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Abstract A great deal is now known about the protein
components of tight junctions and adherens junctions, as
well as how these are assembled. Less is known about the
molecular framework of gap junctions, but these also have
membrane specializations and are subject to regulation of
their assembly and turnover. Thus, it is reasonable to
consider that these three types of junctions may share
macromolecular commonalities. Indeed, the tight junction
scaffolding protein zonula occluden-1 (ZO-1) is also
present at adherens and gap junctions, including neuronal
gap junctions. On the basis of these earlier observations,
we more recently found that two additional proteins, AF6
and MUPP1, known to be associated with ZO-1 at tight and
adherens junctions, are also components of neuronal gap
junctions in rodent brain and directly interact with conn-
exin36 (Cx36) that forms these junctions. Here, we show
by immunofluorescence labeling that the cytoskeletal-
associated protein cingulin, commonly found at tight
junctions, is also localized at neuronal gap junctions
throughout the central nervous system. In consideration of
known functions related to ZO-1, AF6, MUPPI, and
cingulin, our results provide a context in which to examine
functional relationships between these proteins at Cx36-
containing electrical synapses in brain—specifically, how
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they may contribute to regulation of transmission at these
synapses, and how they may govern gap junction channel
assembly and/or disassembly.
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As evident in this special tribute issue of Journal of Mem-
brane Biology to the long and distinguished career of
Dr. Ross Johnson as a gap junctionologist, gap junctions
remain at center stage regarding their relevance in health and
disease. As well, these entities continue to entertain the
imagination of researchers in the field and still seem to yield
endless surprises concerning their myriad functions, their
complex regulation, and, as is becoming evident more
recently, their rich structural organization. One organ system
in which studies of connexins and gap junctions have gen-
erated its share of such surprises over the past decade is the
central nervous system (CNS). In brain, for example, the
large repertoire of connexins expressed by glial cells is
unparalleled by any other cell type in the body. In addition,
huge advances in understanding the functional importance
of widespread electrical synapses formed by gap junctions
between neurons in the mammalian CNS (Bennett 1997,
Bennett and Zukin 2004; Connors and Long 2004; Nagy
et al. 2004) have left many wondering how, in the past, these
functionally essential structures could have been overlooked,
neglected, or even dismissed as a fundamental means of
neurotransmission in higher vertebrates, along with chemi-
cal transmission. Three areas of our focus have been docu-
mentation of brain regions in which electrical synapses
occur, identification of the structural components of neuro-
nal gap junctions that form these synapses, and elucidation
of how transmission at these synapses may be regulated.
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Analogous to protein markers that are used for the identi-
fication of nerve terminals that contain specific chemical
synaptic transmitters or their cognate postsynaptic receptors,
there is a large body of evidence that has led to the acceptance
of connexin36 (Cx36) as a reliable immunohistochemical
marker for electrical synapses. Cx36 has a broad distribution
pattern and is found in many electrically coupled networks in
adult rodent brain (Connors and Long 2004; Hormuzdi et al.
2004; Sohl et al. 2004, 2005). Indeed, the typically plasma
membrane-associated punctate immunoreactivity for Cx36
widely seen in brain corresponds at the ultrastructural level to
sites of interneuronal gap junctions (Kamasawa et al. 2006;
Rash et al. 2000, 2007a, b; Li et al. 2008a), and Cx36 is found
at locations in brain where functional electrical synapses
occur (Fuduka et al. 2006; Baude et al. 2007; Liu and Jones
2003; Muller et al. 2005). Specific examples of electrically
coupled neuronal networks wherein Cx36 has been identified,
among many others, include interneurons in the cerebral
cortex (Bennett and Zukin 2004), principal neurons in the
inferior olive (Llinas et al. 1974), the soma of proprioceptive
neurons in the trigeminal mesencephalic nucleus (Curti et al.
2012a) and the long-projection noradrenergic neurons in the
locus coeruleus (Rash et al. 2007b).

Like other cell-cell junctions, such as tight junctions
and adherens junctions, gap junctions including those
forming electrical synapses are emerging as multimolecu-
lar composites whose structure and regulation is governed
in part by their associated proteins. In particular, protein
sequence analysis has revealed that most members of the
connexin family of gap junction proteins contain a PDZ
(postsynaptic density-95/disks large/zonula occludens-1)
ligand motif at their C-terminus. By virtue of this motif,
many of these connexins have been demonstrated to
interact with the PDZ domain-containing protein zonula
occludens-1 (ZO-1). ZO-1 is a member of the membrane
associated guanylate kinase (MAGUK) family of PDZ
proteins, which are hallmarked by multiple PDZ domains,
one SH3 domain and one GUK domain. ZO-1 was initially
described in peripheral endothelial cells as a tight junction-
associated protein. In the context of tight junctions, the
PDZ domains of ZO-1 and zonula occludens-2 (ZO-2) have
a pivotal role in the formation of claudin-based tight
junction strands (Umeda et al. 2006). It is via their C-ter-
minal motif that the claudins interact with the first PDZ
domain of the zonula occludens (ZO) family of proteins
and with the 10th PDZ domain of multi-PDZ domain
protein-1 (MUPP1) (Jeansonne et al. 2003).

