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The gap junctions (GJs), which form intercellular communicating channels between two apposing cells or form
hemichannel with extracellular environment, perform crucial functions to maintain small molecule homeostasis. The
central nervous system (CNS) GJs are important for maintenance of myelin sheath and neuronal activity. Connexin (Cx)
proteins are building blocks of GJs. Recent cell-biological investigations show that amongst the CNS specific Cxs, the
most abundant Cx protein, Cx43 and its oligodendrocytic coupling partner Cx47 primarily important for maintenance of
CNS myelin. Recent investigations elucidate that the expression of Cx43 and Cx47 is very important to maintain K+
buffering and nutrient homeostasis in oligodendrocytes, CNS myelin and oligodendrocyte function. The investigations
on Multiple Sclerosis (MS) patient samples and EAE hypothesized that the functional loss of Cx43/Cx47 could be
associated with spread of chronic MS lesions. Exploring the mechanism of initial GJ alteration and its effect on
demyelination in this model of MS might play a primary role to understand the basis of altered CNS homeostasis,
observed during MS. In this review, we mainly discuss the role of CNS GlJs, specifically the Cx43/Cx47 axis in the
perspective of demyelination.
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Abbreviations: AAYV, adeno-associated virus; BBB, blood brain barrier; BCEC, brain capillary endothelial cell; BDV,
Borna disease virus; BPV-4, bovine papillomavirus type 4; CNS, central nervous system; CMTX, Charcot-Marie-Tooth
disease; CPE, cytopathic effects; Cx, connexin; EAE, experimental autoimmune encephalomyelitis; EGFP, enhanced green
fluorescent protein; GalC, Galactocerebroside; GFAP, glial fibrillary acidic protein; GJ, gap junctions; GJIC, gap junction
intercellular communication; HSV, herpes simplex virus; HHV, human herpes virus; HSVtk, herpes simplex virus
thymidine kinase; Ibal, ionized calcium-binding adapter molecule 1; IL, interleukin; IFN, interferon; LIF, leukemia
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1. Background: Gap junctions in the central nervous
system

Gap junctions (GJs), a group of cell-to-cell connecting
channel proteins, play a pivotal role in maintaining home-
ostasis in different organs of vertebrates. In the central ner-
vous system (CNS), GJs perform a crucial role in
maintaining ionic buffering, small molecule exchange and
nutrient homeostasis, which, in turn, help in maintenance of
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myelin and neuronal activity. GJs are present in at least four
types of the CNS, which are astrocytes, ependymocytes/
brain fibroblasts, oligodendrocytes, and neurons. GJ are
made up of connexin (Cx) proteins. Different Cx proteins are
named after their predicted molecular weight, which denotes
specific type of Cx present in a specific cell. The neurons
mainly express Cx36, which forms GJICs between the
neuron only, in adult brain. Among the other cells, brain
fibroblasts express mainly Cx43, whereas brain capillary
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endothelial cells (BCECs) mainly express Cx43 as well as
Cx26 (Spray et al. 1991).

Oligodendrocytes form GJs mainly with astrocytes and
dependent on them for homeostatic and nutrient support. In
contrast, astrocytes form large numbers of gap junction
intercellular communications (GJICs) with other astrocytes
and also with oligodendrocytes. Together, the glial cells,
mainly astrocytes connect with other brain cells to form a
GJ connected network, named as ‘panglial syncytium’. As
per the previous reports astrocytes mainly express three
connexins (Cx43, Cx30, and Cx26) (Dermietzel et al
1989; Kunzelmann et al. 1999; Nagy et al. 2001), and show
CNS-specific regional variation in their expression (Nagy
et al. 1999). The expression of Cx26 in astrocytes is
debated in recent studies, as deletion of both Cx43 and
Cx30 in astrocytes cause severe pathological conditions
due to severe disruption of homeostasis (Lutz ef al. 2009)
and lacZ was not expressed in astrocytes under Cx26
promoter in mouse (Filippov et al. 2003). Astrocytes are
primarily connected by Cx43/Cx43 homotypic channels.
Cx43, which is the most abundant Cx in CNS, is strongly
expressed throughout the white matter (Giaume and
McCarthy 1996; lacobas et al. 2003). These GJs connect
the brain parenchyma to the capillaries through astrocytic
end-feet, forming a complete network. Another astrocytic
GJ protein, Cx30 is mainly observed in mainly grey matter
regions. Immunostaining and functional studies show that
another astrocytic GJ protein, Cx30, mainly forms homo-
typic Cx30/Cx30 channels in the gray matter. However,
expression of Cx30 in certain white matter areas is
observed, representing an inter-astrocytic Cx30/Cx30
channels and also participation with oligodendrocytes by
heterotypic channels (Nagy et al. 1999; Rash et al. 2001;
Rouach et al. 2002; Rozental et al. 2000).

Oligodendrocytes mainly express Cx29, Cx32 and Cx47.
Cx32/Cx32 homotypic channels appear to form GJs along
the myelinated fibers in the white matter, and also expressed
in Schmidt-Lantermann incisures and paranodes near to the
nodes of Ranvier. These channels mostly form intracellular
GJ within the myelin sheath. In contrast to that, the Cx32
channels present in the oligodendrocytes inside gray matter
form heterotypic GJ channel with astrocytes mediated by
astrocyte/oligodendrocyte Cx30/Cx32 channels, where it is
additionally expressed primarily in perikaryonic regions and
proximal processes of oligodendrocytes (Orthmann-Murphy
et al. 2008). In contrast, in normaly developed myelin, Cx29
is generally not abundant in oligodendrocyte cell bodies. It is
observed in small plaques along oligodendrocytic processes,
particularly at the myelin sheaths enwrapping smaller axons
and in the juxtaparanodal region of neurons. Cx29 does not
majorly colocalize with Cx32 (Altevogt et al. 2002). Cx29
hemichannels are also observed along the adaxonal mem-
brane of the small myelinated fibers and in the internode,
which is present in both gray and white matter. Cx29 is
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recently shown to be incapable of forming functional GJICs
with other cells (Nagy et al. 2003).

