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Abstract: Electrical synapses formed by gap junctions occur at a variety of neuronal subcellular sites in the mam-
malian central nervous system (CNS), including at somatic, dendritic and axon terminal compartments. Numerous 
electrophysiological studies using mice and rats, as well as computer modelling approaches, have predicted the 
additional occurrence of electrical synapses between axons near their emergence from neuronal somata. Here, 
we used immunofluorescence methods to search for localization of the neuronal gap junction-forming protein con-
nexin36 (Cx36) along axon initial segments (AISs) labelled for the AIS marker ankyrinG. Immunofluorescent Cx36-
puncta were found to be associated with AISs in several CNS regions of mice, including the spinal cord, inferior olive 
and cerebral cortex. Localization of Cx36-puncta at AISs was confirmed by confocal single scan and 3D imaging, 
immunofluorescence intensity profiling and high resolution structured illumination microscopy (SIM). AISs measur-
ing up to 30 µm in length displayed typically a single Cx36-punctum and the incidence of these long AISs displaying 
Cx36-puncta ranged from 3% to 7% in the inferior olive and in various layers of the cerebral cortex. In the inferior 
olive, the gap junction associated protein zonula occludens-1 (ZO-1) was found to be co-localized with Cx36-puncta 
on AISs, indicating that these puncta have some of the molecular constituents of gap junctions. Our results add 
to the neuronal subcellular locations at which Cx36 is deployed, and raise possibilities for its involvement in novel 
functions in the AIS compartment.
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Introduction

Electrical synapses formed by gap junctions 
between neurons are now recognized to serve 
as key circuit elements for mediation of neuro-
nal communication and to have essential and 
divergent functional roles in a variety of regions 
in the mammalian CNS [1-3]. The vast majority 
of these gap junctions are composed of Cx36 
that forms intercellular channels and which is 
associated with various structural and regula-
tory proteins that are thought to contribute  
to the complex operational features of electri-
cal synapses [4, 5]. The types of neurons 
between which electrical synapses occur, both 
during development and in the mature CNS,  
are diverse and include inhibitory interneurons 
and long projection excitatory neurons [6].  
The subcellular sites at which these synapses 
are deployed between neuronal elements are 
equally varied, ranging from their occurrence at 

distal vs. proximal dendrites, between den-
drites and neuronal somata and between neu-
ronal somata, forming “purely” electrical syn-
apses [6]. Neuronal gap junctions also occur 
between nerve terminals and postsynaptic 
structures, forming “mixed” chemical/electrical 
synapses [7, 8]. Another interesting site of gap 
junctions forming electrical synapses is directly 
between axons, either near or at some distance 
from neuronal somata. This has been found in 
various species of fish [9, 10]. In the mammali-
an CNS, the possibility of gap junction-mediat-
ed electrical coupling between axons has been 
the subject of numerous reports [reviewed in 
11, 12]. For example, there is substantial litera-
ture on the role of hypothesized axonal gap 
junctions in high-frequency electrical network 
activity [13], such as transiently-stable patterns 
of electrical activity that appear to be generat-
ed and maintained by oscillatory states in neu-
ronal assemblies. The mechanisms responsible 
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for production of these states are not fully 
known. However, experimental data and model-
ling studies have provided compelling predic-
tions for their mediation by electrical synapses 
that have been proposed to link axons of princi-
pal cells in the cerebral cortex and those in the 
hippocampus, with the proposed axonal gap 
junctions estimated to occur within ~150 µm of 
neuronal somata [13-15]. The electrical activity 
in the axonal plexus of these neurons is thought 
to propagate antidromically into cell somata 
and dendrites, and interact with synaptic input 
to modify those synapses or to regulate ortho-
dromic output [16].

The present study was undertaken to search 
for evidence of the presence of gap junctions 
along axons, specifically within short distances 
of their emergence from neuronal somata 
where they have been predicted to occur. As a 
convenient marker for this axonal region, we 
used immunofluorescence labelling for anky-
rinG, which is a scaffolding protein highly con-
centrated along AISs that span 20 to 70 µm 
distally from the axon hillock [17]. Because 
Cx36 is highly expressed in neurons and is a 
robust marker for their gap junctions [6], we 
sought to determine in several CNS regions 
whether Cx36 is localized at AISs.