In brain, ZO-1 was originally reported to be localized
almost exclusively at vascular endothelial cell tight junc-
tions, ostensibly precluding its interaction with connexins
found to be expressed in brain parenchyma. With reports of
ZO-1 interactions with more and more connexins in
peripheral tissues, it began to be inconceivable that none of
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the numerous connexins in brain had functional require-
ment for interaction with ZO-1. However, we noted that the
extreme C-terminus YV residues in Cx36 are identical to
those found in members of tight junction-associated pro-
teins, including the claudins (Itoh et al. 1999). The pres-
ence of a potential C-terminus PDZ ligand motif in Cx36,
together with reports of the mechanism whereby specific
interactions occur between other connexins and ZO-1,
prompted us to reevaluate the cellular expression and dis-
tribution of ZO-1 in brain. We found punctate immuno-
histochemical labeling of ZO-1 to be broadly distributed in
neurons and glial cells in rodent CNS (Li et al. 2004a;
Penes et al. 2005), providing the possibility of its interac-
tion with glial connexins and with neuronal Cx36. We
found ZO-1 in association with Cx36-containing gap
junctions at virtually all electrical synapses examined and
described a specific interaction of Cx36 with ZO-1, which
required the C-terminal four amino acid PDZ domain
ligand (SAYV) of Cx36 for interaction with the first of the
three PDZ domains of ZO-1. This finding was later
extended to include all members of the zonula occludens
(ZO) family of proteins (ZO-1, ZO-2, ZO-3) (Li et al.
2004a, b, 2009; Ciolofan et al. 2006; Flores et al. 2008).
The interaction of Cx36 and its fish ortholog Cx35 with
Z0-1 is distinguished from that of other connexins previ-
ously examined in that while Cx36 and Cx35 interact with
the first PDZ domain in ZO-1, other connexins interact
with the second PDZ domain of ZO-1 (Derangeon et al.
2009).

Using the YV motif of Cx36 as a guide for potential
Cx36 interactors, together with considerations of structural
similarities between gap junctions and other specialized
tight and adhesion cell-cell junctions, we searched for
additional interacting partners of Cx36. Recently, we
demonstrated AF6 and MUPP1 colocalization with Cx36 in
many brain areas. Coimmunoprecipitation and pull-down
approaches revealed association of Cx36 with AF6 and
MUPPI1, which required the C-terminus PDZ ligand of
Cx36 for interaction with the single PDZ domain of AF6
and with the 10th PDZ domain of MUPPI. As proof of
principle for identifying shared proteins at tight, adherens
and gap junctions, we examined Cx36-containing electrical
synapses for the presence of cingulin. Cingulin is a cyto-
plasmic protein that is localized to tight junctions via its
specific binding to ZO-1 and the actin cytoskeleton, and is
emerging as an important participant in the regulation of
RhoA signaling at tight junctions.

Materials and Methods

The primary antibodies used here were obtained from Life
Technologies (Grand Island, NY, USA) and included
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mouse monoclonal anti-Cx36 (Cat. No. 36-4600), rabbit
polyclonal anti-cingulin (Cat. No. 36-4401), and rabbit
polyclonal anti-MUPP1 (Cat. No. 42-2700). A total of six
adult C57BL/6 mice were used in this study and these were
handled according to approved protocols by the Central
Animal Care Committee of University of Manitoba, with
minimization of the numbers of animals used.

Immunohistochemistry was conducted using protocols
we have previously described (Li et al. 2012). Animals
were deeply anesthetized by intraperitoneal injection of
equithesin (3 mL/kg) and then transcardially perfused with
3 mL cold sodium phosphate buffer, pH 7.4 containing
0.9 % NaCl, 100 mm sodium nitrite and 1 U/mL heparin,
followed by 40 mL of ice-cold sodium phosphate buffer,
pH 7.6, containing 1 % freshly depolymerized parafor-
maldehyde and 0.2 % picric acid. The brains were removed
and transferred to an ice-cold cryoprotectant solution
consisting of 10 % sucrose in 25 mm sodium phosphate
buffer, pH 7.4 and stored at 4 °C in this solution for
24-72 h.

