, respiratory rate) using an
infrared oximeter placed on a forepaw. Temperature was maintained at 37°C with a heating
blanket and monitored through a rectal thermometer. After shaving the hind lumbar dorsal
skin area and sanitizing with betadine, the lumbar segments L1 to L5 were exposed and a
laminectomy was performed, with care to prevent injury to the spinal cord. The dura was
then opened to allow access to the right L1 to L4 dorsal roots, which were then transected
approximately 3 mm proximal to the dorsal root ganglia. Lidocaine (2%) was applied locally
to the dorsal roots before section to prevent an afferent barrage to the spinal cord. After
rhizotomy, the exposed roots were extensively rinsed with sterile saline solution to remove
surplus lidocaine, the exposed spinal cord was covered with sterile gel foam, the muscle
layers were closed using 4-0 silk sutures, and the skin wound was closed with stainless steel
skin clips. During recovery over the first two days post-surgery, animals were treated every
12 h with buprenorphine as an analgesic. Rats were taken for experiments after a survival
period of seven days.

Tissue preparation

Adult animals and those at PD15 to PD30 were deeply anesthetized with equithesin (3 ml/
kg), placed on a bed of ice, and perfused transcardially with 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, followed by perfusion with fixative solution containing cold 0.16 M
sodium phosphate buffer, pH 7.4, 0.2% picric acid and either 1% or 2% formaldehyde
prepared from freshly depolymerized paraformaldehyde. Animals were then perfused with a
cold solution containing 10% sucrose and 25 mM sodium phosphate buffer, pH 7.4, to wash
out excess fixative. Spinal cords at PD5 and PD10, and some at PD15, were removed and
taken for immersion fixation with 1-2% formaldehyde prepared as above. No major
differences in immunolabelling quality were observed in tissues from PD15 animals fixed
by perfusion vs. immersion.

Animals taken for dorsal rhizotomy as described above were perfused with fixative prepared
as above but containing either 1% or 4% formaldehyde. Use of the two different fixatives
was necessary because weak tissue fixation was required for optimum detection of Cx36
(e.g., 1-2% formaldehyde) and stronger fixative was required for optimum detection of
vglutl (e.g., 2-4% formaldehyde). As a control procedure to insure that double labelling for
vglutl and Cx36 with weaker fixations, chosen as a compromise for detection of these
proteins, reflected a representative proportion of vglutl-terminals on the control vs.
rhizotomy side, vglutl was examined in some animals prepared with the stronger fixative.
Some detailed consideration regarding fixation conditions required for optimum
immunohistochemical detection of Cx36 and vglutl, alone or in combination, are described
elsewhere (Nagy et al., 2012).

After fixation, spinal cords were 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. Transverse or
horizontal sections of spinal cord were cut at a thickness of 10-15 pm using a cryostat and
collected on gelatinized glass slides. Slide-mounted sections could be stored at —35 °C for
several months before use.

Immunofluorescence procedures

Slide mounted sections removed from storage were air dried for 10 min, washed for 20 min
in TBSTr, and processed for immunofluorescence staining, as previously described (Bautista
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etal., 2012; Curti et al., 2012). For single, double, or triple immunolabelling, sections were
incubated with a single primary antibody, or simultaneously with two or three primary
antibodies for 24 h at 4°C in TBSTr. The sections were then washed for 1 h in TBSTr and
incubated with a single or appropriate combinations of secondary antibodies for 1.5 h at
room temperature. Some sections processed by single or double 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 and
triple 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 and a
Zeiss 710 laser scanning confocal microscope, using Axiovision 3.0 software or Zeiss ZEN
image capture and analysis software (Carl Zeiss Canada, Toronto, Ontario, Canada). Data
from wide field and confocal microscopes were collected either as single scan images or z-
stack images with multiple optical scans capturing a thickness of 2 to 14 pm of tissue at z
scanning intervals of 0.4 to 0.6 pm. Images of immunolabelling obtained with Cy5
fluorochrome were pseudo colored blue. Final images were assembled using CorelDraw
Graphics (Corel Corp., Ottawa, Canada) and Adobe Photoshop CS software (Adobe
Systems, San Jose, CA, USA). Movie files included as supplementary data were constructed
using Zeiss ZEN software.

Quantitative analyses

Sections of spinal cords from adult rats and mice at various postnatal ages (PD 5, 10, 15, 20,
25, 30) were double-labelled for Cx36 and vglutl and taken for quantitative analysis of the
proportion of Cx36-immunopositive puncta associated with vglutl-positive axon terminals
in selected regions of spinal cord. In each of four animals at each age, confocal
immunofluorescence images ranging from 17 to 19 fields of spinal cord in the regions of
interest were collected at sufficient magnification, using a x60 objective lens, to resolve and
visualize individual Cx36-puncta. Single confocal scans rather than z-stack images were
used to avoid false-positive overlap of Cx36-puncta with vglutl-positive terminals, which
may be encountered in stacked images. Puncta with and without vglutl association were
then counted manually, and averaged over the total fields examined per animal. The data
from each animal was then normalized by calculating the percentage of total Cx36-puncta
associated with vglutl-positive terminals, and an average percentage was then obtained from
the number of animals examined and expressed as mean * s.e.m.

Lumbar spinal cord sections from animals receiving dorsal rhizotomy were triple-labelled
for Cx36, vglutl and peripherin, and taken for quantitative analysis of Cx36-puncta and
vglutl-positive terminals remaining among peripherin-positive motoneurons in lamina X
and lamina V11 on the rhizotomy vs. intact contralateral side. Similar procedures for analysis
were used as described above, except that one or two images of labelling were acquired on
the control intact side, and images of corresponding areas were obtained on the rhizotomy
side. Counts of Cx36-puncta and vglutl-positive terminals was conducted using Zeiss ZEN
software (Zeiss Canada), with appropriate thresholding for signal-to-noise and for size of
objects to be counted. In a few images, the reliability of automated counting was compared
to manual counting, and the two methods were found to yeild similar results.
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RESULTS

Cx36 in adult spinal cord

Immunofluorescence labelling of Cx36 in gray matter of mouse and rat spinal cord is
heterogeneously distributed in areas of both dorsal and ventral horn. As in all other areas of
the CNS we have examined, immunolabelling is exclusively punctate (Cx36-puncta) in
appearance, with absence of diffuse or punctate intracellular immunofluorescence (Fig. 1),
indicating either inaccessibility of anti-Cx36 antibody to cytoplasmic Cx36, or rapid
trafficking of Cx36 with insufficient cytoplasmic levels to be detectable by
immunofluorescence. Absence of Cx36 immunoreactivity throughout the interior of cells
precludes immediate identification of cell-types that express Cx36, but Cx36-puncta are
often localized to the surface of neuronal somata and dendrites, which allows cell
identification when labelling for Cx36 is combined with labelling of a neuron specific
marker.

In the overview of labelling for Cx36 in deep dorsal horn and ventral horn laminae in adult
mouse spinal cord at an L5 level shown in Figure 1A, with blue Nissl counterstaining, Cx36-
puncta are less visible at the low magnification presented, but become evident with
application of the zoom function in the electronic version of the image. Although Cx36-
puncta are scattered throughout these laminae, they are most concentrated in four spinal cord
regions, three of which are indicated by the boxed areas in Figure 1A, with the
corresponding boxed areas magnified in Figures 1B-D. These regions include: i) the medial
portion of lamina VI, specifically encompassing an area just lateral to the central canal (Fig.
1A,B); ii) the intermediate and ventral horn lamina VIl and VIII (Fig. 1A,C), where Cx36-
puncta are associated with many small and a few large neurons; and iii) the ventral horn
lamina X, where Cx36-puncta are often localized to motoneurons at all spinal levels, as
shown at a lumbar level (Fig. 1A,D) and at a thoracic level (Fig. 1E). A fourth region
containing a relatively high density of Cx36-puncta, as we noted in an earlier report
(Bautista et al., 2012), encompasses medial regions of deep dorsal horn lamina and will be
the subject of a separate report. Immunolabelling for Cx36 in all these regions of adult
mouse is absent in Cx36 knockout mice, shown by comparison of a field in lamina X from
a wild-type mouse (Fig. 1D) with a corresponding field in lamina IX from a Cx36 knockout
mouse, where motoneurons are labelled for peripherin (Fig. 1F1) and where the same field
shows an absence of labelling for Cx36 (Fig. 1F2), indicating specificity of anti-Cx36
antibody. As there is some variation in the literature on the designation of boundaries
between spinal cord lamina, we use the mouse and rat spinal cord atlas of Watson et al.
(2009) for lamina and spinal nuclear locations.