Materials and methods

Animals and antibodies

All animals in this study were obtained and 
used in concordance with approved protocols 
put in place by the Central Animal Care 
Committee of the University of Manitoba. A 
total of 18 adult male CD1 mice and 8 C57BL/6 
mice weighing between 25 to 35 grams were 
used in this study. A total of 6 male mice at 15 
days of age were used. No discernible qualita-
tive differences in the results were found 
between the two strains. The mice were ob- 
tained from breeding colonies maintained at 
the University of Manitoba. Immunofluorescen- 
ce labelling in CNS tissues was performed 
using six different antibodies in double or triple 
labelling combinations. A mouse monoclonal 
anti-Cx36 antibody (Cat. No. 39-4200) was ob- 
tained from ThermoFisher Scientific (Waltham, 
MA, USA) and used at a concentration of 3  
µg/ml for incubation with tissue sections. This 
antibody was previously shown to detect Cx36 
by western blotting [18], and to produce intense 

immunofluorescence labelling for Cx36 in the 
form of Cx36-puncta in various brain and spinal 
cord regions, which were absent in Cx36 null 
mice [19-22]. Other antibodies included: a  
polyclonal chicken anti-ankyrinG antibody (Cat. 
No. CPCA-ANK3) acquired from EnCor Biote- 
chnology Inc (Gainesville, FL, USA) and used at 
a dilution of 1:1000; a goat polyclonal anti-
ankyrinG antibody (Cat. No. sc-31778) obtain- 
ed from Santa Cruz Biotechnology Inc. (Santa 
Cruz, CA, USA) and used at a dilution of 1:1000; 
a chicken polyclonal anti-peripherin antibody 
(Cat. No. AB9282) obtained from Millipore EMD 
(Burlington, MA, USA) and used at a dilution of 
1:500; a rabbit anti-glutamate decarboxyla- 
se (GAD) antibody prepared as previously de- 
scribed [23] (generously provided by Dr. E. 
Roberts) and used at 1:1000; and a rabbit  
polyclonal anti-ZO-1 antibody (Cat. No. 61-7300) 
obtained from ThermoFisher Scientific and 
used at a concentration of 4 µg/ml.

Tissue preparation and immunofluorescence 
labelling

Animals were anesthetized by an intraperito-
neal injection of equithesin (3 ml/kg) and 
immediately perfused transcardially with 6 ml 
of cold (4°C) prefix solution composed of 50 
mM sodium phosphate buffer, pH 7.4, 0.9% 
NaCl, 0.1% sodium nitrite and 1 unit/ml hepa-
rin. Animals were then perfused with 50 ml of a 
fixative solution consisting of 0.16 M sodium 
phosphate, pH 7.1, 0.2% picric acid and either 
1% or 2% formaldehyde (Electron Microscopy 
Sciences, Hatfield, PA, USA). Following perfu-
sion with fixative, animals were perfused with 
10 ml of 25 mM sodium phosphate buffer, pH 
7.4, containing 10% sucrose. The spinal cord 
and brain were dissected and transferred to 
cryoprotectant solution consisting of 25 mM 
sodium phosphate buffer, pH 7.4, 10% sucrose 
and 0.04% sodium azide, and stored at 4°C for 
2 days. The tissue was then flash frozen, cryo-
sectioned at 15 µm in the transverse plane, 
and sections were collected on gelatinized 
slides and stored at -30°C.

For immunofluorescence processing, slide-
mounted sections were thawed to room tem-
perature and rinsed for 20 min in 50 mM Tris-
HCl buffer, pH 7.4, containing 1.5% sodium 
chloride (TBS) and 0.3% Triton X-100 (TBST). 
Sections were incubated at 4°C for 12 to 18 h 
simultaneously with two or three different pri-
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mary antibodies diluted in TBST containing 
10% normal donkey serum. After incubation 
with primary antibodies, sections on slides 
were washed three times for 20 min in TBST 
and then incubated with appropriate combina-
tions of secondary antibodies, all produced in 
donkey (Jackson ImmunoResearch), including 
Cy5-conjugated anti-chicken and anti-rabbit 
diluted 1:600, Cy3-conjugated anti-mouse 
diluted 1:600 and AlexaFluor 488-conjugated 
anti-chicken and anti-goat diluted 1:1000. 
Sections were incubated with secondary anti-
bodies for 1.5 h at room temperature, then 
washed for 20 min in TBST and then washed 
twice for 20 min in 50 mM Tris-HCl buffer, pH 
7.4, and subsequently coverslipped with Fluo- 
romount G anti-fade medium (SouthernBiotech, 
Birmingham, USA). The slides were air dried for 
1 h before placing them at -20°C for long term 
storage.