Brain sections were cut on a cryostat at 10 um thick-
ness, slide mounted and then incubated for 20 min in
50 mm Tris-HCI, pH 7.4, containing 1.5 % sodium chlo-
ride (TBS) and 0.3 % Triton X-100 (TBSTr). For immu-
nofluorescence labeling, brain sections were incubated with
primary antibodies in TBSTr supplemented with 5 %
normal goat serum for 18 h at 4 °C. Double immunofluo-
rescence was conducted by incubation with anti-Cx36
antibody and simultaneously with a rabbit polyclonal
antibody against either MUPP1 or cingulin. All primary
antibodies were used at a concentration of 2-3 pg/mL.
After incubation with primary antibodies, sections were
washed for 1 h in TBSTr, and incubated for 1.5 h at room
temperature simultaneously with Cy3-conjugated goat anti-
mouse IgG diluted 1:300 (Jackson ImmunoResearch
Laboratories, West Grove, PA, USA) and Alexa Flour
488-conjugated goat anti-rabbit IgG diluted 1:1,000
(Molecular Probes, Eugene, Oregon). After secondary
antibody incubation, sections were washed in TBSTr for
20 min, then in 50 mm Tris-HCI buffer, pH 7.4 for 30 min,
covered with antifade medium and coverslipped. Standard
control procedures included omission of one of the primary
antibodies with inclusion of each of the secondary anti-
bodies to ensure the absence of inappropriate cross-reac-
tions between primary and secondary antibodies or
between different combinations of secondary antibodies.
Conventional and confocal immunofluorescence images
were acquired on a Zeiss Axioskop2 fluorescence micro-
scope using Axiovision 3.0 software (Carl Zeiss Canada,
Toronto, Ontario, Canada) and on an Olympus Fluoview
IX70 confocal microscope using Olympus Fluoview soft-
ware (Olympus Canada, Inc., Markham, ON, Canada).
Images were assembled using Adobe Photoshop CS

(Adobe Systems, San Jose, CA, USA) and CorelDraw
Graphics Suite X5 (Corel Corporation, Ottawa, ON,
Canada).

Results
Immunofluorescence Localization of MUPP1 and Cx36

We have previously reported that MUPP1 is broadly dis-
tributed in various cell types of the CNS (Li et al. 2008b,
2012). On the basis of our observations, it is almost certain
that this thirteen PDZ domain-containing protein will be
found at a variety of neural cellular structures at which it
serves a scaffolding function. In particular, we have doc-
umented its association with gap junctions formed by oli-
godendrocytes (Li et al. 2008b) and those formed by Cx36
between neurons in some regions of rodent brain (Li et al.
2012). Here, we examined relationships between MUPP1
and Cx36 in another region of brain, namely the mesen-
cephalic trigeminal (MesV) nucleus in the brainstem of
mouse. This nucleus was among the first in which electrical
synapses in mammalian brain were identified (Hinrichsen
and Larramendi 1970; Hinrichsen 1970; Baker and Llinas
1971). Recently, we reported on the localization of Cx36
between MesV neurons and the characteristics of the
electrical coupling that Cx36-containing gap junctions
mediate between these neurons (Curti et al. 2012a, b). In
addition to being gap junctionally coupled, MesV neurons
are further unusual because they are primary sensory
neurons that convey proprioceptive signals from jaw-
closing muscles and periodontal ligaments, but have cell
bodies located in the CNS rather than in sensory ganglia.
We have noted that the absence of dendrites and the large
size of MesV somata, together with the heavy concentra-
tion of Cx36 associated with their plasma membranes,
make these cells ideal for the analyses of neuronal gap
junction structure and function. Further, neuronal gap
junctions in the MesV are also unique among electrically
coupled neurons because the gap junctions between these
cells occur exclusively at somato—somatic locations,
allowing easy examination and analysis of the cell types
between which gap junctions are found, which is not typ-
ically the case for other neuronal gap junctions in the CNS
(Curti et al. 2012a, b).

The distribution of immunofluorescence labeling for
MUPPI1 in the MesV nucleus is shown at low magnification
in Fig. la, where large MesV somata display a moderate
density of intracellular labeling for MUPP1 compared with
lower densities in surrounding regions. Pairs and triplets of
MesV somata are often seen in apposition to each other,
and MUPPI is invariably seen to be concentrated along the
entire length of these appositions (Fig. 1a), shown at higher
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MUPP1 + Cx36
MesV

Fig. 1 Immunofluorescence labeling of MUPP1 and Cx36 in the
MesV of adult mouse brain. a Low magnification of the MesV
immunolabeled for MUPP1 showing the distribution of large neuronal
somata in the nucleus (arrowheads), some of which are closely
apposed to each other (arrows). b Double immunofluorescence
showing MesV neurons (arrowheads) and dense concentration of
labeling for MUPP1 (b1) and Cx36 (b2) at MesV somata appositions
(arrows). ¢ Magnification of two MesV somata (arrowheads), with
overlay showing colocalization of immunolabeling for MUPP1
(green) and Cx36 (red) at the somatic apposition (arrow). d Laser
scanning confocal double immunofluorescence of the same field
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MUPP1 + Cx36
MesV

(d1-d3), with labeling of MUPP1 and Cx36 at MesV somatic
appositions viewed on edge, showing punctate appearance of
immunolabeling (arrows). e The same field (el—e3) showing confocal
double immunofluorescence labeling of MUPP1 and Cx36 at MesV
appositions viewed en face, shown at higher magnification in inset.
Clusters of MUPPI1-positive (el, arrows) and Cx36-positive (e2,
arrows) puncta are seen at soma surfaces, with many of these puncta
displaying MUPP1/Cx36 colocalization, seen as yellow in overlay
(E3, arrows). Scale bars = a, 100 pm; b, 50 pm; ¢, d, 10 um; e, 20
pum; inset in e, 5 um
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magnification in Fig. 1bl. Unlike labeling for MUPPI,
immunoreactivity for Cx36 is restricted to areas of MesV
somatic appositions, with little detectable intracellular
labeling (Fig. 1b2). Specificity of Cx36 labeling has been
validated using Cx36 knockout mice, as we have previ-
ously described (Curti et al. 2012a). Overlay of double-
labeled sections in Fig. 1b reveals a high degree of MUPP1
colocalization with Cx36 at MesV somatic appositions
(Fig. 1b3), as shown at higher magnification in image
overlay where red/green overlap appears as yellow
(Fig. 1c¢).