Oligodendrocytes are solely dependent on astrocytes for
GJ mediated homeostasis maintenance. In any case, intra-
oligodendrocytic GJs appear to be concentrated at paran-
odes. Thus, astrocyte/oligodendrocyte GJ coupling is more
crucial near oligodendrocytic somata and proximal pro-
cesses. This case, astrocyte/oligodendrocyte GJs are mainly
formed by Cx43/Cx47 mediated channel and Cx43/Cx47
outnumbers Cx30/Cx32 channels at oligodendrocyte
somata (Orthmann-Murphy et al. 2008; Wasseff and
Scherer 2011). The Cx47 (GJA12; another o-Cx) is pri-
marily observed in the proximal processes of the oligo-
dendrocytes and the oligodendrocyte somata. Cx47 is also
present on the outer layer of the myelin sheath, present both
in the white and gray matter of the CNS. Cx43/Cx47
channels couple oligodendrocytes with astrocytic pro-
cesses. In mice, Cx47 is primarily found in the myelinating
cells of CNS, and it is expressed solely by oligodendro-
cytes. Thus, Cx47 is very crucial in CNS homeostasis.
Cx47 was previously believed to be by neurons, (Teubner
et al. 2001). Later, it was shown to be mainly observed
most frequently but not exclusively in cells of WM region
like the deep cerebellar white matter, the corpus callosum,
the spinal cord white matter, and the optic nerve (Meni-
chella et al. 2003; Odermatt et al. 2003). Large numbers of
Cx47-positive cells is also seen in the anterior commissure,
the optic chiasma and the striatum. This GJ network
mediates distribution of the excess K + ions and glutamate
produced during neuronal activity, and also putatively
provides a lactate shuttle and mediates Ca2 + wave
propagation.

This study aims at understanding of alteration of nervous
system-specific GJ proteins and its role in demyelinating
diseases. In different neuroinflammatory and neurodegener-
ative conditions, the Cx proteins are altered. Current inves-
tigations precisely show that alteration of these Cx proteins
could have significant impact on tissue homeostasis. The
human CNS demyelinating disease, multiple sclerosis (MS)
is one of such neuroinflammatory disease but the role of GJs
in the chronic progression of MS was not lucid till the recent
past. Animal model based studies were helpful to explore the
mechanism of initial alteration and elucidate the significant
role of Cxs in chronic progression of MS. This study mainly
focuses on the current insights on the GJs and its involve-
ment in CNS homeostasis and maintenance of oligoden-
drocyte/myelin health, with a specific emphasis to the
existing investigations involving different models of MS.

Oligodendrocytes are mainly dependent on astrocytes for
maintaining ionic and nutrient homeostasis, which is pri-
marily controlled by GJIC. Conditional deletion of both
oligodendrocytic GJ proteins, Cx32 and Cx47 demonstrated
that astrocyte/oligodendrocyte GJ coupling is heterotypic,
and this is mainly mediated by Cx43/Cx47 and Cx30/Cx32
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channels, forming a ‘glial syncytium’ (Orthmann-Murphy
et al. 2007).

An important initial study elucidating the role and local-
ization of Cx47 showed that Cx47 expression is similarly
regulated, compared to the myelin-associated genes and it
partially colocalizes with Cx32 in oligodendrocytes. The
temporal expression profile of Cx47 mRNA was similar to
expression profile other myelin related genes like proteolipid
protein (Plp), which encodes for a major constituent of
compact myelin. In the md rat, which carries a mutation in the
Plp gene, the levels of Cx47 and Cx32 were much lower
compared to control. In the gray matter, the majority of Cx47
signal was reported to colocalize with Cx32. Few of the
dispersed puncta were solely positive for Cx32. Thus, in
overall, Cx32 and Cx47 expression highly colocalizes, which
is consistent with the hypothesis that these GJ proteins might
provide similar and redundant functions. In contrast to Cx32
knockout mice, where no demyelination was detected in
CNS, the double knockout (for both Cx32 and Cx47) mice
exhibited severe tonic seizures, associated with abnormal
limb movement and loss of consciousness. Extensive CNS
pathological alterations was observed, which was confined to
myelinated axons. Numerous myelinated fiber tracts with
markedly enlarged extracellular spaces were observed in
between the axon and its myelin sheath. In this condition of
CNS, macrophages were observed to contain myelin debris.
The demyelinated and hypomyelinated axons were observed
with enlarged spaces of periaxonal oligodendrocyte cyto-
plasm. Consistent pronounced loss of myelinated axons was
evident in the optic nerve (Menichella ez al. 2003).

Combined loss of Cx32 and Cx47 induced demyelination
and oligodendrocyte cell death led to the hypothesis that
Cx47 is crucial for myelination. Later, Cx43/Cx47 and
Cx30/Cx32 channels were reported to have distinct single-
channel properties, macroscopic appearance and different
dye permeabilities. Cx30/Cx32 and Cx43/Cx47 channels are
similarly permeable to AF 350 (a GJ permeable small
molecule; charge 1) but differently permeable to Lucifer
yellow (LY) (another GJ permeable small molecule; charge
2). So, other multivalent anions like ATP (Goldberg et al.
2002) or IP3 (Niessen et al. 2000) may also differentially
pass through these channels. In addition to the charge, other
factors which affect the permeability, are the molecular
architecture of the channel pore and the size and shape of the
permeating molecule (Harris 2007).

Replacement of the Cx47 gene with an enhanced green
fluorescent protein (EGFP) reporter demonstrated that
homozygous mutant mice had no gross morphological or
behavioral abnormalities. But at the same time, ultrastruc-
tural investigations performed by electron microscopy
revealed that a conspicuous vacuolation of nerve fibers was
observed in the white matter regions, particularly at the
myelination start site of the optic nerve, where the axons are
first contacted by myelinating oligodendrocytes. In contrast,
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peripheral myelination was not affected in Cx47-deficient
mice. These pathological features were worsened by double
deletion of Cx32 and Cx47, which exhibited much more
abundant vacuolation in nerve fibers than mice deficient for
only Cx47. Hence, redundancy in functional perspective or
compensatory regulation of oligodendrocytic Cx expression
may explain the relatively mild phenotype observed in
Cx32-deficient mice (Anzini et al. 1997; Nelles et al. 1996;
Scherer et al. 1998) and Cx47-null mice (Odermatt et al.
2003). However, there was no significant alteration in Cx29
or Cx32 transcripts observed in Cx47 EGFP (—/—) mice,
compared to wild-type mice. Cx47-deficient mice display
myelination abnormalities, which includes sporadic vacuo-
lation of nerve fibers, in and around the compact myelin or
periaxonal space.