Cx36 at vglutl-containing axon terminals in lamina IX

We examined the localization of Cx36 in relation to vglutl, which is a marker of excitatory
axon terminals and is known to be associated with large diameter sensory afferents and the
terminals of some descending systems, particularly the corticospinal system (Alvarez et al.,
2004; Persson et al., 2006). Triple immunofluorescence labelling of Cx36, vglutl, and the
motoneuron marker peripherin (Clarke et al., 2010) in lamina 1X of adult rat spinal cord is
shown at the L4 level (Fig. 2). The set of four images in Figures 2A1-4 show the same field,
with different combinations of image overlay. In overlay of labels for vglutl (green) and
peripherin (blue), most vglutl-positive terminals are seen contacting peripherin-positive
motoneuronal somata or dendrites (Fig. 7A1). Many of these terminals are relatively large,
with the largest reaching approximately 4 um in diameter, and likely represent terminations
of low threshold, large diameter primary afferents. In overlay of labels for Cx36 (red) and
peripherin (blue), many though not all Cx36-puncta are localized to the surface of
peripherin-positive motoneuron somata and along their proximal dendrites (Fig. 2A2).
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Overlay of green and red labels reveals that many Cx36-puncta are localized to vglutl-
positive terminals (Fig. 2A3), as further shown by overlay of all three labels (Fig. 2A4).
Higher confocal magnification of Cx36/vglutl association is shown in Figure 2B, where
many vglutl-positive terminals (Fig. 2B1) and Cx36-puncta in the same field (Fig. 2B2) are
seen to overlap along large, peripherin-positive dendrites (Fig. 2B3, overlay). Individual
terminals often display several Cx36-puncta (Fig. 2B3, inset), as do extended axonal
segments appearing to form en passant terminals (Fig. 2C), which are characteristic of
primary afferents ending on motoneurons (Brown and Fyffe, 1978).

These results suggest that vglutl-terminals in lamina 1X may form morphologically mixed
chemical/electrical synapses. However, as evident in Figures 2A and B, not all vglutl-
terminals display labelling for Cx36, suggesting mixed synapse formation by select afferent
terminals. Conversely, some Cx36-puncta lack overlap with vglutl-terminals, and these may
represent purely electrical synapses between as yet unidentified neuronal elements. Similar
results were obtained in motoneuronal pools at cervical, thoracic, sacral and other lumbar
levels in both rat and mouse, except among sexually dimorphic motor nuclei where
abundant Cx36-puncta localized to motoneurons lack association with vglutl (Bautista et al.,
2013b). One other exception was encountered at a lower cervical level (C8). At this level,
ventrolaterally located motor nuclei, corresponding to the location containing motoneurons
likely innervating deltoid and pectoral muscles (Watson et al., 2009), were conspicuous in
their paucity of vglutl-terminals (Fig. 3A, B1) and their sparse scattering of Cx36-puncta
(Fig. 3C, 3B2). Adjacent dorsally located motor nuclei contained an abundance of both
Cx36-puncta and vglutl-terminals that displayed co-localization similar to that observed at
other spinal levels (Fig. 3B1).

Cx36 at vglutl-terminals in intermediate lamina VI, VIl and VI

Immunolabelling for vglutl and Cx36 is present at moderate density in lamina VI, VII and
VIII and is unevenly distributed among small, medium-sized, and large neurons. Cx36-
puncta and vglutl-terminals tend to be concentrated in arrays sweeping horizontally or
vertically across lamina VI (Fig. 4A) and VII (Fig. 4B), or are seen heavily decorating the
somata and initial dendrites of a few, relatively large neurons per section in lamina VI (Fig.
4C) and lamina VIII (not shown). Immunolabelling of Cx36 appears as isolated puncta, or
more often as an assembly of 5 to 10 closely-clustered puncta (Fig. 4A1, B1 and C2). These
clusters were invariably co-localized with vglutl-terminals, as seen in overlay images (Fig.
4A2, B2 and C3). As in lamina IX, not all vglutl-terminals display Cx36-puncta, but nearly
all such terminals surrounding infrequently encountered neurons in lamina VII (Fig. 4C;
neurons not counterstained, but marked by asterisk), were decorated with these puncta.
Immunolabelled terminal boutons, having a somewhat flattened shape against their
postsynaptic elements, could be viewed en face (Fig. 4C1, D1), in which case Cx36-puncta
are seen distributed largely within the confines of the terminal (Fig. 4C3, 2D3), giving the
impression that these puncta are contained within the terminal interior. Alternatively, vglutl-
positive terminals could be viewed on edge, such as those contacting a large dendrite in
Figure 4D (dendrite marked by asterisks). In these views, Cx36-puncta are seen aligned
along bouton surfaces that were in contact with the dendrite (Fig. 4D2, 4D3), as might be
expected given the plasma membrane localization of Cx36-containing gap junctions, and
presumptive gap junction formation at points of apposition between the terminals and the
dendrite.

Lack of co-localization of Cx36-puncta with vglut2-containing terminals

We tested whether another class of glutamatergic terminals containing vglut2 shared a
similar co-localization relationship with Cx36. Nerve terminals containing vglut2 are
distributed throughout spinal cord gray matter, far out number terminals containing vglutl
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(Fig. 4E), and only very rarely contain both vglutl and vglut2. Terminals containing vglut2
are considered to arise largely from other than primary afferent neurons (Persson et al.,
2006), and include some arising from spinal interneurons and various descending systems
(Alvarez et al., 2004; Persson et al., 2006). Double labelling revealed a total lack of Cx36
co-localization with terminals containing vglut2 in all spinal cord areas examined, as shown
by example in lamina IX (Fig. 4F1, 4F2).

Cx36 at vglutl-terminals in medial regions of lamina VI

Particularly striking is the organization and Cx36-labelling relationships of vglutl-
immunopositive fibers and terminals in medial portions of lamina VIl immediately adjacent
to the central canal at cervical, thoracic, lumbar and sacral levels. In adult rat, dense
collections of fibers labelled for vglutl along their length course in a ventro-medial
direction, producing a confluence of terminals in a region adjacent and dorsolateral to the
central canal (Fig. 5A). This region contains a mix of small and medium-sized neurons, with
diameters ranging from 25 to 50 um. Some of these neurons are heavily laden with Cx36-
puncta distributed mostly on their somata and initial dendrites (Fig. 5B1). Most of these
neurons are targets of dense innervation by vglutl-positive afferents (Fig. 5B2). In
transverse sections, these neurons were erratically encountered, making it difficult to
appreciate their relative numbers and distribution in a single section. Examination of
horizontal sections, however, reveals a clear pattern to their organization. Figure 5C shows a
photomontage illustrating Cx36 immunolabelling in a 2 mm length of spinal cord at a T9
level in the horizontal plane of the central canal. Although the section is not counterstained,
locations of neurons displaying Cx36-puncta are readily discernible by densely distributed
puncta around their somata. Only in this view did it became evident that these neurons occur
in clusters of 2 to 4 cells and occasionally up to 6 cells, that the clusters are distributed
intermittently along the length of the spinal cord, and often appear to be in register between
the left and right side of the cord. At higher magnification with blue fluorescence Nissl
counterstaining, neurons decorated with Cx36-puncta are seen intermingled with neurons of
similar size lacking these puncta (Fig. 5D). Confocal analysis showed that the labelling was
exclusively punctate, and through focus analysis indicated that Cx36 immunofluorescence
was localized to the neuronal surface (Fig. 5E). Double immunolabelling for Cx36 and
vglutl, with fluorescence Nissl counterstaining, further revealed that vglutl-terminals are
concentrated in intermittent patches among the clusters of Cx36-positive and negative
neurons, and that these terminals target both neurons displaying or lacking Cx36-puncta
(Fig. 5F1-F4, showing the same field). The patches of vglutl-terminals, together with their
clusters of neurons decorated with Cx36-puncta, were roughly round or oval, and sometimes
appeared to merge with adjacent patches. On average, there were about 8-9 patches per
segment at cervical, thoracic and lumbar levels. The diameters of the vglut1-patches were
not significantly different at these various levels (190 £ 7.9 ym, 235 £+ 13 um, 223 + 18 pym,
respectively). However, the distances from the center of one patch to the center of an
adjacent patch were less at cervical (206 £ 12 pum) and lumbar (266 + 24 pm) than at
thoracic (338 + 9 um) levels, indicating that they were more closely spaced at the two
former levels.