Double immunofluorescence labeling for MUPP1 and
Cx36 at MesV somatic contacts were subject to more
detailed analysis by laser scanning confocal microscopy.
Sections through MesV somata often yield on edge views
of their somal appositions (i.e., views perpendicular to their
plane of contact). In rare cases, these contacts are viewed
en face when cells are sectioned tangential to their surface
(i.e., parallel to their plane of contact). In edge views,
confocal imaging revealed appositions to contain a series
of linearly arranged MUPP1-positive (Fig. 1d1) and Cx36-
positive puncta (Fig. 1d2), with substantial colocalization
(Fig. 1d3). In en face views, the appositions were seen to
consist of clusters of individual puncta, with various dis-
tances of separation between them (Fig. le, with inset
showing higher magnification of a cluster). Confocal
through focus indicated that the clusters of puncta were
located at the cell surface, and image rotation in the y—z
axis (not shown) indicated that most MUPPI-immuno-
positive puncta were also positive for Cx36.

Immunofluorescence Localization of Cingulin
and Cx36

On the basis of structural similarities between tight junc-
tions, adherens junctions and gap junctions, each located at
plasma membrane appositions with proteinacious sub-
structure, close relationships of the former two junctions
with cytoskeletal elements, and the co-occurrence of at
least three proteins at these junctions (ZO-1, MUPP1 and
AF6), it might be predicted that gap junctions may also
harbor cytoskeletal-related proteins. The first of these we
have examined in numerous brain structures is cingulin. In
the MesV nucleus, labeling for cingulin at cell-cell contacts
had an appearance very similar to that of labeling for
MUPP1 and Cx36, at both appositions viewed on edge
(Fig. 2a) or en face (Fig. 2b). Punctate labeling for cingulin
at appositions was robust (Fig. 2al, bl), and Cx36-puncta
(Fig. 2a2, b2) were nearly always colocalized with cingu-
lin-immunopositive puncta (Fig. 2a3, b3). MesV somata
contained additional cingulin immunoreactivity that was
localized intracellularly and not associated with Cx36
(Fig. 2al, bl). Further examples of cingulin colocalization

with Cx36 are shown in the inner plexiform layer in sec-
tions of retina (Fig. 2c), and by image overlay only
(cingulin, green; Cx36, red; green/red overlap, yellow) in
the mitral cell layer of the olfactory bulb (Fig. 2d), the
reticular thalamic nucleus (Fig. 2e) and the inferior olive
(Fig. 2f). In these four brain regions, cingulin/Cx36 colo-
calization was not complete as there appeared to be small
subpopulations of Cx36-positive puncta in each region that
were devoid of labeling for cingulin, suggesting that
cingulin/Cx36 association may be a dynamic process.
Similar results concerning colocalization of these two
proteins were obtained in numerous other brain regions,
including cerebral cortex, hippocampus, striatum, midbrain
and various areas of brainstem (not shown).

Discussion

Although ultrastructural confirmation of the localization of
AF6, MUPP1, and cingulin to neuronal gap junctions has yet
to be conducted, their immunohistochemical colocalization
with Cx36 is strongly indicative of their association with
electrical synapses. Electrical synapses are found to occur in
various neuronal subtypes and appear to have diverse
functions and are likely subject to regulation by diverse
mechanisms. We previously reported heterogeneous
immunolabeling for AF6 and MUPPI1 at electrical synapses,
which appeared not only across different brain regions, but
was also evident within individual brain nuclei. This heter-
ogeneity may reflect differential expression or requirement
for these proteins in various electrically coupled neuronal
subtypes, or may reflect the dynamic functional and/or
structural states of neuronal gap junctions. Cingulin
appeared to be more consistently associated with neuronal
gap junctions, although the proportion of these junctions
containing cingulin remains to be determined by quantita-
tive immunofluorescence approaches.

Like gap junctions between other cell types, it is known
that those forming electrical synapses in brain are highly
regulated. For example, modulation of gap junctional
coupling between neurons is proposed to underlie rapid
shifts in neuronal network connectivity (Schmitz et al.
2001). Further, neuronal gap junctions exhibit rapid alter-
ation in coupling state in response to neuromediators
(Landisman and Connors 2005; Hatton 1997), and have the
same high turnover rate (half-life, 1-5 h) as gap junctions
in other cell types (Flores et al. 2012). Various neuro-
transmitters contained in widespread CNS systems that
have a broad influence on cognition are known to alter
transmission at electrical synapses. These include dopa-
mine (Cepeda et al. 1989; Hampson et al. 1992; He et al.
2000; Onn and Grace 1994, 1995, 1999; Onn et al. 2000;
Rorig et al. 1995), serotonin (Rorig and Sutor 1996),
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Fig. 2 Laser scanning confocal double immunofluorescence labeling
of cingulin and Cx36 in various regions of adult mouse brain. a The
same field (al-a3) showing neuronal somata (arrowheads) in the
MesV, with punctate labeling of cingulin (al, arrows) and Cx36 (a2,
arrows) at appositions between somata, and colocalization of these
puncta, as seen by red/green overlap in overlay (a3, arrows). b En
face view of MesV neuronal somatic apposition, showing clusters of
cingulin-immunopositive (b1, arrows) and Cx36-positive puncta (b2,
arrows), with colocalization of the majority of these puncta. ¢ The
same field (c1—c3) of a vertical section of retina, showing the inner
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cingulin + Cx36
reticular thalamic hucleus