Cx30/Cx47 double knockout results in severe phenotypical
alterations, which are characterized by the loss of astrocyte/
oligodendrocyte functional GJ coupling and altered myelin
pathology both in young and adult mice (Tress ef al. 2012).
Similarly, apoptosis of astrocytes, vacuolization and malfor-
mation of white matter region and death as early as by
16 weeks of age is reported for the animals, which are deficient
in both Cx43 and Cx32. The underlying mechanism of these
pathologies remained elusive by physiological characterization
(Magnotti et al. 2011). The double knockout of Cx43 and Cx32
also resulted in profuse microglial activation, astrogliosis, and
was associated with loss of myelin specifically in the forebrain
region. The hindbrain region was moderately affected in adult
mice. A strong reduction in the number of myelinating oligo-
dendrocytes is associated with astrogliosis and prominent
neuroinflammation. The activated microglia are reported to be
involved in oligodendrocytic death either by internalization of
damaged oligodendrocytes or by inducing oligodendrocyte
necrosis occurring at the time of removal of cellular debris.
Progressive demyelination is seen in the whole cortical region,
and less dense myelinated tracts are observed in the thalamus of
the Cx43/Cx32 double knockout mouse. Most importantly,
immunostaining exhibited loss of oligodendrocytic Cx47 in the
Cx43-deficient brain sections, which suggests that the stability
of oligodendrocytic Cx47 GJ channels depend on astrocytic
Cx43 expression, and unravels a novel importance of Cx43
mediated GJCs (May et al. 2013).

A double deficiency of Cx43 and Cx32 in mice induces
loss of Cx47 mediated channels, whereas Cx47 mRNA levels
remain unaltered. The absence of Cx43 leads to deficiency of
Cx47 phosphorylation. A mutated Cx43, which is only
delivered to plasma membrane but does not form functional
channel, shows that presence of Cx43 at the cell surface is
necessary and sufficient to normal expression, phosphoryla-
tion and stability of Cx47-mediated GJ plaques at cell surface
(not depending on Cx43 GJC function on cell surface). Thus,
after docking of an astrocytic Cx43 connexon to cell surface,
it is predicted to interact with an oligodendrocytic Cx47
connexon, which might lead to a conformational change in
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the C-terminal region of Cx47. This phenomenon, in turn,
might allow access for kinase(s), which exerts phosphoryla-
tion in the C-terminal domain of Cx47 and provides stabi-
lization of Cx47 GJs at the cell surface. This way, presence of
Cx43 at the cell surface might help the Cx43/Cx47 hetero-
typic channels to remain in the plasma membrane. The
homotypic Cx47/Cx47 channels may not be formed in vivo.
Thus, Cx43/Cx47 channels are exclusively important for
astrocyte/oligodendrocyte cross-talk. Even if minute amounts
of Cx47/Cx47 channels persist, that cannot serve a major
function maintaining myelin integrity (May et al. 2013).
Hence, Cx43 is important to control the stability and phos-
phorylation of Cx47 in GJ plaque, in vivo.

Thus, these GJ channels play a pivotal role in controlling
panglial ionic homeostasis, especially, K+ buffering. The
K+ ions, which are released from myelinated axons, are
likely to accumulate in the periaxonal space. After that, it is
probably dispersed by entering axons and oligodendrocytes
via Na + K+-ATPases or possibly released via paranodal
axoglial junctions. Once K+ enters the inner regions of an
oligodendrocyte, it may disperse through the reflexive Cx32/
Cx32 GJCs and then enter into the astrocytes via oligo-
dendrocyte/astrocyte (Cx32/Cx30 and Cx47/Cx43) GJCs.
Then the K+ is diffused away in astrocytic network by
Cx43/Cx43 or Cx30/Cx30 channels. Cx32/Cx30 GJCs are
primarily found on the outer layer of myelin sheaths and in
the somatic region of oligodendrocytes, which are present
mainly in the gray matter, compared to the white matter. In
white matter regions, Cx47/Cx43 channels are primarily
observed. Compared with Cx32/Cx30 GJCs, Cx47/Cx43
channels are more symmetrical in relation to the perme-
ability properties. Cx47/Cx43 GJCs are mainly localized in
the oligodendrocyte somata of the white matter regions,
where they outnumber Cx32/Cx30 mediated heterotypic
panglial GJCs. Thus, they might be involved in a fast dis-
persal of K+ ions from oligodendrocytes to astrocytic net-
work in white matter and play a pivotal role in ionic
buffering in these regions. The depletion of either Cx43 or
Cx47 thus affects maintenance of white matter function.
Along with that, nutrient homeostasis like lactate shunting
might be affected. In addition, small molecule (like leukemia
inhibitory factor, LIF) mediated signaling, which is essential
to form myelin proteins (for example, myelin basic protein,
MOG), also might be perturbed (Ishibashi et al. 2006). The
functional importance of Cx43/Cx47 channels is primary
underlying objective of these studies.

2. Expression and alteration of gap junctions
in different diseases models

Not only mutations of GJs are associated with human neu-
rodegenerative diseases but also in different other disease
conditions and viral infections, GJs are reported to be
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altered. Although, alteration of Cx47 (being comparatively
new Cx protein to be discovered) is relatively less explored,
the alteration of Cx43 (most well-studied Cx) has been
reported in different pathological conditions. Here we dis-
cuss a number of pathological conditions, where CNS Cx
expression is altered.