Immunofluorescence microscopy

Tissue sections were examined and photo-
graphed by wide-field microscopy using a Zeiss 
Z2 Axiovision Imager microscope, a Zeiss 710 
confocal laser scanning microscope and at 
high resolution using confocal Zeiss Elyra-SIM 
microscope configured for structured illumina-
tion microscopy (SIM). Images were collected 
as czi files using Zeiss Zen Blue and Zen Black 
software (Carl Zeiss Canada, Toronto, Canada). 
Wide-field and confocal images were collected 
either as single-scans or z-stacks ranging from 
10 to 19 scans thereby capturing a thickness of 
approximately 4 to 8 μm of tissue at z scanning 
intervals of typically ~0.4 µm using a ×40 
objective lens. Final images were assembled 
using CorelDraw Graphics (Corel Corp., Ottawa, 
Canada). Images with Cy5 immunolabelling 
were pseudocoloured either blue or cyan.

Several procedures were used as search strat-
egies for localization of Cx36-puncta on AISs. 
In each CNS area examined, numerous ran-
domly selected fields measuring 100×100 µm 
were photographed. Each z-stack image was 
first viewed as a maximum intensity projection 
to obtain an overview of possible AIS/Cx36-
puncta association. If overlap of labels for 
ankyrinG and Cx36 was seen, which was of- 
ten the case in areas with moderate to high 
densities of Cx36-puncta, we next examined 
z-stack images by 3D rendering in transparency 
mode, with image rotation in x and y axis to 

exclude cases where labels for AISs and Cx36 
overlapped, but were separated in the z axis, 
and to confirm cases where labels were fo- 
und that overlapped in the x and y axes and 
were not separated in the z axis. Single consec-
utive scan images within the compiled z-stack 
were then visually scrutinized at high digital 
image magnification to further confirm qualita-
tively the association of labels for AIS and 
Cx36-puncta in all three axes. Using Zeiss Zen 
software tools and raw (i.e., unadjusted for dis-
played intensity) single scan images, the im- 
munofluorescence intensity profiles at selected 
sites of AIS/Cx36-puncta co-localization were 
captured at high digital magnification.

Results

Cx36-puncta at AISs in spinal cord

Our initial observations of Cx36 association 
with AISs were conducted using mouse lumbar 
spinal cord at postnatal day (PD) 10, where we 
found examples of Cx36 localization at the AIS 
of motoneurons in lamina IX [12]. To determine 
if this localization was a developmentally tran-
sient phenomenon, we first examined the prev-
alence of Cx36/AIS association in lumbar seg-
ments from mice at PD 15, which is roughly 
when expression of Cx36 peaks in the CNS fol-
lowed by a gradual decline [24]. In a first set of 
sections, ankyrinG was used as a robust mark-
er for AISs [25, 26] and peripherin - an interme-
diate filament protein - as a marker for moto-
neurons [27, 28]. A second set of sections at 
PD 15 was taken for labelling of Cx36, ankyrinG 
and GAD to ascertain possible association of 
Cx36 with GABAergic terminals contacting 
AISs. In each set of sections, confocal images 
were collected in five randomly selected fields 
measuring 100×100 µm in each of laminae III 
to X, excluding laminae I and II that had very low 
labelling for Cx36. In the first set of sections, 77 
cases were found where labelling for Cx36 in 
the form of Cx36-puncta was localized to anky-
rinG+ (positive) AISs, with an average incidence 
of 1.9 ± 0.2 Cx36-puncta/AIS co-localization 
per field. In the second set of sections where 
68 Cx36-puncta/AIS co-localization cases were 
found, there was negligible association of GAD+ 
nerve terminals with Cx36 localized at AISs. 
Similar analyses of Cx36-puncta associated 
with AISs in adult mouse lumbar spinal cord 
gave an incidence of 1.3 ± 0.8 Cx36-puncta/
AIS co-localization in a total of 40 fields exam-
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ined. This reduced Cx36/AIS association in 
adult mice parallels the overall decrease in 
Cx36 expression in adult vs. neonatal animals 
[29], although differences in cytoarchitectural 
features of the spinal cord at the two ages  
precluded validity of statistical comparison. 
Because labelling for ankyrinG in spinal cord 
grey matter was very dense, with only short 
fragments (100-200) of AISs observed per 
field, no attempt was made to count total num-

bers of these per field, thus precluding esti-
mates of the proportion of AISs harbouring 
Cx36-puncta.

Data on relationships between Cx36-puncta 
and AISs in mouse spinal cord at PD 15 is 
shown in Figures 1 and 2. An example of Cx36-
puncta localized to an ankyrinG+ AIS of a 
peripherin+ axon emanating from a motoneu-
ron soma in lamina IX is shown in Figure 1A-C. 