cingulin + Cx36
inferior olive

plexiform layer. Labeling for both cingulin (cl1, arrows) and Cx36
(c2, arrows) is punctate, and the majority of Cx36-immunopositive
puncta is also immunopositive for cingulin, as seen by yellow in
overlay (a3, arrows). d—f Double immunofluorescence punctate
labeling of cingulin (green) and Cx36 (red), shown only by image
overlay in the olfactory bulb at the level of the mitral cell layer (d),
the reticular thalamic nucleus (e), and the inferior olivary nucleus (f).
Cingulin/Cx36 colocalization seen as yellow puncta (arrows) are
evident in each of the brain areas. Scale bars = a, e, 20 um; b, ¢, d, f,
10 pm
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histamine (Hatton and Yang 2001; He et al. 2000; Yang
and Hatton 2002), acetylcholine (Perez Velazquez et al.
1997) and noradrenaline (Hopkins and Johnston 1988).
Some of these transmitters are acted upon by drugs used to
treat neurological disorders (e.g., Parkinson’s disease,
schizophrenia, depression) and by drugs of addiction (e.g.,
cocaine, amphetamine). In view of these points, therapeutic
and addictive drugs may exert their actions in part by
modifying the activities of transmitters that regulate signal
transmission at electrical synapses. For example, the anti-
psychotic drug haloperidol and withdrawal from chronic
amphetamine increased neuronal gap junctional coupling
in the basal ganglia (Onn and Grace 1994, 1995; Onn et al.
2000), and amphetamine and cocaine in animal models of
addiction cause altered expression of Cx36 (McCracken
et al. 2005a, b).

Just as understanding the biochemical machinery
involved in chemical synaptic transmission has served as a
basis for deciphering sites and mechanisms of drug action
at chemical synapses, so too, knowledge of structural and
regulatory components of electrical synapses is expected to
provide insight into mechanisms for potential actions of
drugs on cellular processes that regulate electrical syn-
apses. Such knowledge is also essential for understanding
how malfunction of these synapses may contribute to CNS
disease. Despite the wealth of data indicating the dynamic
nature of neuronal gap junctions, very little is known about
the signaling pathways or the molecular mechanisms that
underlie the regulation of electrical synaptic transmission.
Indeed, it has been emphasized that a major barrier to
progress in understanding electrical synapses in mamma-
lian brain is the paucity of information on mechanisms of
their regulation (Bennett and Zukin 2004; Connors and
Long 2004; Hormuzdi et al. 2004). Identification of protein
components of neuronal gap junctions represents a step
toward eliminating that barrier, as discussed below.

Occurrence of ZO-1 at Gap Junctions

In its capacity as a multi-domain scaffolding protein
(Fig. 3), ZO-1 interacts with transmembrane structural
proteins of intercellular junctions, where it directs the
assembly of other adaptor, structural and signaling proteins
into functional membrane-associated complexes. ZO-1 is
found at various classes of intercellular junctions and, at
least in the case of gap junctions formed by connexin43,
was found to be essential for gap junctional intercellular
communication, gap junction accretion and disassembly
(Akoyev and Takemoto 2007; Hunter et al. 2005; Laing
et al. 2005). In HeLa cells expressing C-terminal-tagged
connexin43 (Cx43) that lacked its capacity for binding of
Z0-1, the usual internalization of Cx43 in response to
inflammatory mediators did not occur, demonstrating that

ZO-1 interactions with Cx43 is required for gap junction
internalization (Baker et al. 2008). In lens epithelial cells,
silencing of ZO-1 expression caused a stable interaction of
protein kinase C-y (PKC-y) with Cx43-containing gap
junctions, a complete loss of junctional dye transfer, and
loss of the usual gap junction disassembly seen in response
to TPA activation of PKC-y, indicating a requirement for
Z0O-1 in disassembly of these junctions (Akoyev and
Takemoto 2007). In lens and in vitro, unlike other con-
nexins such as Cx43 that appear able to form gap junctions
in the absence of direct interactions with ZO-1 (Hunter
et al. 2005; Hunter and Gourdie 2008), the formation of
functional gap junctions by Cx50 was recently shown to
require the interaction of the C-terminus PDZ ligand of this
connexin with ZO-1 (Chai et al. 2011). Although these
studies directly address molecular processes that play a role
in the essential function of ZO-1 at gap junctions, for the
most part little is known at the molecular level regarding
the exact mechanisms by which ZO-1 exerts its actions at
these structures. Clues to mechanisms involved in ZO-1
actions on junction structure and signaling may be gleaned
from studies of the proteins that ZO-1 is known to recruit in
other systems.