In Lewis rat brain, Borna disease virus (BDV) infection
induces dentate gyrus degeneration, where astroglial Cxs,
Cx43 and Cx30 are downregulated during the course of
persistent viral infection. BDV infection is also associated
with astrogliosis (Koster-Patzlaff e al. 2007). In another
study, human influenza virus was administered in E9 preg-
nant Balb/c mice and the virally exposed littermates showed
significant decrease in brain Cx43 level at postnatal day 56.
Although abnormal glial-neuronal communication is sug-
gested to be associated with increased cell proliferation and
decreased cell-to-cell communication, the mechanism of
Cx43 alteration and role of Cx43 mediated cell-to-cell
coupling in the growing brains of virus-challenged animals
was not thoroughly studied (Fatemi et al. 2008). A cell
culture based study demonstrated bovine papillomavirus
type 4 (BPV-4) E8 protein is associated with reduction of
GJIC, which was assumed to be mediated by binding to
ductin (Faccini et al. 1996). Cx43 hemichannels are
observed to be opened due to HIV infection in astrocytes,
which results in dysregulated secretion of a soluble protein
which inhibits Wnt signaling (dickkopf-1) (Orellana et al.
2014). In general, infection and inflammatory agents reduce
Cx43 expression and function of GJs. However, despite of
being inflammatory in nature, HIV is different because it
sustains Cx43 expression and GJCs in astrocytes for the
maintenance of persistent infection (Eugenin and Berman
2007). Functional GJC formation promotes the spread of
toxic signals from a few HIV-infected astrocytes to unin-
fected glial cells. This alteration allows the spreading of
toxic mediators, which dysregulate the glutamate and CCL2
secretion (Eugenin et al. 2011). Interestingly, the few HIV
infected astrocytes are protected from being apoptotic by a
viral infection-dependent mechanism, thereby acting as a
viral reservoir within the CNS. Rous sarcoma virus (RSV)-
induced transformation of the mammalian fibroblasts is
associated with an early and profound disruption of GJCs
and pp60v-src was predicted to directly regulate Cx43
channel closure upon infection (Crow et al. 1990). Herpes
simplex virus (HSV-2) induces reduction of Cx expression
and GJC formation by direct tyrosine phosphorylation of
Cx43 (Castellano and Eugenin 2014; Fischer et al. 2001).
Swine Flu virus infection also causes depletion of endothe-
lial Cx43 expression in an extracellular signal dependent
manner (mediated by c-Jun N-terminal kinase and other
kinases) (Hsiao et al. 2010).

Cxs are reported to be important for different cell bio-
logical functions like antigen cross presentation upon viral
infection. GJs enable coupled cells to exchange antigens,
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derived from viral peptides and trigger cytotoxic T cell
mediated immune response, even when some cells were
never directly exposed to the pathogen (Neijssen ef al.
2005). Cx43 is also recruited to the immunologic synapse
during T cell priming, suggesting that GJ and HCs also
participate in the function of antigen presentation (Mendoza-
Naranjo et al. 2011). Both Cx26 and Cx43 are expressed at
the contact points between the radial glial fibers and
migrating neurons, which in turn, provide dynamic adhesive
contact points that interact with the internal cytoskeleton and
help in glial-guided neuronal migration (Elias et al. 2007).
Hence, proper migration of the cells is predicted to be
important for both development and regeneration processes.
Virus-induced downregulation of GJ proteins is predicted to
have important consequences in vivo.

3. Human CNS demyelinating disease multiple sclerosis
and its existing models

As described in the previous sections, Cxs are crucial for
human myelination. MS is a human CNS demyelinating
disease, which is characterized by foci of inflammation in
the CNS leading to loss of myelin sheath, axonal loss, and
reactive astrogliosis. The immunomodulatory therapies,
restricting entry of peripheral immune cells, may be suc-
cessful in partial disease protection in the relapsing-remitting
phase, reducing the occurrence of focal lesions. In contrast,
secondary progression and neurodegeneration cannot be
restricted with these medications and are current potential
challenges to therapies available, which mainly target the
peripheral immune process. Although oligodendrocyte pre-
cursor cells (OPCs) are observed to be recruited to the MS
lesions following demyelination and oligodendrocyte loss.
Oligodendrocytic GJs are vital for generation and mainte-
nance of CNS myelin, but their involvement in MS pro-
gression is relatively unexplored.

MS is characterized by two pathological hallmarks, which
are demyelination and axonal loss. It is believed to be
spontaneous, acquired, inflammatory disease by nature but
the etiology of the disease is unknown. Studies show genetic
traits controlling immune factors are of paramount impor-
tance to determine susceptibility to MS. Environmental
factors are constantly being investigated that predispose the
host to MS. Low vitamin D and CNS viral infections are
hypothesized to be crucial for initiation and progression of
the disease (Ascherio and Munger 2007a, b).

About 85% of patients of which women are majorly
susceptible show initial occurrence of MS at the ages as
early as 20 to 40 (with a sharp peak of the symptoms at
about age 30) and intermittent episodes of neurological
dysfunction are observed, which are termed as ‘attacks’ or
‘relapses’. The major symptoms include impairment of the
motor nerve functions, blurred vision, accompanied with
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sensory disturbance (either tingling or loss of sensation).
These symptoms typically remit at this period of relapsing-
remitting MS, often to extent degree that neurological
function returns to its normal functional level, but intermit-
tent attacks are observed. Clinical investigations confirm MS
progression by MRI scans which show abnormal signal and
plaques of demyelination in the brain (the regions like
cerebral cortex which is affected during early stages of MS,
later in periventricular area and posterior fossa) and spinal
cord white matter. Often, transient disruption of BBB is also
observed. This phase of the disease is termed as relapsing-
remitting MS (RR-MS), which is observed between 5 and
30 years. RR-MS is most commonly followed by secondary
progressive MS (SP-MS), during which neurological func-
tion slowly worsens, with increased number of attacks. SP-
MS is associated with severe motor function impairment
with loss of ability to independently walk. However, MS
pathology is unpredictable, with some patients showing little
effect termed as ‘benign’ MS or primary progressive MS or
severe pathological condition leading to death, termed as
‘Marburg’s variant of MS’ (Ransohoff 2012).