Figure 1. (A) Low magnification immunofluorescence image in lamina IX of PD 15 mouse lumbar spinal cord, show-
ing Cx36-puncta distributed in the vicinity of a peripherin + motoneuron soma (A1, A2, asterisk) extending a periph-
erin+ axon (A1, A2, arrowhead) and initial dendrites (A1, A2, arrows), and showing in the same field the ankyrinG+ 
motoneuron AIS (A2, arrowhead). (B) Magnification of the boxed area in (A2), showing Cx36-puncta (arrow) associ-
ated with the ankyrinG+ AIS (arrowhead). (C) Magnification of the boxed area in (B) shown as 3D-rendered images 
with overlay of labelling for Cx36 (C1, arrows), ankyrinG and peripherin (C1) and in the same image labelling for 
only Cx36 and peripherin (C2). (D) IFIP of labelling for Cx36, ankyrinG and peripherin along the white line segment 
bracketed by arrowheads in (C1), showing correspondence of peak intensities for each of the three colors plotted. 
(E) Example of Cx36-punctum (arrow) associated with an ankyrinG+ AIS (arrowhead) in lamina VIII. The images in 
(E2 and E3) are 3D-rendered versions of maximum intensity projections shown in (E1).
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At all other locations in the mammalian CNS, 
Cx36 was detected exclusively in the form of 
Cx36-puncta that are widely accepted to reflect 
the localization of neuronal gap junctions [6]. 
Labelling of Cx36 at all AISs examined had a 
similar punctate appearance, and the AIS in 
Figure 1B harboured two Cx36-puncta. As evi-
dent by comparison of 3D-rendered images in 

Figure 1C1 vs. Figure 1C2, these puncta were 
partially obscured by immunolabelling of anky-
rinG, which is localized to the inner surface of 
the AIS. Among the procedures used to confirm 
AIS/Cx36-puncta association was the immuno-
fluorescence intensity profile (IFIP) tool for 
ankyrinG and Cx36 labels at sites of their co-
localization in consecutive through-focus imag-

Figure 2. (A) Low magnification immunofluorescence image in an area of PD 15 mouse lumbar spinal cord lamina V 
with overlay of labelling for Cx36, ankyrinG and peripherin, showing three examples of Cx36-puncta associated with 
ankyrinG+ AIS (arrow and two boxed areas). (B) Magnification of the boxed area in the lower right in (A) with red/
green overlay (B1) and triple color overlay (B2) of 3D-rendered images, showing two Cx36-puncta (arrows) localized 
to an AIS (arrowhead) (B1), where one of the Cx36-puncta appears in an area that is also peripherin+ (B2, double 
arrowhead). (C) Magnification of the boxed area in the upper left in (A), shown as maximum intensity projection (C1) 
and 3D-rendered images (C2, C3), showing three Cx36-puncta (C2, arrows) associated with labelling for ankyrinG 
(C3, arrowhead) at the AIS (C3, arrowhead). None of the three puncta are associated with labelling for peripherin. 
(D) IFIP of labelling for Cx36 and ankyrinG along the white line segment bracketed by arrowheads in (C1), showing 
substantial overlap of peak labelling intensities for Cx36 and ankyrinG. (E) Example of Cx36-punctum (arrow) as-
sociated with an ankyrinG+ AIS (arrowhead) in lamina V, where the Cx36-punctum in the red/green overlay in the 
maximun intensity projection and 3D-rendered images of (E1 and E3), respectively, is located in a region of AIS 
largely devoid of labelling for ankyrinG, as shown in (E2) with the red channel of label for Cx36 turned off.
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es. An IFIP of labelling for Cx36, ankyrinG and 
peripherin taken through a line perpendicular 
to the axis of the AIS is shown in Figure 1D. 
Peak fluorescence intensity for labels of Cx36 
and ankyrinG overlap, while intensity for periph-
erin falls off at the edges, possibly due to the 
more centralized localization of peripherin-
based intermediate filaments along the axon. 
Detection of Cx36 at an AIS in laminae VIII is 
shown in Figure 1E as maximum intensity pro-
jection and 3D-rendered images, where Cx36-
puncta were seen embedded in labelling for 
ankyrinG (Figures 1E2 and 1E3). The relative 
density of labelling for the various markers 
used and an instance of three AISs displaying 
Cx36-puncta, including multiple puncta, is 
shown in a field of lamina V (Figure 2A). The 
boxed areas in Figure 2A are shown as 3D  
rendered (Figure 2B, 2C2 and 2C3) and maxi-
mum intensity projection images (Figure 2C1). 
A comparison of Cx36-puncta associated with 
the AIS in Figure 2C2 and 2C3 shows that these 
puncta protrude somewhat from the AIS, such 
that they were larger with the green channel 
turned off, indicating that the bulk of the punc-
ta were embedded in the AIS. In Figure 2B, one 
of the two Cx36-puncta is co-localized with a 
peripherin-positive element that likely belongs 
to a primary afferent axon terminating in the 
dorsal horn. An IFIP taken through one of the 
AIS-associated Cx36-puncta (Figure 2C1) again 
showed partial overlap of peak intensity of 
labelling for Cx36 and ankyrinG (Figure 2D). 
Labelling for ankyrinG was sometimes reduced 
in intensity in the area occupied by a Cx36-
punctum (Figure 2E), suggesting displacement 
of structural ankyrinG at locations of these 
puncta in axonal plasma membranes.