Molecular Organization of Tight and Adherens
Junctions

It is becoming clear that some of the proteins long known
to be present at tight and adherens junctions also occur at
gap junctions forming electrical synapses, suggesting that
there may be other molecular commonalities between these
three types of junctions. In considering future directions for
deciphering the macromolecular organization of electrical
synapses, it may be instructive to take brief account of the
somewhat larger body of knowledge concerning the
molecular components of tight junctions and adherens
junctions. Tight junctions serve to control paracellular
permeability across the intercellular space and to maintain
cell polarity. They are composed of integral transmem-
brane proteins (Fig. 4) (for more detailed reviews, see
Guillemot et al. 2008; Herve et al. 2011), including clau-
dins, junctional adhesion molecules (JAMS) and the
MARVEL family of proteins, of which the occludens are
members. In addition, the cytoplasmic “submembrane
plaque” of tight junctions contains multimolecular protein
complexes that are responsible for anchoring the core
proteins within the junction, regulating associations with
the actin cytoskeleton (Fanning et al. 1998, 2002) and
mediating signals from the plasma membrane to other
cellular structures, including the nucleus and to adherens
junctions. Many of the protein-protein interactions at tight
junctions are mediated by binding of C-terminal PDZ
ligands in some proteins to PDZ domains contained in
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Fig. 3 Diagram of the domain structure of AF6, MUPP1, ZO-1, and
cingulin. Bars above and below protein domain structures indicate
known sites of interaction with other proteins. Where interaction has

other proteins. The three members of the ZO family each
contain three PDZ domains that mediate a host of inter-
actions. The ZO family members are considered the central
scaffolding molecules of tight junctions, as indicated by
failure of tight junction strand formation after targeted
deletion of ZO-1 and depletion of ZO-2 in cultured epi-
thelial cells (Umeda et al. 2006). In addition to its inter-
action with other proteins, ZO-1 can undergo self
interaction forming a homodimer, which is thought to be
mediated via its second PDZ domain (Utepbergenov et al.
2006). Other PDZ domain-containing proteins within the
tight junction plaque include AF6 and MUPPI. In addition,
there are several non-PDZ proteins in the tight junction
cytoplasmic plaque, including cingulin and paracingulin, as
well as a growing list of functionally diverse signaling
proteins that include: regulators of membrane trafficking,
protein kinases and regulators of small GTPases, such as
guanine exchange factors (GEFs) and GTPase activating
proteins (GAPs) (reviewed in Guillemot et al. 2008).
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Myosin

Z0-3

been documented but sites of interaction are not known, the bars span
the entire length of the protein. (Modified from Gonzalez-Mariscal
et al. 2003)

Besides their roles in junction formation and stabilization,
some of the tight junction-associated proteins are thought
to serve as signaling molecules for regulation of such
processes as cell differentiation, proliferation, and gene
expression.

Adherens junctions (Fig. 5) (Ogita and Takai 2006) are
also molecularly complex structures whose functions
include the initiation and stabilization of intercellular
adhesion, as well as regulation of intracellular signaling,
the cytoskeleton, and gene expression (Niessen and Got-
tardi 2008). There are several subtypes of adherens junc-
tions, including zonula adherens, which are found in highly
polarized epithelial cells, where they encircle the cell in a
belt-like fashion. Punctate versions of adherens junctions
include puncta adherentia or nascent/primordial junctions,
which are formed by interactions of cadherins, the nectin
family of adhesion molecules and with the cytoplasmic
catenin proteins. ZO-1 is among the PDZ domain proteins
found at adherens junctions, where it interacts with various
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Fig. 4 Diagram of protein
organization at tight junctions.
The tight junction proteins
JAM/ESAM/CAR, claudins,
and occludin are shown crossing
the membrane bilayers of 2
adjacent cells. These core
proteins are shown interacting
with various cytoplasmic
proteins. Signaling proteins
found at tight junctions include
kinases (aPKC, ZAK, c-Yes),
GEFs (Tiaml1, GEF-HI1, Tuba,
Rap1GEF), and membrane
traffic regulators (Rab3B and
Rab13). Interactions of
cytoplasmic tight junction
proteins with signaling proteins
(Cdc42, RhoA, and Racl) are
indicated by dotted arrows.
Arrows to the nucleus indicate
proteins having a dual nuclear/
junctional localization (PAR-3,
PAR-6, ASH1, ZO-1, ZO-2,
ZONAB, symplekin,
ubinuclein). (Reprinted from
Guillemot et al. 2008, with
permission from Elsevier)
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proteins, including alpha catenin and AF6 (aka afadin).
These observations on tight and adherens junctions provide
the molecular basis for considerations of regulatory and
structural proteins as well as intracellular signaling path-
ways that contribute to modulation of transmission at
electrical synapses composed of Cx36.