Immunolabelling for vglutl and Cx36 was compared with labelling for vglut2 among
neurons in medial lamina VII. From a global view in transverse sections, shown at a lower
lumbar level, patches of dense vglutl labelling occupy regions almost devoid of labelling for
vglut2 (Fig. 6A1; and overlay with labelling for vglutl in 6A2). These regions without
vglut2 are remarkable considering that nearly the entire remainder of the spinal cord gray
matter contains a dense distribution of vglut2. Similarly, horizontal sections reveal a nearly
exact correspondence between patches of dense vglutl-containing terminals in regions
adjacent to the central canal (Fig. 6B1) and patches devoid of vglut2 labelling in these
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regions (Fig. 6B2 and overlay in 6B3). At a higher lumbar level, two distinct medially
located regions are seen to be devoid of labelling for vglut2; a ventral region adjacent to the
central canal, containing clusters of neurons decorated with Cx36-puncta (Fig. 6C, shown
magnified in 6D), and a dorsal region corresponding to the dorsal nucleus of Clarke (Fig.
6E), which was previously found to contain low levels of vglut2 and high levels of vglutl
(Shrestha et al., 2012). Although not examined in detail here, the nucleus of Clarke was
delineated by dense labeling for vglutl (Fig. 6F1) and was also rich in Cx36-puncta that
were randomly distributed (Fig. 6F2), rather than concentrated on individual neuronal
somata. These Cx36-puncta were extensively co-localized with vglutl-terminals (Fig.
6G,H).

Previous studies have described a moderate concentration of vglutl-terminals in the medial
region of lamina VII (Alvarez et al., 2004; Persson et al., 2006), which at lower thoracic
levels was reported to consist of a continuous column of vglutl-labelling and was
considered to represent Clark’s Column (Alvarez et al., 2004). Our results at this spinal level
distinguish the more dorsal location of Clark’s Column from the region in medial lamina VII
that contained the intermittent patches of vglutl-labelling and clusters of neurons labelled
with Cx36-puncta. Likewise, at cervical levels, vglutl-terminals are concentrated in two
medially located regions; one immediately adjacent to ventral portions of the dorsal column,
and the other corresponding to the central cervical nucleus (CeCv) located adjacent to the
central canal (Fig. 61). The CeCv contained clusters of neurons decorated with Cx36-puncta
(Fig. 6J1), and these puncta displayed co-localization with vglutl-terminals (Fig. 6J2). Thus,
the CeCv appears to represent a rostral extension of the patches of vglutl-terminals that
contain neurons bearing Cx36-puncta at more caudal spinal levels.

Confocal examination of labelling for Cx36 in patches of vglutl-terminals in medial lamina
VII of rat spinal cord is presented in Figure 7, where a single patch is shown in a transverse
section at an upper lumbar level (Fig. 7A). Triple labelling shows the patches to be rich in
peripherin-positive primary afferent fibers (Fig. 7B,C), consistent with the primary afferent
origin of vglutl-containing terminals in the patches (see below). Among terminals and fibers
labelled for vglutl and peripherin, neurons are seen outlined by Cx36-puncta overlapping or
located near vglutl-terminals along their initial dendritic segments (Fig. 7B,C). Examination
of mouse spinal cord shows a similar association of Cx36-puncta with vglutl-terminals
surrounding neurons in medial areas of lamina VII (Fig. 7D). The image in Figure 7E is a
magnification of the boxed area in Figure 7A, and shows a z-stack of a single neuron
(somata indicated by asterisk), where many vglutl-terminals and their associated Cx36-
puncta are seen en face covering several initial dendrites and the soma surface. Rotation of a
3D version of this image (Supplementary movie Fig. S1), reveals Cx36-puncta localized at
vglutl-terminals at all angles of rotation. This indicates that this association is not an artifact
of z-stack imaging, where labels for Cx36 and vglutl separated in the z-axis could result in
false-positive overlap. As in lamina IX, vglutl-terminals viewed en face display multiple
Cx36-puncta on their surface (Fig. 7F). Confocal examination of double labelling for vglut2
and Cx36 in medial regions of lamina V1l showed a negligible overlap of Cx36-puncta with
vglut2-terminals (Fig. 7G).

Cx36 at vglutl-terminals in the trigeminal motor nucleus

We next examined one other location where Cx3-puncta are densely distributed among
motoneurons, namely the trigeminal motor nucleus (Mo5) in rat and mouse. Motoneurons in
Mo5 are tighly packed (8A1) and receive a greater density of vglutl-containing terminals
compared with their spinal counterparts (Fig. 8A2). In both rat and mouse, labelling for
Cx36 is remarkably dense throughout the Mo5 (Fig. 8A3, 8B2). The Cx36 labelling
effectively delineates the nucleus as there is very little detectable Cx36 in immediately
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surrounding regions. Nearly all labelling for vglutl (Fig. 8C1) and Cx36 (8C2) appears to be
associated with peripherin-positive motoneurons, and nearly all Cx36 appears to be
associated with vglutl-terminals (Fig. 8C3). As in spinal cord, labelling for Cx36 has a
punctate appearance in Mo5, and Cx36-puncta are seen localized to individual vglutl-
positive terminals (8D-F). The Cx36-puncta are seen in association with vglutl-terminals
contacting motoneuronal somata (Fig. 8D), but many more are seen along initial dendritic
segments (Fig. 8E), as well as more distal portions of dendrites (Fig. 8F). Although not
examined quantitatively, vglutl-terminals in Mo5 are somewhat smaller and displayed fewer
Cx36-puncta (Fig. 8E2, inset) than those in lamina IX of spinal cord.

The source of vglutl-containing axon terminal in the Mo5 has, to our knowledge, not been
determined, but the trigeminal sensory ganglion and/or mesencephalic nucleus of the
trigeminal nerve are likely candidates based on the primary afferent origin of similar
terminals at spinal levels. The Mo5 appears to be unique among cranial motor nuclei in
displaying such a rich content of Cx36. In the same brains taken for Mo5 examination, the
facial motor nucleus was nearly devoid of labelling for Cx36, the hypoglossal nucleus has
sparse Cx36-puncta associated with only a few small neurons, and the remaining nuclei
contain only a scattering of these puncta (not shown).