The pathological hallmarks of MS are characterized by
infiltration of blood-borne immune cells to the CNS par-
enchyma (primarily lymphocytes and monocytes) and dis-
ruption of the BBB. CNS axons are demyelinated, which
prominently involves the action of activated macrophages
(derived from either resident microglia or peripheral mono-
cytes). Targeting of the myelin occurs by multiple processes
like myelin-specific antibodies, production of inflammatory
cytokines by T cells, and activated microglia/macrophage
mediated myelin stripping. Innate immune factors such as
interleukin (IL)-1B, IL-6, as well as the adaptive-immune
cytokines such as interferon (IFN)-y, IL-17 and IL-23 per-
forms important function. Presence of excess reactive oxy-
gen (ROS) and nitrogen species (NOS), along with the
prostaglandins and vasoactive factors functions synergisti-
cally along with the IL-mediated inflammation. Chemokines
(mainly CCL2, CCL3, CCL4, CCLS5, CXCL10, CXCL12
and CXCL13) are also involved in myelin degeneration
(Frohman et al. 2006; Prineas and Graham 1981; Zhang
et al. 2000). Large-scale oligodendrocyte loss, hypoxic tis-
sue damage and an altered pattern of inflammation is asso-
ciated with pathology of MS. In addition, activation of
astrocytes (termed as ‘astrogliosis’), axonal loss and
demyelination are the main pathological signs of this
demyelinating disease.

As the etiology of MS still remains unclear, there are
several animal models to study and investigate the pathology
and cause-effect relationship of MS. An autoimmune model,
experimental autoimmune encephalomyelitis (EAE), is the
most widely applied model in the field of MS research.
Myelin basic protein (MBP) was the first identified antigenic
constituent of myelin, followed by many proteins like PLP
and MOG, which was used to create EAE. In this model, the



1060

model animals moved from nonhuman primates to the larger
rodents (rats, guinea pigs) to mice, taking advantage of ease
of handling and genetic tools (transgenics and knockouts).
Most studies are done with C57Bl/6 mice, where immu-
nization is performed by subcutaneous injection of MOG
peptide, emulsified in the Freund’s adjuvant and supple-
mented with Mycobacterium tuberculosis extract. Mice are
injected with pertussis toxin as a booster on the day of
immunization and 2 days thereafter. A RR-MS variant of the
demyelinating disease is reproducible in EAE in some
mouse strains, most prominently in SJL/J. Histopathology of
EAE mouse spinal cord shows the white matter is more
affected than gray matter, which is also seen in MS. Cells,
rather than serum is important for disease progression, and T
cell clones are found to mediate paralytic inflammation and
also react to short peptides of myelin proteins. Transfer of
these T-cell clones, by adoptive transfer, can solely transfer
the disease to non-immunized mice. Predominantly CD4 +
T cells are important and spinal cord is affected out of
proportion to brain regions in EAE (Bernard et al. 1976;
Waksman and Adams 1962; Yasuda et al. 1975). Major MS
drugs available currently including natalizumab, glatiramer
acetate (a mixture of oligomeric peptides) and fingolimod
were mainly studied in EAE, but these drugs are targeted
towards blocking adaptive-immune response and show less
efficacy in SP-MS. The EAE model is silent on few ques-
tions in MS research such as limited insight into MS disease
progression and remyelination phenomena in MS (Pelletier
and Hafler 2012; Steinman and Zamvil 2006; Yednock et al.
1992). In contrast to MS, where pathology is mainly
restricted to brain, EAE pathology is mainly spinal cord
restricted. Moreover, EAE, being a completely autoimmune
model, neither elucidate the role of innate immune cells/ B
cells nor elaborate on the importance of oligodendrocytic
death and neuroprotective approaches. The alteration of
CNS GIJs has been investigated in this model. The studies
showed that there was an acute depletion of Cx43 in initial
phase of disease, which was resolved during the chronic
demyelinating phase. The oligodendrocytic Cx47 was
reported to be reduced in and around the demyelinated
plaques. However, the mechanism of GJ alteration was not
completely investigated.

There are also the other models also to understand the
multifaceted etiology of MS. Toxic models of MS involve
administration of toxins to induce demyelination, which
overcomes concerns about timing and localization of loss of
myelin and enables the study of remyelination. Because
enhancing remyelination is envisaged to be crucial for
neuroprotection in MS and aims at halting the chronic pro-
gression of MS, toxin-induced models are important tool for
current translational research. There are two models, which
are used extensively. First, the copper chelator named
cuprizone (2% in chow) is fed to susceptible strains of 4—6-
week-old mice. Cuprizone induces dysfunction of
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mitochondrial complex IV, causing selective toxicity for
oligodendrocytes. Oligodendrocytes present in the corpus
callosum and hippocampus undergo apoptosis after 3 weeks
of cuprizone treatment. After the toxin is discontinued,
remyelination starts. This model provides insights into the
damage and repair of myelin and determinants of oligo-
dendrocyte cell death (Arnett ef al. 2001; Matsushima and
Morell 2001; Skripuletz et al. 2011). Another model uses
microinjection of ethidium bromide or recently used
lysophosphatidylcholine into white matter tracts which
causes prompt demyelination, followed by remyelination.
The model helps in examination of cell biological and
molecular determinants of remyelination (Blakemore et al.
1977; Blakemore and Franklin 2008). In contrast, this model
does not elucidate the role of immune cells, which is seen in
MS and poses potential challenges for interpreting the
responses of OPCs/stem cells, and other cellular mediators
of remyelination, performing important function due to the
dynamic nature of demyelination and remyelination. Alter-
ation of GJ remodeling has not been addressed in this model,
till date.

4. YViral models of multiple sclerosis

Current insights about potential infectious etiologies of MS
suggests that MS is most likely to be caused by a virus
because a good number of MS patients bear high concen-
trations of IgG in CSF and brain, which is manifested as
oligoclonal bands. Many chronic inflammatory CNS disor-
ders have an infectious etiology. In humans, several types of
demyelinating encephalomyelitis are associated with viral
infection, and in animal models infection with viruses
induces demyelination during chronic infection. For exam-
ple, paramyxovirus nucleocapsids and high concentrations
of antibody to measles virus were found in brains of patients
having subacute sclerosing panencephalitis (SSPE: a chronic
neuroinflammatory disease of both grey and white matter)
patients.  Progressive multifocal leucoencephalopathy
(PML), which is also a human demyelinating disease char-
acterized by rapidly progressive dementia and motor deficit,
was found to be caused by a Human papovavirus (JC virus)
infection in the oligodendrocytes in a patient with PML.
However, till date, no reproducible viral infection has been
isolated from the CNS of MS patients. A possible role of
human herpesvirus type 6 (HHV-6) and establishment of a
latent CNS infection in man has been associated with MS, as
HHV-6 protein and DNA have been identified in the neu-
roglial cells present in ‘active’ MS lesions. Oligoclonal
bands, associated with MS, have shown features of antigen-
driven response: like clonal amplification and extensive
somatic hypermutations. Thus it is strongly predicted that a
virus might be reactivated after years of latency and induce
oligodendrocyte damage or could initiate immunopathology,
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which might lead to demyelination. Hence, viral models of
MS are of prime importance to study immunopathogenesis
of MS as well as direct oligodendrocyte damage. Along with
these, viral models of MS elucidate direct virus induced
alteration of neuronal and glial cells, and viral-induced
‘neuroinflammation’. In general, viral infection induced
demyelination simultaneously uses two mechanisms: direct
infection to neural and/or glial cells and immune-mediated
(both innate and adaptive) tissue injury (Gilden 2005).