Scaffolding by MUPP1 at Electrical Synapses

Our previous finding of MUPP1 at neuronal gap junctions
and demonstration of its direct interaction with the PDZ
ligand of Cx36 added to the list of proteins that associate
with PDZ domains of MUPP1 in several cell types and at
various cell structures (Ullmer et al. 1998; Becamel et al.
2001; Ebnet et al. 2004; Krapivinsky et al. 2004; Bala-
subramanian et al. 2007; Guillaume et al. 2008). Presently,
we extend that finding to its localization at electrical syn-
apses between sensory neurons of the MesV nucleus in
rodent brain, where it has been emphasized that experi-
mental accessibility to the large MesV neuronal cell bodies
is ideal for electrophysiological analysis of mechanisms
controlling neurotransmission at gap junctions using in
vitro preparations (Curti et al. 2012a, b).
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Analogous to other systems where MUPP1 serves in an
accessory scaffolding capacity for structural and signaling
proteins, as indicated by its domain structure (Fig. 3), MUPP1
likely serves to anchor regulatory proteins at gap junctions
composed of Cx36. In this context, reports of calcium-cal-
modulin kinase II (CaMKII) interaction with MUPP1 is of
particular interest as various kinases, including protein kinase
A (PKA), protein kinase G (PKG) and CaMKII, have an
impact on phosphorylation status and coupling state of gap
junctions composed of Cx36 or its fish ortholog Cx35 (Pereda
et al. 1998; Ouyang et al. 2005; Kothmann et al. 2007
Moreno and Lau 2007). More recently, CaMKII was found to
localize at neuronal gap junctions and to interact with specific
peptide fragments of Cx36, culminating in phosphorylation of
these fragments (Alev et al. 2008). Although phosphorylation
of Cx36 mediated by CaMKII would require an effector/
ligand interaction, CaMKII is tethered to some of its sites of
action in neurons by interacting with the PDZ2 domain of
MUPP1 (Krapivinsky et al. 2004). Thus, it is possible that this
same CaMKII/MUPPI interaction occurs at gap junctions,
where further interaction of Cx36 with the PDZ10 domain of
MUPP1 poises CaMKII in a response-ready position for rapid
signaling at electrical synapses.

@ Springer



312

B. D. Lynn et al.: Proteins at Electrical Synapses

Fig. 5 Diagram of the
molecular organization of
nectin- and cadherin-based
adherens junctions. Core
transmembrane proteins
cadherin and nectin are shown
associated with cytoplasmic
proteins, in particular cadherin
with catenin anchored to the
cytoskeleton, and nectin with
cytoskeletal-associated afadin
(aka AF6). Afadin is also shown
associated with Rapl, which
receives signals originating
from catenin and c-Src and
transmits signals ultimately to
Rac and the cytoskeleton.
(Reprinted from Ogita and
Takai 2006, with permission
from John Wiley and Sons)
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Signaling and Scaffolding by Cingulin at Electrical
Synapses

The current finding of cingulin colocalized with Cx36 adds
yet another ZO-1 binding protein found at other types of
cell-cell junctions to the roster of proteins at neuronal gap
junctions in mouse brain. This provides further clues to the
regulation of electrical synapses, although the molecular
association of cingulin with Cx36 at neuronal gap junctions
is not known and is currently under investigation by bio-
chemical approaches. Cingulin was characterized as a
component of the submembranous plaque of tight junc-
tions, where it may be anchored as a parallel homodimer,
as predicted by its secondary structure (Citi et al. 1989). It
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has three distinct structural domains; an N-terminal head
domain, a central coiled-rod domain and a smaller globular
tail (Cordenonsi et al. 1999). Interaction of cingulin with
ZO-1 is not through a classical C-terminal PDZ ligand,
which cingulin lacks, but rather through a conserved ZO-1
interaction motif (ZIM) located in the cingulin N-terminus
“head” region (Cordenonsi et al. 1999; D’ Atri et al. 2002).
In addition to its association with ZO-1, cingulin interacts
with other proteins (Fig. 3) at tight junctions, including
alpha actin (D’Atri and Citi 2001). Association of actin
with gap junctions appears to be important for connexin
trafficking, and gap junction stability and channel perme-
ability (Theiss and Meller 2002; Derangeon et al. 2008;
Qu et al. 2009; Smyth et al. 2012). Besides its potential
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structural roles, cingulin participates in modification of
gene expression via its direct binding to the guanine
exchange factor GEF-H1, which is an activator of RhoA
signaling. It appears that sequestration of GEF-HI1 by
cingulin at tight junctions contributes to inhibition of RhoA
(Citi et al. 2009; Aijaz et al. 2005). In the context of gap
junctions, altered RhoA activity in cardiac myocytes leads
to rapid changes in gap junctional channel conductance via
RhoA actions on the actin cytoskeleton (Derangeon et al.
2008). Although we have not yet determined if cingulin is
present at gap junctions composed of other connexins, our
finding of cingulin association with neuronal gap junctions
raises the possibility that it may influence the stability and
channel conductance of electrical synapses by a RhoA
dependent mechanism similar to that seen in cardiac
myocytes. It remains to be determined whether neuronal
gap junctions also serve as platforms for cingulin-mediated
signaling to other subcellular sites in neurons.