Primary afferent origin of terminals associated with Cx36-puncta

We next examined the source of vglutl-terminals at which Cx36-puncta were localized in
the lumbar spinal cord. There is evidence that vglutl in spinal cord gray matter is contained
largely, though not exclusively, in terminals of primary afferent origin (Oliveira et al., 2003;
Alvarez et al., 2004; Wu et al., 2004; Persson et al., 2006). The association of Cx36 with
nerve terminals containing vglutl suggests that some of these afferents form
morphologically mixed synapses. This possibility would require transport of Cx36 from
dorsal root ganglion neurons to the presynaptic terminal membrane for gap junction
formation by docking of connexons in hemiplaques contributed by the pre- and postsynaptic
elements. Because we have found Cx36 only in intact gap junctions (i.e., never in a gap
junctional hemiplaque without an apposing hemiplaque) (Rash et al., 2000, 2001a, 2007a,b),
we predict that elimination of terminals bearing Cx36 would result in the loss of gap
junctions at these terminals (i.e., loss of both pre and postsynaptic hemiplaques). To test this
and to confirm primary afferent localization of Cx36 in the spinal cord regions examined
above, we performed unilateral dorsal rhizotomies, transecting the L1 to L4 dorsal roots in
adult rats. On the intact side of the cord, typical labelling for vglutl is seen among
peripherin-positive motoneurons in lamina 1X, as shown at an L3 spinal level (Fig. 9A1).
Rhizotomy on the other side of the cord resulted in a large loss of labelling in lamina IX
(Fig. 9B1). The same fields show comparisons of Cx36 labelling on the control vs.
rhizotomy side at the L3 level, with labelling for Cx36 alone (Fig. 9A2 vs. 9B2), and after
overlay with labelling for vglutl and peripherin (Fig. 9A3 and 9B3). There was a large
reduction in the density of Cx36-puncta, and some of those remaining on the rhizotomy side
displayed the typical co-localization with vglutl (Fig. 9B3) seen on the unoperated control
side (9A3). In comparisons of animals prepared with weak and strong tissue fixatives (see
Methods), the depletion of vglutl on the rhizotomy vs. the intact side in animals fixed with
4% formaldehyde (Fig. 9C, D) was similar to that seen in animals prepared with the weaker
fixative (Fig. 9B1), indicating that less than optimal fixation for vglutl did not qualitatively
confound the results.

Quantitative analyses (Fig. 9€,F) showed that the number of vglutl-terminals in lamina IX
on the deafferented side of the lumbar cord was reduced by 80 + 1.2% (n = 4), and Cx36-
puncta were reduced by 65 + 3% (n = 4). Because many afferents give off both acending and
descending branches and numerous collaterals upon enerting the cord (Hongo et al., 1978,
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1987) it is likely that at least some of the remaining terminals were from primary afferents
entering above or below the segments with rhizotomy (L1-L4). The extent of vglutl and
Cx36 depletions in other lamina of spinal cord were not examined quantitatively, but it
appeared from visual inspection that there was less reduction in vglutl terminals and Cx36-
puncta in dorsal horn lamina than in intermediate lamina and other areas of the ventral horn.
As shown in Fig. 9G, the loss of the patches of vglutl labelling adjacent to the central canal
was particularly striking. This depletion was accompanied by an equally extensive loss of
Cx36-puncta, as shown by images of labelling for Cx36 alone on the intact side [(Fig. 9H,
magnified from field in left box of (G)] vs. rhizotomy side [(Fig. 91, magnified from field in
right box of (G)].

GADG65 and mixed synapses

It is well known that myelinated muscle and cuntaneous afferents are subject to presynaptic
regulation of transmitter release mediated by gamma-aminobutyric acid (GABAergic)
contacts on primary afferent fiber terminals (Rudomin and Schmidt, 1999). These
GABAergic terminals can be identified by the presence of a specific glutamic acid
decarboxylase isomer, GAD65, (Hughes et al., 2005). In view of the above results,
indicating association of Cx36-puncta with primary afferent terminals, we explored the
localization of labelling for vglutl and Cx36 in relation to that of terminals labelled for
GADSG5. Specifically, we determined whether those terminals bearing Cx36-puncta in
lamina IX and medial lamina V11 are among afferent terminals contacted by presynaptic
GADG5-containing P boutons (Hughes et al., 2005). In lamina IX, GAD65-positive
terminals were frequently seen closely apposed to vglutl-terminals displaying co-
localization with Cx36-puncta (Fig. 10A-C). In these images, vglutl is pseudo-colored blue
rather than green, to avoid obscuring fluorochrome labels for Cx36 and GAD65. As shown
at successively higher magnifications, these relationships were found at vglutl-terminals
forming what appeared to be en passant type contacts with motoneurons (Fig. 10A), at
series of clustered terminals (Fig. 10B), and at individual isolated terminals (Fig. 10C).
Similar results were obtained in medial lamina VI, where terminals labelled for GAD65
were invariably seen in apposition to vglutl-terminals that overlap with Cx36-puncta. These
associations of the three labels were seen on neuronal somata (Fig. 10D) and were especially
prominent at large initial dendrites encircled by vglutl-terminals (Fig. 10E). As shown by
high magnification at vglutl-terminals viewed on edge and in apposition to neuronal somata,
Cx36-puncta appeared at sites on these terminals closest to the somata, whereas GAD65-
positive terminals were more distally located on these terminals (Fig. 10F). Also seen are
cases of close proximity of Cx36-puncta to GAD65-positive P boutons (Fig. 10G). Although
requiring ultrastructural confirmation, this result suggests that primary afferent terminals
subject to presynaptic inhibition are among those afferents that form (morphologically)
mixed synapses.

Developmental profile of mixed synapses in the spinal cord

We next determined the developmental profile of Cx36 association with vglutl-terminals in
rodent spinal cord. At each age examined, fields in lamina IX and VII containing numerous
Cx36-puncta and vglutl-labelled terminals were photographed at medium confocal
magnification and taken for counts of total Cx36-puncta. The data are presented as the
average of total Cx36-puncta counted in each of the two spinal cord areas from four animals
(Fig. 11A1 and 11B1), the average number of Cx36-puncta co-localized (i.e., clear overlap
between labelling for Cx36 and vglutl) with vglutl in these animals (Fig. 11A2 and 11B2),
and the average percentage of Cx36-puncta/vglutl-terminal co-localization (Fig. 11A3 and
11B3). Surprisingly, in both lamina 1X and VII, Cx36-puncta were rarely co-localized with
labelling for vglutl prior to the end of the second postnatal week, and minimally even up to
the end of the third postnatal week. Co-localization thereafter increased, reaching values of
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49% in lamina IX and 41% in lamina VI of adults rats. Mice were examined in less detail,
but showed a similar paucity of Cx36/vlgut-1 co-localization during early development, with
co-localization reaching 28% in lamina X at PD30 and 38% in adults.

To exclude the possibility that the low level of co-localization seen during early
development was due to a relatively slow maturation of vglutl-containing primary afferent
terminals in the spinal cord or a delayed appearance of vglutl in these terminals, we
examined labelling for vglutl in rat spinal cord at an age (PD20) when the percentage of
Cx36-puncta co-localization with vglutl was still relatively low in lamina V11 (4%) and
lamina IX (5.7%). As shown in Figure 12, lamina VI and VII contained a very high density
of vglutl-positive terminals at PD20 (Fig. 12A), and lamina IX was well populated by these
terminals among peripherin-positive motoneurons (Fig. 12B). This is consistent with
observations of the rapid maturation of vglutl-containing terminals in spinal cord up to
PD15 (Mentis et al., 2006), when Cx36/vglutl co-localization was minimal (0.9% in lamina
VII; 2.7% in lamina IX). Thus, the developmentally delayed association of Cx36 with
primary afferent terminals appears to be unrelated to the morphological maturation state of
these terminals.

DISCUSSION

The present study extends our previous observations on Cx36 localization in brainstem and
spinal cord (Bautista et al 2012; 2013b; Nagy et al., 2013) by demonstrating: 1. That
immunolabelling for Cx36 is extensive in the trigeminal motor nucleus and in multiple areas
of the adult rat and mouse spinal cord; and 2. That Cx36 is frequently co-localized with
vglut-1, which appears around the third postnatal week and persists in adults. The
association between vglutl and Cx36 is discussed as the anatomical substrate of
morphologically mixed (electrical/chemical) excitatory synapses arising from large diameter
sensory afferents in the spinal cord.