In animals, there are multiple viruses which induce
demyelination. For example, a few strains of mouse hepatitis
virus (MHV) or Theiler’s murine encephalomyelitis virus
(TMEV) infection in mouse, canine distemper virus infec-
tion in dogs, and Visna virus and caprine arthritis-en-
cephalitis virus infection in sheep and goats all induce
demyelination. Each of these viruses is able to establish
persistent infection in their host, so that there is sustained
virus replication over a long period of time, but without
killing the host. Even when the reproductive virus is in CNS,
inflammation/demyelination is observed. There are several
viral models of MS in which picornavirus TMEV and certain
strains of the coronavirus MHV infection in mice have given
useful mechanistic information on MS. In these models,
successful infection is a prerequisite for demyelination, and
the cause/effect relationship between viral infection and
demyelination, makes these models suitable for exploring
the etiology and pathogenesis of MS. Virus induced
demyelination is observed in the chronic disease phase,
which is associated with viral persistence. A biphasic disease
in the CNS, consisting of early acute meningoencephalitis
and late chronic demyelination is caused by the infection of
some strain of TMEV or MHV in the susceptible strains of
mice. Importantly, similar to MS patients, these models do
not exclude the factor of genetic predisposition. For exam-
ple, TMEV infection induced demyelination develops only
in SJL/J mice, but not in C57B1/6 mice and MHV-A59
induced demyelination is studied in C57Bl/6 mice only.
TMEV-induced demyelination mainly relies on CD8+
autoreactive cytotoxic T cells or regulatory T cells. In
addition, the antibody against TMEV cross-reacts with
oligodendroglial galactocerebroside (GalC), and passive
transfer of anti-TMEYV antibody is able produce demyelina-
tion similar to adoptive transfer of EAE. An acute focal
demyelination can be observed upon intracranial inoculation
with a TMEV-infected macrophage cell line, and depletion
of macrophage cells cures TMEV-induced demyelination.
There are also close similarities between TMEV-induced
demyelinating disease in animals and MS in humans, like
neuropathological similarities, including axonal damage and
remyelination, involvement of immune system and paucity
of T-cell apoptosis in demyelinating disease (Lipton and
Canto 1976; Lipton and Dal Canto 1976; Wroblewska et al.
1977). In contrast, this model does little to describe the role
of the innate immune system and initial immuno-
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pathogenesis. The pathogenesis of TMEV-induced
demyelination differs from that observed in MS because
persistent viral infection in the CNS of the MS patients has
not been demonstrated.

Another model of virus induced demyelination is medi-
ated by neurotropic strains of MHYV, which belongs to the
coronavirus family. The MHV-induced disease is dependent
on several factors including the age and strain of the mouse,
the infectious strain of MHV is being used, and the route of
virus inoculation. Closely related strains of MHV differ in
viral tropism and pathogenic properties. All strains are
hepatotropic (e.g., MHV-2), some are primarily neurotropic
(e.g., JHM, MHV-4: which induce severe encephalitis);
while others (e.g., MHV-A59 and MHV3) are equally hep-
atotropic and neurotropic (Houtman and Fleming 1996b;
Lavi et al. 1984; Stohlman and Weiner 1981). Highly neu-
rovirulent MHV-JHM or JHMV strain also suggests that
MH V-induced demyelination is primarily immune mediated.
The demyelination can be completely eliminated by elimi-
nation of functional T and B cells in RAG knockout mice,
which can be further reversed upon transfer of splenocytes
from immunocompetent mice. CD44+ or CD8+ T cells
suffice for MHV-JHM induced demyelination (Houtman and
Fleming 1996a; Knobler ef al. 1981; Sussman et al. 1989).

The neurotropic strain, MHV-A59 induces a biphasic
disease, where hepatitis and meningoencephalitis are
observed in the acute phase of infection (day 5-6 p.i.) and
chronic demyelination and axonal loss are observed in the
chronic phase of disease (day 30 p.i.). Demyelination is
histopathologically observable or it is accompanied by
chronic hind limb paralysis. Both MHV-JHM and MHV-
AS59 cause inflammatory demyelination in the CNS (which is
mainly scored on basis of spinal cord histopathology, as
spinal cord has a defined clear grey/white matter structures)
whereas MHV3 only causes vasculitis. The spike gene is of
primary determinant of demyelination, as it is a major
determinant of tropism and virulence CNS cells (Bender and
Weiss 2010). MHV-A59-induced demyelination develops in
the absence of B and T cells (Matthews et al. 2002a, b).
Furthermore, depletion of pan-T cells after the acute stage of
infection does not reduce demyelination. MHV-A59 induced
demyelination is majorly caused by activation of microglia
and this model elucidates the crucial role of the innate
immune system in this neuroinflammatory disease. Different
related strains of MHV induce demyelination via different
mechanisms. For example, induced demyelination is
believed to be the result of lytic infection of oligodendro-
cytes. It is noteworthy that some strains of MHV infection
can induce demyelination in the absence of intact immune
responses. Current research uncovers that direct virus
induced CNS cell damage or virus-persistence induced
altered cellular physiology is a key player of virus-induced
demyelination. In contrast, MHV-2, a weakly neurotropic
virus (closely related to MHV-AS9), differs in the capability
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of persisting in CNS and cannot cause demyelination (Das
Sarma et al. 2000). For MHV-A59, viral genome persists in
the white matter of infected mice during the chronic
demyelinating phase and it is suggested that glial cells,
specifically astrocytes, may be the site of viral persistence
during the disease (Das Sarma et al. 2008; Lavi et al. 1987).
In contrast, how astrocytes take part in virus-induced
demyelination and which molecules are affected due to
persistent viral infection remains largely unknown. The
neuropathological hallmarks and pathophysiology exerted
by demyelinating stain of MHV in acute and chronic stage of
inflammation is depicted in figure 1.