Cx36 at AISs in the inferior olive

We next examined Cx36/AIS association in 
adult mouse inferior olivary nucleus, which is 
among brain regions with the greatest expres-
sion levels of Cx36 [2]. In contrast to AIS pat-
terns in spinal cord, long ankyrinG+ AISs were 
prominent in the inferior olive and some of 
these displayed Cx36-puncta along their length 
(Figure 3A). In 21 fields measuring 100×100 
µm, a total of 38 Cx36-puncta were found local-
ized to AISs, with typically one punctum per AIS, 
and an average of ~2 AISs per field displaying 
Cx36-puncta. Cx36-puncta associated with 
AISs had an average diameter of 0.50 ± 0.02 
µm (mean ± s.e.m., n = 16), which was not dif-

ferent from the average diameter (0.51 ± 0.19 
µm, n = 16) of those in the vicinity of AISs. 
Counts of AISs that were 10 µm or longer in the 
21 fields gave an average of 25.9 ± 2.7 (mean 
± s.e.m.) AISs per field, from which it was calcu-
lated that ~7% of AISs per field showed associa-
tion with Cx36-puncta. In rare instances, Cx36-
puncta were seen associated with two AISs 
having close proximity (Figure 3B1), with Cx36-
puncta occurring at possible axonal apposition, 
though this was not possible to discern. In addi-
tion to labelling for Cx36 and ankyrinG, all sec-
tions of the inferior olive were simultaneously 
labelled for GAD to determine possible associa-
tion of Cx36-puncta with GABAergic terminals 
that synapse on AISs [26]. Cx36-puncta local-
ized to AISs showed negligible association with 
GAD-positive terminals (Figure 3B). Image rota-
tion (Figure 3C) and IFIP (Figure 3D, 3E) con-
firmed Cx36-puncta localization at AISs in the 
inferior olive.

We next sought to determine whether Cx36-
puncta localized to AISs exhibited a molecular 
signature that is characteristic of functional 
Cx36-containing gap junctions found at other 
neuronal subcellular compartments. A recur-
ring feature of many connexins is their molecu-
lar interaction with the scaffolding protein ZO-1, 
specifically at gap junctions where this protein 
appears to contribute to junctional integrity, 
assembly and turnover [30]. This is also true for 
electrical synapses formed by gap junctions 
between neurons, where we have shown that 
ZO-1 is a constituent of nearly all, if not all, 
Cx36-containing gap junctions in various CNS 
areas [4, 5, 31]. Taking the inferior olive as a 
representative region, triple immunofluores-
cence labelling indicated that ZO-1 was exactly 
localized to Cx36-puncta at sites where these 
puncta were associated with AISs (Figure 3F). 
This was observed in twelve inferior olive fields 
examined, where a total of 24 Cx36-puncta 
associated with AISs were all found to have 
near exact overlap of labelling for ZO-1. Using 
the image in Figure 3F, IFIP confirmed the over-
lap of peak fluorescent intensities of the labels 
for Cx36, ZO-1 and ankyrinG (Figure 3G). This 
result is in keeping with the possibility that 
Cx36 is organized into gap junction plaques at 
AISs, which appears to be promoted by ZO-1, as 
elsewhere in the CNS.