Cx36/vglutl co-localization in motor nuclei

In both spinal lamina IX and the trigeminal motor nucleus of adult rat and mouse, Cx36 was
often localized either at vglutl-containing axon terminals or in very close proximity (i.e., <1
um) to these terminals. While most spinal motor nuclei displayed Cx36/vglutl co-
localization, some motor nuclei at the lower cervical level (C8) were nearly devoid of both
vglutl and Cx36. Based on the spinal cord atlas of Watson et al. (2009), these motor nuclei
most likely innervate deltoid and pectoral muscles. In addition, we report elsewhere
(Bautista et al., 2013b) that a separate class of rodent motoneurons in sexually dimorphic
dorsomedial and dorsolateral motor nuclei found at lower lumbosacral levels exhibit dense
Cx36-puncta that is not co-localized with vglutl. Cx36-puncta are found at somatic
locations and dendritic appositions of these motoneurons, and the motor nuclei are largely
devoid of vglutl-containing terminals. Thus, we distinguish three classes of spinal motor
nuclei in the rodent: i) the majority where Cx36 is affiliated with vglutl-containing nerve
terminals, forming morphologically mixed synapses (discussed below); ii) certain cervical
motor nuclei without vglutl and Cx36; and iii) sexually dimorphic nuclei where Cx36-
puncta occur in the absence of vglutl, and almost certainly represent what we define as
“purely electrical synapses”. Among cranial motor nuclei, only the Mo5 displayed an
abundance of Cx36 co-localization with vglutl.

Cx36/vglutl co-localization in medial intermediate lamina

In spinal cord, extensive co-localization of vglutl with Cx36 was also found in areas outside
of motor nuclei. The almost continuous rings of Cx36 and vglutl on the soma of some
neurons in medial lamina V11 were particularly striking as was the longitudinal grouping of
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these neurons in clusters along the cord. Other areas rich in co-localized Cx36 and vglutl
included deeper regions of the intermediate spinal lamina (laminae V-V1) and regions
corresponding to Clarke’s nucleus.

Clusters of Cx36-laden neurons located in medial lamina V11 near the central canal
displayed a complex organization, with characteristic features distinguishing these clusters
from surrounding regions, including: i) the regularity and high density of vglutl-containing
primary afferent (“PA”) convergence on these clusters ; ii) their intermittent rostro-caudal
occurrence in separated domains at all spinal levels; iii) the presence of neurons receiving
Cx36-containing (“Cx”) primary afferent terminals (i.e., Cx36 co-localized with vglutl)
intermingled with those lacking these terminals; and iv) the paucity of innervation of these
neurons by vglut2-containing terminals. Based on these features and for ease of reference,
we term these clusters, together with their contingent of vglutl-containing primary afferents,
as medial lamina VIl PACx (M-VII PACx) domains. A coalescence of primary afferents
and/or their collaterals with intermittent fields of arborizations generating a modular pattern
has been described in this area of the spinal cord (Scheibel & Scheibel, 1969; Szentagothai
1966; Smith, 1983). Studies of terminal degeneration following dorsal rhizotomy have also
identified plexuses of primary afferent terminations lateral and ventrolateral to the central
canal that were distributed intermittently (Imai & Kusama, 1969), at similar distances
between the PACx domains measured here. Further, at lower thoracic and lumbar levels,
distinct sets of primary afferent fibers entering Clark’s column were distinguished from
those with deeper trajectories terminating in the medial area of lamina V11 (Rethelyi 1968),
corresponding to the area of the MVl PACx domains identified here.

Importantly, the PACx domains are distinct from the nearby intermediomedial nucleus,
which is known to contain ChAT-positive neurons (Stepien et al 2010), whereas our results
show these domains to contain only a few neuronal somata immunopositive of ChAT
(unpublished observations), and these ChAT-positive somata did not correspond to neuronal
somata heavily laden with Cx36-puncta and vglutl-terminals. Similarly, these PACx
domains are distinct from Clarke’s nucleus at lower thoracic and upper lumbar levels.
However, at cervical levels, the PACx domains appear to correspond to the central cervical
nucleus (CeVe), which also occupies medial regions of lamina VII. Neurons in the M-VII
PACx domains were somewhat smaller and more medially located in thoracic segments than
those in lumbar levels. Their dendrites almost certainly extend beyond the domains
containing their somata, where they are contacted by fewer vglutl-containing terminals.
Consequently, while the extent of excitatory input to their dendrites from vglut2-terminals is
uncertain, it is likely that excitatory vglutl-containing afferents concentrated on their somata
and initial dendrites could exert a powerful influence on their activity. The sensory
information conveyed by these afferents is unclear, but likely does not include group la
fibers that lack terminations in medial areas of lamina V11 (Brown and Fyffe, 1978; Hongo
etal., 1978, 1987).

Mixed synapses and their structural/functional correlate

As described in the Introduction, the presence of gap junctions at nerve terminals is the
anatomical substrate for mixed synapses employing both chemical and electrical modes of
neuronal communication. Functional mixed synapses formed by primary afferents on
motoneurons have been described in lower vertebrates (Shapovalov et al., 1980), and
morphologically mixed synapses have been demonstrated ultrastructurally in rodent spinal
cord (Rash et al., 1996). By thin-section electron microscopy (EM), terminals forming these
synapses in rat spinal cord were large (3 um in diameter) and in older animals were more
often encountered than gap junctions at dendro-dendritic contacts (Motorina, 1989, 1991).
By freeze-fracture EM, gap junctions at mixed synapses in rat spinal cord: i) were found
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throughout the rostro-caudal spinal cord axis; ii) detected in lamina I11-1X at various spinal
levels; iii) were located on interneurons as well as motoneurons; iv) were distributed often
on neuronal somata and initial dendrites; v) occurred in clusters at axon terminals, with up to
six gap junctions per cluster; and vi) were estimated to be present at a frequency of about
300 per spinal neuron (Rash et al., 1996; 1997,1998). These series of findings are
remarkably harmonious with our results on the overall distribution and cellular localization
of Cx36-puncta associated with axon terminals in adult rodent spinal cord. In particular, the
relatively large number of mixed synapses estimated to contact spinal neurons is easily
envisioned when considering what the projected density of Cx36-puncta associated with
terminals would be on for example motoneurons, such as those shown in Fig. 2, if these
neurons were subject to full 3D reconstruction. It is of note that while spinal neurons have
been considered to express other connexins in addition to Cx36 (Chang et al., 1999), the
above accordance between our results and earlier ultrastructural work further supports our
observations reported elsewhere that neuronal gap junctions in adult spinal cord are formed
primarily by Cx36 (Bautista et al. 2013a).

Instances were encountered where Cx36-puncta were seen without an obvious association
with vglutl in areas otherwise rich in co-localized Cx36 and vglutl. We suggest that some
of these instances were also examples of co-localization that escaped classification as such
for a number of reasons. First, given the requirement of Cx36/vglutl overlap in labelling as
criteria for co-localization, false-negatives could result when Cx36 and vglutl staining
occurred in different focal planes or in adjacent sections. Second, synaptic vesicles in
primary afferent terminals are not always immediately adjacent or crowded against the
presynaptic plasma membrane. In such cases, they may not appear to be co-localized with
Cx36 puncta located at the terminal periphery. Indeed, Cx36-puncta were often seen very
near vglutl-positive terminals, but could not be disignated as colocalized with these
terminals. And third, the differences in fixation conditions for optimal detection of Cx36 vs.
vglutl require a compromise in fixation to allow double labelling for these proteins. This
likely resulted in some reduction of labelling for vglutl. We estimate that these factors
together may have resulted in an underestimate of Cx36-puncta association with vglutl-
terminals by as much as 25-35%, as judged from the large number of puncta that were very
near but not co-localized with vglutl terminals, and from a few instances in individual adult
animals, where co-localization in areas of the ventral horn reached as high as 80-90%. The
remaining percentage of Cx36-puncta seen without an obvious association with vglutl in
dorsal and ventral horn lamina likely represent purely electrical synapses between either
motoneurons or between other types of neurons, and will require further studies to determine
the identity of neurons to which they confer electrical coupling. In addition, we cannot
exclude the possibility that some Cx36-puncta are associated with axon terminals containing
other transmitters. Given the presence of gap junction appositions in adult rat motoneurons
(van Der Want et al., 1998) and the extensive distribution of Cx36 in the cord, it would seem
likely that gap junctions could be responsible for interactions previously ascribed to ephaptic
(i.e. electrical field) interactions between motoneuron dendrites (Matthews et al., 1971).