Electrical Synapses and cAMP/Epac/Rapl Signaling

AF6 is targeted by the Epac/Rapl-dependant cAMP path-
way that is independent of PKA. Although regulation of
electrical synapses by cAMP/Epac signaling has not been
directly explored, regulatory actions of cAMP on neuronal
gap junction coupling have been described (Hampson et al.
1992; Hatton and Yang 2001; Rorig et al. 1995; Urschel
et al. 2006; Xia and Mills 2004). Our finding of AF6 at gap
junctions composed of Cx36 suggests that the Epac/Rapl
pathway may be operational at electrical synapses. AF6 is
targeted by Rapl after its activation by the cAMP effector

Extracellular

Epac (de Rooij et al. 1998; Boettner et al. 2000, 2001,
2003; Caron 2003), a GEF that is distinct from the other
major cAMP effector PKA. Epac-Rap1-AF6 signaling has
been demonstrated in various cell types and contributes to
the regulation of cell-cell contacts (e.g., tight junctions)
through its influence on AF6/Z0-1 interaction (Yamamoto
et al. 1997, 1999; Kooistra et al. 2006). To date there is one
study concerning the impact of Epac on gap junctions,
where PKA versus Epac activation had differential, but
cooperative actions on cardiomyocyte gap junctions; Epac
activation increased the recruitment of Cx43 to junctions,
while PKA activation increased dye-coupling (Somekawa
et al. 2005). To dissect the specific functions of these two
separate pathways, cCAMP analogs have been developed
that activate either one or the other; 8-CPT-2Me-cAMP
(8CPT) specifically activates Epac but not PKA (Enserink
et al. 2002; Somekawa et al. 2005), whereas N6-benzoyl-
cAMP specifically activates PKA but not Epac (Christen-
sen et al. 2003; Holz et al. 2008; Lorenowicz et al. 2008).

In consideration of the foregoing, the presence of AF6 at
electrical synapses suggests that its associated signaling
moieties may contribute to the regulation of these synapses.
Specifically, as outlined in Fig. 6, we propose that cAMP
activation of Epac/Rapl results in Rapl targeting to AF6
and ZO-1 at neuronal gap junctions, where it may influence
AF6/Z0-1 interaction and dynamically impact junction
assembly/disassembly, channel conductance, remodeling
and/or turnover. ZO-1 is found at virtually all Cx36-con-
taining electrical synapses that we have examined, sug-
gesting that some of these synapses simultaneously harbor
Z0-1, AF6, MUPP1 and cingulin. As yet, we are aware of

Cx36 connexons

regulaltclrs o % Extracellular
(transmitters) (gap junction) regulators
e \
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Fig. 6 Hypothesized model for actions of the cAMP-Epac-Rapl
signaling pathway at neuronal gap junctions. The c-terminus PDZ
domain ligand of Cx36 within different connexon hexamers are
shown associating with ZO-1 and AF6. Association of ZO-1 and AF6
with each other is envisioned to result in clustering of connexons and
maintenance of gap junction plaque integrity. Upon cAMP activation
of the guanine nucleotide exchange factor (GEF) Epac, which acts on
Rapl, Rapl may be targeted to AF6, where it may either further

%eptors

//CAMP

stabilize junctions or disrupt ZO-1/AF6 association, resulting in
untethering of a portion of connexons within a gap junction plaque
and internalization of these connexons. SynGAP is shown because it
is a GTPase activating protein (GAP) for Rapl and is known to
associate with MUPP1 at other subcellular locations, but as yet,
neither Rapl nor SynGAP has been examined for its presence at
neuronal gap junctions
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no reports of direct interactions between AF6 and MUPP1
at any cellular structures. But, as indicated in the summary
of the domain structures and interactions of these three
proteins in Fig. 3, ZO-1 has the capacity to simultaneously
interact with AF6 and Cx36, but whether it does so at
neuronal gap junctions remains to be determined. It is
conceivable that ZO-1, AF6 and MUPPI1 simultaneously
interact with Cx36 at individual gap junctions, or each of
these proteins associate with the constituent connexin
molecules within an individual connexon. Additionally,
connexins within distinct subregions of a neuronal gap
junction plaque may selectively associate with one or more
of these proteins. The latter may be of particular relevance
to the potentially unique functional roles of ZO-1, AF6,
MUPPI1 and cingulin at electrical synapses, impacting on
the reported segregation of assembly and disassembly of
gap junctions that occurs at the periphery and centers,
respectively, of the plaque (Segretain and Falk 2004).

The alternatively spliced AF6 isoform lacking the
F-actin binding domain influences the interaction of this
isoform with the cytoskeleton and may influence the
effector functions of AF6 (Lorger and Moelling 2006). We
have shown that both of these isoforms coimmunoprecip-
itate with Cx36 (Li et al. 2012). It remains to be determined
if the relative proportion of the full-length and truncated
isoforms targeted to gap junctions is dependent on dynamic
changes in the requirements of electrical synapses for
interactions with cytoskeletal elements to maintain stability
or promote turnover.
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