To further confirm Cx36-puncta/AIS co-localiza-
tion, we examined this in the inferior olive by 
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structured illumination microscopy (SIM), which 
provides higher resolution than afforded by 
standard confocal imaging. Results obtained 
were similar to those described above; six 

images were obtained where Cx36-puncta 
were found to be entirely embedded within or at 
the edge of ankyrinG+ AISs and where IFIP 
showed correspondence of peak intensities 

Figure 3. (A) Low magnification immunofluorescence overlay image showing the appearance of labelling for Cx36, 
ankyrinG and GAD in the inferior olive of adult mouse. (B) Magnification of the boxed area in (A), showing localiza-
tion of a Cx36-punctum (B1, arrow) at a point of close proximity between one AIS and another (B1, arrowhead). 
The AIS-associated Cx36-punctum lacks co-localization with labelling for GAD (B2, arrow). (C) A z-stack image of 
an AIS-associated Cx36-punctum (arrow) on an AIS (arrowhead) in the inferior olive, where image rotation by 90° 
in the x-plane (C1 vs. C2) shows persistent co-localization of the punctum with the AIS. (D, E) IFIP taken along the 
white line segment through labelling at a Cx36-punctum (D, arrow) localized on an ankyrinG+ AIS (D, arrowhead), 
showing correspondence of peak labelling intensity for Cx36 at the point of its association with the AIS (E). (F) Triple 
immunofluorescence showing an AIS-associated Cx36-punctum (F1, arrow) labelled for ZO-1 (F2, arrow), as seen in 
triple overlay (F3, arrow). (G) IFIP of the AIS-associated punctum in (F3), showing correspondence of peak intensity 
labelling for ankyrinG, Cx36 and ZO-1.
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(Figure 4). Localization of Cx36-puncta at AISs 
was additionally established by through-focus 
examination and image rotation.

Cx36 at AISs in the cerebral cortex

Another region examined was the parietal cere-
bral cortex in adult mouse, where vertically  
oriented AISs ranging from 15 to 30 µm in 
length and from 0.5 to 1.0 µm in diameter were 
prominent (Figure 5A1) and could occasionally 
be followed to their origin from large neuronal 
somata (e.g., principal cells) in layers IV/V, and 
to large neurons in layer III. It was these that 
were taken for examination and quantification 
of Cx36-puncta/AIS association among the 
Cx36-puncta found in these layers (Figure  
5A2, 5A3). Cx36-puncta were found localized 
to AISs in the various cortical layers. An exam-
ple of Cx36/AIS co-localization in consecutive 
through-focus images in cortical layer IV/V is 
shown in Figure 5B, together with IFIP of la- 
bels for ankyrinG and Cx36 at a site of their co-
localization at each step of through focus 
(Figure 5C). The IFIP for each image indicates 
consistent overlap of labelling for ankyrinG  
and Cx36 at each level of focus. Corresponden- 
ce of the peak intensity for the two labels was 
substantial but variable, which is consistent 
with observations that Cx36-puncta often pro-
trude slightly from the axis cylinder of the AIS 
(e.g., Figure 2). The image in Figure 5B is shown 
as a maximum intensity projection with 3D 
image rotation in Supplementary Movie 1, con-
firming Cx36/AIS association at all angles of 
rotation.

Lack of Cx36 at AISs in the hippocampus

In the hippocampus, AISs extending from prin-
cipal cells in the CA1, CA2 and CA3 regions 
were prominent and were localized superficial 
to these cells in the stratum oriens, as shown in 
the CA1 region (Figure 6A1). Despite robust 
punctate labelling for Cx36 in many hippocam-
pal regions, areas where AISs of pyramidal cells 
were most concentrated, as well as areas 
extending somewhat dorsal to the AIS plexus, 
were nearly entirely devoid of Cx36-puncta 
(Figure 6A2), thus precluding their AIS associa-
tion, and the few Cx36-puncta that were seen 
in the vicinity of AISs lacked association with 
these ankyrin+ structures (Figure 6B).

Discussion

Among subcellular neuronal compartments, 
the AIS is a privileged site because it plays a 
dominant role in action potential initiation and 
contributes to a variety of other processes,  
including maintenance of neuronal polarity, 
provision of a protein diffusion barrier and  
regulation of intracellular trafficking, for which 
reasons it has been a topic of intense  
investigation for the past several decades [17, 
26, 32, 33]. To the list of activities and  
molecular features that distinguishes the AIS, 
we now add the targeting of Cx36 to this region 
of the axon. Localization of Cx36 at AISs is  
supported by our use of standard and super 
resolution imaging, IFIP, 3D image rotation and 
through-focus analyses of z-stack images, all of 
which showed Cx36-embedded within AISs, 
and by the co-localization of Cx36-puncta and a 
gap junction-associated protein (i.e., ZO-1) at 
sites of Cx36-puncta/AIS association. Our  
findings raise a number of questions concern-
ing the long predicted existence of axo-axonic 
gap junctions.