Considering the relatively high density of Cx36-puncta in rodent spinal cord, it may be
surprising that mixed synapses have not been more frequently encountered in nearly a half
century of ultrastructural studies of spinal cord synaptology. There are several possible
reasons for this. One is that it is generally recognized that neuronal gap junctions in the CNS
are difficult to find and could be overlooked at EM magnifications typically used for studies
of synaptic connectivity. This is especially the case with technical limitations imposed by
thin-section EM identification of the typically small gap junctions that occur between
neurons, though some of these limitations are mitigated by freeze-fracture EM (Rash et al.,
1998). Another is that tissue preparation has not always been optimal for gap junction
detection, especially in early EM work, where less than optimal conditions sometimes
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precluded distinguishing between gap junctions, tight junctions and desmosomes in
mammalian CNS (Rash et al., 1998). Furthermore, many of the early classic EM studies of
spinal cord synaptology were conducted using cat. While we have succeeded in detecting
Cx36 by immunofluorescence in some areas of cat brain (Nagy et al., 2013), we do not yet
have sufficient confidence in labelling of this connexin in adult cat spinal cord to consider
the likelihood of Cx36-containing mixed synapses in the feline cord.

Mixed synapses on type la and other afferent fiber types

It was previously shown that a substantial proportion of vglutl-containing terminals in the
spinal cord are endings of primary afferent fibers (Alvarez et al., 2004; Persson et al., 2006).
The extensive co-localization of Cx36 with vglutl in rodent spinal cord thus indicates a
strong association of Cx36 with primary afferent terminals, and hence the existence of
mixed synapses between these afferents and their spinal targets. Our finding of a large
reduction in labelling for both Cx36 and vglutl following dorsal rhizotomy supports this
possibility. Although we did not determine the proportion of vglutl-terminals displaying
Cx36-puncta, it is clear that Cx36 is associated with only select populations of afferent
fibers. In this respect, it is well known that in the lumbar spinal cord, individual la spindle
afferents make multiple monosynaptic connections throughout the motor pool (Brown and
Fyffe 1978), while group Il spindle afferents make monosynaptic connections with smaller
EPSPs and in only a portion of the motoneuron pool (Sypert et al., 1980). Because
motoneuron excitation from tendon organ afferents (Eccles et al., 1957) and cutaneous
afferents (see Labella and McCrea 1990) occurs at longer than monosynaptic latencies, these
afferents do not form monosynaptic connections to motoneurons and therefore, do not form
mixed synapses in lamina IX. Thus, the majority of mixed Cx36/vglutl synapses at least in
lamina 1X are likely terminals of monosynaptic connections between la muscle spindle
afferents and motoneurons. On the other hand, the mixed synapses in medial lamina VII
(Fig. 7) are more likely from other afferent types since la afferents neurons do not project to
this area (Brown and Fyffe 1978; Hongo et al., 1987). The extensive distribution of co-
localized vglutl and Cx36 in the deep dorsal horn and Clarke’s nucleus could be associated
with either la spindle or 1b golgi tendon organ afferents since both afferent classes project to
these locations (Hongo et al., 1987; Tracey and Walmsley 1984). Because P-boutons are
involved in the presynaptic inhibition of large diameter muscle afferents (Hughes et al.,
2005), our finding of P-boutons in association with vglutl-containing afferents forming
morphologically mixed synapses further supports the spindle or tendon origin of some
afferents with mixed synapses.

The presence of the anatomical substrate for combined electrical and chemical transmission
at afferent fiber synapses does not of course indicate that the gap junction component of
these synapses are functional. To our knowledge, mixed synapses on motoneurons have not
been identified electrophysiologically in late adolescent rodents when these synapses
become abundant or in adult rodents. In cat, however, the notion that there is a direct
electrical component to the arguably most studied synapse in mammals, the monosynaptic la
connection to lumbar motoneurons, was examined decades ago and remains the subject of
controversy.

It has been pointed out that electrical transmission is not necessarily faster than chemical
transmission in all cases (Bennett, 1997). Nevertheless, in support of the possibility of an
electrical component to the synapse between motoneurons and la afferents, these afferents
can be excited or their thresholds to electrical activation lowered at a very short latency
when an antidromic action potential occurs in the target motoneuron (Decima and Goldberg,
1973, 1976; Curtis et al., 1979). Gogan et al. (1977) suggested electrical coupling as one
explanation for their findings of short latency excitation between some motoneurons in the
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cat. The observations of Esplin et al. (1972) are of particular interest as they found that
systemic administration of a cholinesterase inhibitor unmasked strong, presumable
electrical, interactions between action potentials in the motoneuron and the la afferents. It
thus remains a possibility that functional mixed synapses are regulated and expressed only
under specific conditions.

Besides the mediation of coupling by purely electrical synapses, mixed synapses might
provide another means of electrical communication between neurons. In the lateral
vestibular nucleus of adult rat, it has been deduced that electrical coupling occurs between
neurons that themselves appear not to be linked by gap junctions. Rather, coupling was
proposed to be mediated by way of mixed synapses formed by presynaptic fibers, where
collaterals of individual fibers forming mixed synapses with separate neurons provide a
pathway for electrical coupling of those neurons (Korn et al., 1973). Neuronal coupling
mediated by presynaptic fibers has been extensively documented in lower vertebrates (see
Bennett and Goodenough, 1978). In the spinal cord, individual la afferent fibers are known
to form many collaterals that innervate multiple motoneurons (Brown and Fyffe, 1978,
1981; Hongo et al., 1978, 1987). Assuming that fibers with such collateral terminations
include those at which we find morphologically mixed synapses, these fibers potentially
could mediate coupling between spinal neurons in adult rodents.

Development of mixed synapses in ventral horn laminae

At early postnatal ages, the widespread presence of Cx36-puncta observed in spinal cord is
consistent with reports of electrical- and dye-coupling between developing spinal neurons,
particularly motoneurons (see Introduction). In contrast, morphologically mixed synapses in
each of the spinal cord gray matter regions examined had a surprisingly late developmental
appearance and were first observed, in for example lamina IX, at a time (i.e. PD8-13) when
motoneurons cease to exhibit direct intercellular electrical coupling (Walton & Navarrete,
1991). Equally remarkable was the continued increase in the incidence of these synapses
even after the third postnatal week to adulthood. Notwithstanding that the incidence of
Cx36/vglutl co-localization may have been underestimated based on technical
considerations (discussed above) that should apply to animals of all ages, we nevertheless
believe the relatively low incidence of Cx36/vglutl co-localization at early ages reflects a
delayed development of morphologically mixed synapses that begins around the third
postnatal week and increases towards adulthood. We do not exclude the possibility that
some motoneurons in addition to those in the sexually dimorphic nuclei remain coupled in
adults by gap junctions (e.g. soleus motoneurons; van der Want et al., 1998). However, our
results indicate that most motoneurons transition from an early state of coupling with each
other mediated by Cx36 (Bautista et al., 2012) to a later state of mixed synapse formation
with afferent terminals. The functional relevance of the late onset of mixed synapses
remains to be determined, as does elucidation of the physiological processes for which they
would presumably be required. Further insight into these issues will require the use of adult
or late adoslescent rodent preparations when mixed synapses are developed and not the early
postnatal in vitro preparations commonly used for electrophysiological investigations in the
spinal cord.
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Refer to Web version on PubMed Central for supplementary material.
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CeVe central cervical nucleus

CNS Central nervous system
cervical

Cx36 connexin36

GADG65 glutamic acid decarboxylase65
lumbar

Mo5 trigeminal motor nucleus

PBS phosphate-buffered saline

PD postnatal day

TBS 50 mM Tris-HCI, pH 7.4, 1.5% NacCl

TBSTr TBS containing 0.3% Triton X-100
thoracic

vglutl vesicular glutamate transporter-1

vglut2 vesicular glutamate transporter-2
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Fig. 1.