A key feature of demyelinating strains of MHVs is
reported to be their specific utilization of microtubule (MT)-
network. Herpes simplex virus 1 (HSV-1) is able to utilize
the MT network for cellular trafficking of virions and viral
glycoproteins to deliver the virus to its release sites (Mingo
et al. 2012). Vaccinia virus is reported to take the help of
cytoskeletal elements like both MT networks and actin fil-
ament for viral egression (Hollinshead e al. 2001). Aden-
ovirus entry to the host cells is also mediated by MT-network
and associated molecular motors, which are used for retro-
grade transport (Yea et al. 2007). The adeno-associated virus
(AAV) also displays unidirectional retrograde movement on
MTs, from the cell periphery to the nuclei (Xiao and
Samulski 2012). Virus mediated utilization of cytoskeletal
network also can disrupt normal cellular processes and
trafficking. For example, NSP-4, a rotavirus membrane
glycoprotein, binds to the MTs and arrests normal cellular
ER-to-Golgi trafficking (Xu et al. 2000). Ebola Virus Matrix
Protein VP40 interacts directly with MTs. Many viruses also
use the associated molecular motors for trafficking to the cell
surface (Ruthel et al. 2005). It has been shown that the
Hantaan virus (a negative stranded RNA virus) nucleocapsid
protein takes the help of MTs for intracellular trafficking and
the retrograde movement occurs via molecular motors such
as dynein (Ramanathan et al. 2007). In addition, during
adenovirus infection, cytoplasmic dynein is reported to
mediate interaction between viral capsid and MTs (Kelkar
et al. 2004). A neurovirulant strain of MHV, MHV-JHM,
specifically uses the MT network for transneuronal spread
and viral trafficking (Pasick et al. 1994). Though RSA59, a
demyelinating recombinant strain of MHV-A59, is shown to
specifically use MT networks for intercellular spread, direct
cell-biological alteration associated with viral trafficking was
not shown (Biswas and Das Sarma 2014).

As the glial cells, like astrocytes and oligodendrocytes are
believed to be the primary sites of viral persistence, the
alteration of glial cell function have a high impact in this
viral model of demyelination. As described, the demyeli-
nating strain of MHV, MHV-AS59, has two major patholog-
ical peaks: peak of inflammation (acute phase: day 5 p.i.)
and peak of demyelination (day 30 p.i.). (Das Sarma et al.
2000; Lavi et al. 1984, 1986). In this viral model of MS,

R Basu and J Das Sarma

Figure 1. MHYV infection as a model of gliopathy and demyeli-»
nation. The demyelinating stains of MHVs cause meningitis
(A) and encephalitis (B, C). The chronic infection in CNS is
majorly restricted to brain and causes demyelination (D) and axonal
loss (E). During acute phase, brain astrocytes are infected as
demonstrated by colocalization of GFAP and viral-N staining (F).

MHV-A59 infects neurons and other glial cells. Previous
studies as well as recent findings showed that astrocytes
were infected, in vivo, in MHV-A59 infected C57B1/6 CNS.
Although astrocytes were primarily uninfected in spinal
cords upon infection with both demyelinating and non-de-
myelinating strains of MHYV, demyelinating recombinant
strain of MHV (Kenyon et al. 2015), RSA59 was able to
infect astrocytes in brain (Das Sarma et al. 2008). Similarly,
in primary astrocyte culture, MHV-A59 is reported to induce
persistent viral infection. Viral infection in primary astro-
cytes continues to be present for a long period of time,
without showing obvious cytopathic effects (CPE) and cell
death, even at a high dose of viral inoculum (Lavi et al.
1987). These preliminary studies did not elucidate the role of
persistent viral infection in astrocytes and whether they were
directly involved in producing demyelinating disease.
Pathological and functional changes of astrocytes and
astrogliosis are associated with MS. As discussed in the
previous section, astrocytes are important in maintenance of
cell-to-cell communication and CNS homeostasis, which is
mediated by GJCs. Altered GJ communication in panglial
system, which is mainly mediated by astrocytes, are believed
to crucially involved in expansion of demyelinated plaques
(Markoullis et al. 2012). Based on these basic findings,
infection with demyelinating strain of MHV is hypothesized
to remodel GJ expression in astrocytes, which, in turn, is
predicted to be involved in initiation and progression of
demyelinating disease.

5. Alteration of gap junctions in viral model of multiple
sclerosis

Previous studies demonstrated that alteration of GJ proteins
affect myelin formation, structure and function. Specifically,
alteration of Cx43 and Cx47 is highly associated with CNS
dysmyelination, and perturbation of oligodendrocyte func-
tion. In human demyelinating diseases also the GJ expres-
sion and function is retarded. Alteration of Cx protein
expression is evident in MS patient tissues as well as in
EAE. The most abundant GJ protein in the CNS, Cx43 is
initially downregulated and partially expressed in normal
level due to astrogliosis in chronic demyelinating phase.
Whereas, oligodendrocytic coupling partner of Cx43, Cx47
expression is mainly reduced during chronic phase of
demyelination. The loss of Cx43/Cx47 mediated GJCs is
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hypothesized to be a basis of perturbed astrocyte/oligoden-
drocyte homeostasis and playing a pivotal role in chronic
expansion of demyelinated plaques. Importantly, the GJs are
also observed to be localized in the intracellular compart-
ment, which demonstrates the GJ protein trafficking, channel
formation and function is restricted. All these studies are
limited to elaborate the mechanism of initial loss of Cx43
during acute inflammation, the restriction of GJ proteins in
the intracellular compartments and its role in chronic
neuroinflammation.