Structural composition of Cx36 at AISs

The first question concerns the structure in 
which Cx36 is configured at AISs. By immuno-
fluorescence labelling, Cx36 detected along 
AISs had the same punctate appearance and a 
comparable size of Cx36-puncta as found in 
many other CNS regions, where it has been 
established by a variety of ultrastructural and 
molecular criteria that these puncta represent 
sites of neuronal gap junctions [5, 6, 34, 35]. 
The Cx36-puncta localized to AISs were often 

Figure 4. Superresolution image taken by SIM show-
ing a Cx36-punctum localized to an ankyrin+ AIS in 
the inferior olive of adult mouse. The punctum ap-
pears yellow in red/green overlay. IFIP along the red 
line bracketed by arrowheads and intersecting the 
Cx36-punctum on the AIS shows correspondence of 
peak intensities for the red and green labels.

file:http://www.ijppp.org/files/ijppp0126470supplmov1.avi
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seen protruding slightly out from the ankyrinG+ 
region of the axon, as further confirmed by visu-
alization of these puncta with or without the 
green channel on (i.e., labelling for ankyrinG), 
where the Cx36-puncta invariably had a larger 

portion extending into the axon and contiguous 
with the protruding portion. This was also evi-
dent from some of the IFIP, suggesting the pres-
ence of an unseen coupling partner. The AIS-
associated Cx36-puncta examined in the infe-

Figure 5. (A) Low magnification immunofluorescence images showing the distribution and density of labelling for 
ankyrinG (A1) and Cx36 (A2) in layers IV/V of parietal cerebral cortex of adult mouse, with some Cx36-puncta in 
close proximity or overlapping with ankyrinG+ AIS, as seen in overlay (A3). (B) A set of five consecutive through-focus 
images taken from a z-stack series encompassing the upper (B1) and lower (B5) limits of co-localization between 
a Cx36-punctum (arrow) and an ankyrinG+ AIS (arrowhead) in adult mouse cerebral cortex. (C) IFIP of labelling for 
Cx36 and ankyrinG along the white line segments bracketed by arrowheads in (B) and drawn through the Cx36-
punctum localized to the AIS. The profiles represent data taken from corresponding images to their left, and show 
matching patterns of peak intensities of labelling for Cx36 and ankyrinG.
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rior olive and spinal cord shared a feature char-
acteristic of functional Cx36-containing neuro-
nal gap junctions elsewhere in the CNS, namely 
their precise overlap of labelling for ZO-1. These 
points support the possibility that Cx36-puncta 
at AISs, as elsewhere in the CNS, correspond to 
bona fide gap junctions.

It may be considered that immunocytochemi-
cally-detected Cx36-puncta along AIS repre-
sents Cx36 undergoing axonal transport, but 
the above points largely exclude this possibility; 
Cx36-puncta appeared to traverse the plasma 
membrane, whereas axonal transport would 
occur intracellularly, via membrane bounded 
organelles, which remain undetected by immu-
nofluorescence labelling of Cx36 [6].

AIS gap junction coupling partners

If Cx36-puncta at AISs indeed form typical 
intercellular communication channels, then a 
second question concerns the identity of the 
AIS coupling partner. One possible class of can-
didates are nerve terminals contacting AISs, 
forming mixed synapses such as we have 
described in a number of mammalian CNS re- 
gions [8, 20, 21, 36]. So far, however, we have 
found only excitatory glutamatergic mixed syn-

apses in those regions, and to our knowledge 
there is no evidence for excitatory terminal con-
tacts on AISs. Alternatively, terminals that 
release gamma-aminobutyric acid (GABA) are 
known to form synapses with AISs in some 
brain regions [17], and widespread subclasses 
of GABAergic neurons are known to express 
Cx36 [37, 38]. However, our results revealed 
that Cx36-puncta on AISs lacked co-localiza-
tion with the GABAergic terminal marker GAD. 
This is consistent with findings in some of the 
CNS areas we examined, such as the inferior 
olive, where AISs have few if any synaptic con-
tacts [39]. Dendro-axonic contacts at Cx36-
puncta/AIS associations remain a possibility, 
but there appears to be little precedent for this 
structural arrangement.