Overview of widely distributed immunofluorescence labelling of Cx36 in transverse
sections of adult mouse spinal cord, counterstained by blue fluorescence Nissl or labelled for
peripherin. (A) Low magnification at an L5 level, with border between gray and white
matter outlined by coarse dotted line, and the central canal outlined by fine dotted line.
Boxed areas indicate regions examined in greater detail in subsequent Figures. (B-D) Higher
magnifications of the boxed areas in (A), showing dense collections of Cx36-puncta in
medial regions of lamina V1l near the central canal (B, arrows), a moderate distribution of
Cx36-puncta in intermediate lamina VIl and VIII (C, arrows), and Cx36-puncta localized to
somata and dendrites of motoneurons in lamina X (D, arrows). (E) Lamina IX at a thoracic
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level, showing Cx36-puncta (arrows) distributed among motoneurons. (F) Lamina IX at L5

level from spinal cord of a Cx36 knockout mouse, showing peripherin-positive motoneurons
(F1) and, in the same field, an absence of labelling for Cx36 (F2).
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Fig. 2.

Triple immunofluorescence labelling for Cx36, vglutl and peripherin in lamina IX at the L4
level in adult rat spinal cord. (A1-A4) Images showing the same field, with overlay of
labelling for peripherin and vglutl (A1), peripherin and Cx36 (A2), Cx36 and vglutl (A3),
and for all three proteins (A4). Red/green overlay appears as yellow, and red/green/blue
overlay appears as white. Peripherin-positive motoneurons receiving a moderate innervation
by vglutl-containing terminals (A1, arrows) display Cx36-puncta localized on their somata
or dendrites (A2, arrows). Most though not all of these Cx36-puncta are co-localized with
vglutl-positive terminals (A3 and A4, arrows). (B1-B3) Higher magnification confocal
triple immunofluorescence showing immunolabels (arrows) for vglutl (B1) and Cx36 (B2)
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associated with initial dendrites of peripherin-positive motoneurons. A proportion of Cx36-
puncta are seen co-localized with vglutl-positive terminals, as seen in overlay (B3, arrows),
but not all of these terminals harbor Cx36-puncta. (C) Individual vglutl-positive boutons or
fibers appearing to form en passant terminal contacts display several Cx36-puncta; also
shown in inset in (B3).
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Triple immunofluorescence labelling of Cx36, vglutl and peripherin at a lower cervical
level (C8) in adult rat spinal cord. (A) Low magnification showing the distribution of
vglutl-terminals in spinal cord gray matter (outlined by dotted line), and the heterogeneous
density of these terminals among groups of motor nuclei in lamina X (arrows, high levels;
arrowheads, low levels). (B1) Higher magnification of boxed area in (A), showing a
moderate density of vglutl-terminals among a dorsally located group of motoneurons
(arrows), and few vglutl-terminals in a ventrally located motoneuron group (arrowheads).
Cx36-puncta in the upper group of motoneurons show extensive co-localization with vglutl-
terminals (shown in inset). (B2) The same field as in (B1), with labelling of Cx36 alone,
showing a high density of Cx36-puncta in the upper motoneuronal group (arrows) and
sparse Cx36-puncta in the lower group (arrowheads). (C) Magnification of the boxed area in
(B2), showing only a few Cx36-puncta (arrows) associated with peripherin-positive
motoneurons in the lower group and their lack of co-localization with vglutl.
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Confocal double immunofluorescence labelling of Cx36 with vglutl or vglut2 in adult rat
lumbar spinal cord. (A,B) Images show the same field in lamina VI (A1,A2) and in lamina
VIl (B1,B2), with labelling for Cx36 alone (A1,B1) and after overlay with labelling for
vglutl (A2,B2). Arrays of Cx36-puncta are seen streaming across mid regions of these
lamina (A1,B1, arrows). Labelling for vglutl follows similar trajectories as the Cx36-
puncta, and nearly all Cx36-puncta are either co-localized with, or lie close to, vglutl-
terminals (A2,B2, arrows). (C1-C3) Images show the same field of a single medium sized
neuron in lamina V11 (not counterstained, but marked with asterisk). The neuron is contacted
by vglutl-terminals (C1, arrows) displaying clusters of Cx36-puncta (C2 and C3, arrows).
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(D1-D3) Images of the same field in lamina VII, showing label for vglutl (D1) and Cx36
(D2) on a large initial dendrite (not counterstained, but marked with asterisks). Terminals
labelled for vglutl are viewed on edge flattened against the dendrite (D3, arrowheads) or en
face (D3, arrow). In edge views, Cx36-puncta are localized to the side of the terminal
contacting the dendrite, and straddle sites of terminal/dendrite apposition. (E,F) Double
immunofluorescence labelling of Cx36 (red) and vglut2 (yellow) in lamina IX at low (E)
and higher confocal magnification (F), showing clusters of Cx36-puncta (F1) that in the
same field lack association with vglut2-positive terminals (F2).
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Fig. 5.
Immunofluorescence localization of Cx36 in relation to vglutl-terminals in medial lamina