In a viral model of MS, MHV-AS59 infects astrocytes
in vivo. Astrocytes are predicted to be major sites of viral
persistence but the role of astrocytes in demyelination is not
well understood. This model of virus induced demyelination
is utilized to understand the basic role of astrocytes in the
perspective of altered localization, expression and function
of GJ proteins in the panglial network. Establishment of
primary astrocyte culture provided an excellent platform to
understand the cell biological basis of altered Cx43
expression and localization during acute neuroinflammation.
MHV-AS59 infection in astrocytes induced a reduced Cx43
protein and RNA expression. The depletion of Cx43 mRNA
might be due to short half-life of Cx43 and presence of AU-
rich region in the untranslated region (UTR) of Cx43 (Basu
et al. 2015). In addition, the synthesized Cx43 was restricted
in ER/ERGIC (figure 2). Therefore, the GJ plaque formation
and functional homotypic Cx43/Cx43 mediated channel
formation between astrocytes were diminished significantly
(Basu et al. 2015). Cx43 is also altered in the meningeal
fibroblast, an important part of BBB and this alteration has
important consequences during the MHV induced neuroi-
flammation (Bose et al. 2018).

The understanding of primary molecular mechanism was
the most important aspect of this study. Previous reports,
demonstrating that demyelinating strains of MHV specifi-
cally used MT network for viral trafficking was hypothe-
sized to be involved in altered localization of Cx43, as Cx43
is highly dependent on MT network to get delivered to the
cell surface. It was also seen that Cx43/MT interaction was
prominently perturbed in protein level and in the same time,
MHV-A59 directly interacted with MT-network. Imaging
based analyses evidently demonstrated viral particles
replaced Cx43, at the cell surface and Cx43/MT colocal-
ization was diminished in presence of demyelinating MHV-
AS59. Whether there is a direct competition for the molecular
motors or associated glued and capping proteins are
involved in this interaction demands further investigation.

The understanding of initial Cx43 expression, localization
and function, which was a long-standing question in the field
of MS (in the perspective of neuroinflammation and
demyelination), raised an obvious question whether Cx43 is
altered in vivo and it is associated with loss of oligoden-
drocytic GJ expression and loss of myelin. MHV-AS9,
which causes a clear biphasic disease in C57Bl/6 mice,

R Basu and J Das Sarma

Figure 2. Neurotropic demyelinating strain of mouse hepatitis
virus (MHV-A59) infection leads to downregulation and intracel-
lular retention of Connexin43 in neonatal mouse brain derived
primary astrocytes. The illustration is an amalgamation of
immunofiuorescence images of primary astrocytes, stained with
either MHV-A59 nucleocapsid (N; green) and Connexin43 (Cx43;
red in large central panel and top left inset) or GFAP (green) and
Cx43 (red in bottom right inset). Nuclei were counterstained with
DAPI (blue). The large central panel is MHV-A59 infected
primary astrocytes where Cx43 was retained in the intracellular
compartment, specifically in the virus infected cells. In the same
culture, the cells which were not infected by MHV-AS59, Cx43 was
present as prominent puncta at the surface of two adjacent cells.
The image is modified using Adobe Photoshop for a better
understanding of Cx43 localization in uninfected and infected
cells. The top left inset is a magnified infected single astrocyte
where intracellular compartment retained Cx43 mostly colocalized
with anti-N staining in a perinuclear compartment. The bottom
right inset is a magnified uninfected single mock infected cell
where discrete Cx43 puncta were present at the cell surface of
GFAP positive astrocyte.

served as an excellent model to assess the GJ expression
both during acute inflammation, directly initiated by viral
infection and also during chronic demyelination in absence
of infectious viral particles in the system. Similar to that of
observed in primary astrocyte culture in vitro, a reduced
expression was observed specifically in and around the
MHV-A59 infected area of mouse brain. The expression of
Cx43 in total protein and RNA level was also reduced in
acute phase. Cx47, being important in maintaining CNS
myelination, was evaluated for expression during acute
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Figure 3. Cell-to-cell communication and gliopathy in MHV
induced demyelination. Demyelinating stain of MHV can infect
astrocytes both in vivo and in vitro. This infection causes depletion
of Cx43 expression and also restricts Cx43 protein trafficking to
cell surface by a MT-dependent mechanism during acute phase of
inflammation. The loss of Cx43 induces persistent loss of Cx47,
which is associated with loss of myelin proteins.

infection. MHV-AS59 infection led to a small but significant
downregulation of Cx47. The stability and expression of
Cx47 is highly dependent on Cx43 surface expression
in vivo. In the chronic demyelinating phase, the Cx43
expression was replenished back to its normal expression
level. In contrast, Cx47 was sustained to be downregulated
in the MHV-AS9 infected brain. The persistent alteration of
Cx47 was associated with loss of myelin marker PLP in the
major white matter tracts of brain (Basu et al. 2017). The
summary of the work and outcomes are shown in the
figure 3.

6. Conclusion

The review reports show that virus infection can induce
downregulation and alters MT-dependent trafficking of
Cx43. Virus induced alteration in gap junctional intercellular
channel formation is initiated with remodeling in astrocytes
and meningeal fibroblasts and exerts panglial communica-
tion with oligodendrocytes mediated by Cx43/Cx47 chan-
nels. These findings finally give rise several questions like:

e Whether the virus induced ER-stress and GJ associated
chaperones could be involved in altered expression of GJ
proteins, or which MT associated motor and glued
proteins could be associated with MHV-A59 induced
altered Cx43/MT interaction.
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e  Which pathogenic or host factors selectively downreg-
ulates Cx43 mRNA and protein expression.

e What is the putative molecular mechanism behind Cx43-
induced persistent loss and destabilization of Cx47 in
MHV-A59 induced model of MS.

o  Whether Astrocyte specific targeting and overexpression
of GJ specific chaperones might be a fruitful approach to
increase the delivery of Cx43 to the cell surface. It is
plausible that improvement of Cx43 delivery and GJC
formation in cell surface might be helpful in restoring the
perturbed homeostasis during virus induced neuroin-
flammation and might induce cessation of chronic
expansion of demyelinated plaques. However, spatio-
temporal, tissue specific targeting of specific Cx protein
in vivo, can pose potential challenges for therapeutic
implication of targeting the Cx proteins.
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