Of particular interest, as elaborated in the 
Introduction, is the possible mediation of axo-
axonic electrical coupling by gap junctions 
localized to axons. The existence of such axo-
axonic coupling would be expected to yield situ-
ations where AISs intersect at points where 
they harbour Cx36-puncta. In a variety of oth- 
er systems, Cx36-puncta can readily be visu- 
alized at points of contact between appropri-
ately labelled gap-junctionally coupled neuro-
nal elements [6, 40]. However, in the many 

Figure 6. (A) Low magnification immunofluorescence image of the CA1 region of the hippocampus in adult mouse 
showing labelling of Cx36 and ankyrinG in a fluorescence nissl stained section. Pyramidal cells (blue) display anky-
rinG+ AISs (green) extending dorsally from the pyramidal cell layer (A1), where labelling for Cx36 in the same field 
is very sparse (A2). (B) Higher magnification of the boxed area in (A), showing triple fluorescence overlay (B1), with 
very few Cx36-puncta (B3) in a field containing many AISs (B2).
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images examined here, we found only a few 
instances of Cx36-puncta that may be localized 
at AIS intersections. It should be noted though 
that ankyrinG+ AISs ranging from 20-70 µm 
may not represent the full extent along which 
axo-axonic coupling could potentially occur 
over the ~150 µm of initial axons where cou-
pling has been predicted (see Introduction), 
particularly since axons may remain unmyelin-
ated for some distance beyond the AIS in some 
brain areas [41]. Thus, it remains to be deter-
mined whether Cx36-puncta on AISs occur at 
contacts between ankyrinG+ and ankyrinG-
negative axonal segments.

Incidence of Cx36-puncta at AIS

Though not exceptionally rare, AISs displaying 
Cx36-puncta had a low frequency of occur-
rence and typically displayed a single punctum 
along their length. Thus, a final question is 
whether this low incidence could have a func-
tional impact if these puncta do in fact corre-
spond to axo-axonic electrical synapses. In this 
regard, factors surrounding neuronal network 
activity such as high frequency oscillations that 
have been considered to be influenced by these 
putative synapses have been the subject of 
extensive computer modelling. A key point  
predicted by this modelling is that a very low 
density of axonal gap junctions can lead to  
network oscillations, provided that each axon 
couples to more than one other axon and pro-
vided that action potentials can cross from 
axon to axon via electrical synapses. For ex- 
ample, it was found that an average density  
of only 1.6 gap junctions/axon could lead to 
very fast oscillations (>100 Hz) [11, 42-45]. 
Axo-axonal mediated spiking is difficult to 
establish in mammalian systems, but its oc- 
currence is supported indirectly by observa-
tions that somatically induced spikes can  
evoke somatic spikes in a coupled cell in  
systems where dendritic or somatic gap junc-
tions have not been found and where coupl- 
ing may therefore be mediated by axonal gap 
junctions [14, 15, 46]. Notwithstanding these 
points, a possible role of Cx36 in axo-axonic 
synapse formation at AISs is somewhat dimin-
ished in the hippocampus which lacked Cx36-
puncta at or in the vicinity of AISs of princi- 
pal cells, consistent with observations that in 
vivo ~200 Hz oscillations survive knock-out of 
Cx36 [47], but we cannot exclude the involve-

ment of another connexin, as discussed else-
where [12].

Cx36-puncta at AIS in hindbrain and spinal 
cord

Unlike cortical structures, there has been  
less consideration of possible relationships  
between axo-axonal interactions and high  
frequency oscillations in lower CNS centers. 
Our finding of Cx36-puncta localized to AISs  
of inferior olivary neurons was therefore  
somewhat unexpected. The functional role of 
these puncta and whether they are indicative of 
axonal gap junctions coupled to an as yet  
unidentified partner remains to be investigat-
ed. This notwithstanding, our findings of Cx36-
puncta localized to AIS of olivary neurons may 
be considered in relation to observations of 
high frequency spike bursts initiated within the 
axons of these neurons, with the generation of 
these dependent on the presence of intact 
axons extending at least 100 µm beyond the 
neuronal soma [48], raising the possibility of 
burst generation by axo-axonal interactions. 
With respect to Cx36-puncta at AISs in spinal 
cord, we note that neurogenic muscle cramps 
are associated with high-frequency discharges 
in electromyographic recordings, suggesting 
that spinal motoneurons and/or their axons are 
collectively firing at high frequencies, mediated 
perhaps via “ephaptic” interactions as has 
been suggested [49], or alternatively by trans-
mission via electrical synapses, which is a  
possibility raised by our finding of Cx36-puncta 
association with motoneuronal axons.
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Supplementary Movie 1. Maximum intensity projection of the image in Figure 5B, with 3D rotation showing main-
tained Cx36/AIS association at the various angles of rotation.