VII at a thoracic level in adult rat spinal cord. (A) Low magnification transverse section,
showing vglutl-positive fibers and terminals (outlined by boxed area) lateral to the central
canal (cc, arrow). (B) Magnification of a similar area as the boxed region in (A), showing a
single neuron decorated with Cx36-puncta (B1, arrow) and, in the same field, a confluence
of vglutl-positive terminals (arrowheads) terminating on that neuron (B2, arrow). (C)
Photomontage of a field 2 mm in length, showing immunolabelling for Cx36 in a horizontal
section taken at a dorso-ventral plane indicated by the dotted line in (A), with the central
canal lying at midline (dashed line). Cx36-puncta are sufficiently concentrated on neurons to
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reveal intermittent clusters of Cx36 laden cells (arrows) flanking the central canal. (D,E)
Higher magnifications of one of these clusters in a section counterstained with blue
fluorescence Nissl, showing Cx36-puncta on some neurons (D, arrows) intermingled with
those lacking Cx36-puncta (D, arrowheads). A confocal image shows the punctate
appearance of labelling associated with and delineating two neurons within a cluster (E,
arrows). (F1-F4) Horizontal section showing the same field double-labelled and blue Nissl
counterstained, revealing that clusters of these neurons (F1, arrows), with their associated
Cx36-puncta (F2, arrows), are all targeted by vglutl-terminals (F3, arrows), producing
patches of labelling for vglutl that demarcate locations of the clusters (F4, arrows).
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Fig. 6.
Comparison of immunofluorescence labelling for vglutl and vglut2 in relation to Cx36-
puncta on neurons in medial lamina VI in adult rat spinal cord. (A1-A2) The same field of a
double-labelled transverse section at L6, showing immunofluorescence for vglut2 (yellow)
nearly throughout spinal cord gray matter, except in a restricted region of medial lamina V1l
devoid of vglut2-terminals (A1, arrows), which corresponds to an area rich in vglutl-
terminals (A2, arrows). (B1-B3) Horizontal thoracic section at the level of the central canal
(cc), showing more broadly the correspondence between patches of dense vglutl-terminals
(B1, arrows) and voids in labelling for vglut2 (B, arrows), as seen in overlay (B3, arrows).
(C-E) Transverse sections at mid lumbar levels, showing two voids in labelling for vglut2 in
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medial lamina V1I: one adjacent to the central canal (C, boxed area), containing neurons
densely decorated with Cx36-puncta (D, arrows; magnification of box in C); and the other
corresponding to the nucleus of Clarke (E, arrows). (F-H) Images showing nucleus of Clarke
outlined by dense labelling for vglutl (F1) and containing a moderate distribution of
scattered Cx36-puncta (F2) that display co-localization with vglutl, as shown by examples
in two regions of Clark’s nucleus (G,H). (I) Image of adult rat spinal cord at C8, showing
dense labelling for vglutl in the central cervical nucleus (CeCv) (boxed area). (J) Higher
magnification of CeCv showing neurons decorated with Cx36-puncta (J1, arrow) display co-
localization with vglutl-terminals (J2, arrow), similar to those seen in medial lamina VII at
other spinal levels.
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Confocal immunofluorescence of vglutl and Cx36 in medial lamina V11 of adult rat and
mouse lumbar spinal cord. (A) Image from rat cord, showing a vglutl-positive patch of
terminals outlining a neuron decorated with Cx36-puncta (boxed area). (B-D) Higher
magnification immunofluorescence images from medial lamina VII of mouse cord, showing
a dense meshwork of peripherin-positive primary afferent fibers (blue) within a vglutl-
positive patch, and individual neurons (marked by asterisks) with Cx36-puncta concentrated
along their initial dendritic segments (B, arrows), where many are associated with vglutl-
terminals (C, arrows), or with Cx36-puncta associated with vglutl-terminals distributed
around the entire neuronal somata (D). (E) Higher magnification of the neuron (marked by
asterisk) in the boxed area in (A), showing Cx36-puncta co-distributed with vglutl-terminals
contacting the neuronal somata and several initial dendrites (arrows). The inset shows the
same field as in (E), with labelling for Cx36 alone delineating the entire neuronal somata.
(F) Magnification showing multiple Cx36-puncta localized to most vglutl-terminals
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(arrows). (G) Double immunofluorescence of Cx36 and vglut2 in a field similar to that in
(A), showing lack of Cx36-puncta co-localization with vglut2-positive terminals.
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Triple immunofluorescence labelling of Cx36, vglutl and peripherin in the trigeminal motor
nucleus (Mo5) of adult rat and mouse brainstem. (A,B) Low magnification images of the
same field of the Mo5 in rat (A1-A3) and in mouse (B1,B2), showing peripherin-positive
motoneurons (A1, arrow), dense labelling for vglutl (A2,B1, arrows) and Cx36 (A3,B2,
arrows) throughout the nucleus, and sparse labelling for these proteins outside the nucleus.
(C) Higher magnification showing the distribution of labelling for Cx36 (C1) and vglutl
(C2) among peripherin-positive motoneurons and, in the same field, co-localization of
labelling for Cx36 with vglutl-terminals (C3, arrows). (D,E) Higher magnification confocal
images, where the fields in D1 and D2 are the same and those in E1 and E2 are the same.
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Images show punctate labelling of Cx36, distribution of Cx36-puncta around a
motoneuronal soma (D1, arrow), association of Cx36-puncta with initial dendrite segments
(E1, arrows) as well as more distally along dendrites (F1, arrow), and overlap of the vast
majority of Cx36-puncta with vglutl-terminals (D2,E2,F2, arrows). Inset in E2 shows
multiple Cx36-puncta localized to individual vglutl-terminals.
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Association of Cx36 with vglutl-containing axon terminals of primary afferent origin in
lamina X and VII of adult rat. (A,B) Triple immunofluorescence labelling for vglutl,
peripherin and Cx36 in lamina 1X after unilateral dorsal rhizotomy at the L1-L4 levels.
Images at L3 on the intact side (A1-A3, same field) and rhizotomy side (B1-B3, same field)
show vglutl/peripherin overlay (A1,B1), Cx36 alone (A2,B2) and overlay of labelling for all
three proteins (A3,B3). The intact side shows normal labelling of vglutl (A1) and Cx36
(A2). The rhizotomy side shows reduced labelling of vglutl (B1) and Cx36 (B2). Overlay
shows vglut1l/Cx36 co-localization at some of the remaining vglutl-terminals on the
rhizotomy side (B3). (C,D) Labelling for vglutl and peripherin under optimum fixation
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conditions for vglutl (4% formaldehyde), showing vglutl on the intact side (C) and
extensive loss of vglutl-terminals on the rhizotomy side (D). (E,F) Quantitation of labelling
in fields of lamina IX on the intact and rhizotomy side, showing an 80% reduction of vglut1-
terminals and a 65% reduction of Cx36-puncta on the rhizotomy side. (G) Low
magnification blue fluorescence Nissl counterstained transverse section showing areas
adjacent to the central canal after unilateral dorsal rhizotomy. Dense labelling for vglutl is
seen on the intact side (boxed region at left), and depletion of labelling is seen on the
rhizotomy side (boxed region at right). (H,I) Immunolabelling for Cx36 in the boxed areas
shown in (G), with the left box magnified in (H) showing clusters of Cx36-puncta on the
intact side, and the right box magnified in (I) showing only a few puncta remaining on the
rhizotomy side.

Neuroscience. Author manuscript; available in PMC 2015 March 28.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Bautista et al.

+ vgluti + vglut1
+ GADG65" + GAD§5
lamina IX o lamina IX
adult rat adult rat®

F 2

-

% + vglut! +'GAD65"
medial lamina VI g

Fig. 10.

Page 40

+ vglut1 + GAD65 + vglut1 + GAD65

lamina IX medial lamina VIl
adult rat

+ vglut1 + GAD65
medil lamina VII

+vglut1 + GAD65

medial lamina VII

Confocal triple immunofluorescence labelling for Cx36 (red), vglutl (blue) and GAD65
(green), showing localization of GAD65-positive P boutons on vglutl-terminals displaying
Cx36-puncta in lamina IX and VI of adult rat. Terminals labelled for vglutl are pseudo
colored blue to avoid obscuring GAD65 P boutons and Cx36-puncta. (A-C) Images from
lamina 1X, showing GADG65-positive P boutons associated with what appear to be en
passant type vglutl-terminals (A) or clusters of these terminals (B), with often multiple P
boutons and Cx36-puncta associated with individual vglutl-terminals (C). (D-G) Images
from lamina V11 showing a single neuron (D, outlined by dotted line), and two tangentially
cut dendrites (E, asterisks). In each image, Cx36-puncta are seen co-localized with large
vglutl-terminals that contact neuronal somata and dendrites, and that are themselves
contacted by GAD65-positive P boutons. (F,G) Boxed areas in (D) and (E) (magnified in F
and G, respectively), showing Cx36-puncta (F, arrow) localized along portions of vglutl-
terminals nearest the neuronal soma (F, dotted line), and GAD65-positive P boutons (F,
arrowheads) at more distal portions of the vglutl-terminals. Cx36-puncta are occasionally in
close proximity to GAD65-positive P boutons (G, arrow).
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Developmental profile of Cx36 association with vglutl-terminals in lamina IX and VII in rat
lumbar spinal cord. (A,B) Histograms show the average of total Cx36-puncta counted in
fields of lamina IX and VII from four animals are each age indicated (A1,B1), the total
Cx36-puncta colocalized with vglutl-terminals averaged from the four animals (A2,B2), and
the average percentage of Cx36/vglutl co-localization (A3,B3). The values at different ages
in (A1,B1) reflect differences in the number of fields/per animal taken for counts and/or
heterogeneities in numbers of Cx36-puncta in fields chosen for counts, rather than absolute
differences in density of Cx36-puncta at the ages examined. In lamina XI, the average
percentage of Cx36-puncta/vglutl co-localization was 0.4% at PD10, 2.7% at PD15, 5.7% at
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PD20, 25% at PD25, 36% at PD30 and 49% in adult. In lamina VI, the values were 0.3% at

PD10, 0.9% at PD15, 4% at PD20, 33% at PD25, 34% at PD30 and 41% in adult. Values are
means £ s.e.m. (n = 4).
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(A,B) Immunofluorescence labelling of vglutl (green) in laminae VI - VII (A) and in lamina
IX (B) at the L4 level of rat spinal cord at PD20. Motoneurons in (B) are immunolabelled
for peripherin (blue). A high density of axon terminals are labelled for vglutl in lamina VI
and VII, and abundant vlgut1-positive terminals are present among motoneurons in lamina
IX at this postnatal age when Cx36-puncta/vglutl co-localization in these lamina was a
small fraction of that seen in these lamina of adult spinal cord.

Neuroscience. Author manuscript; available in PMC 2015 March 28.



