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Abstract The integumentary system comprises the skin
and its appendages, which includes hair, nails, feathers,
sebaceous and eccrine glands. In this review, we focus on
the expression profile of connexins and pannexins
throughout the integumentary system in mammals, birds
and fish. We provide a picture of the complexity of the
connexin/pannexin network illustrating functional impor-
tance of these proteins in maintaining the integrity of the
epidermal barrier. The differential regulation and expres-
sion of connexins and pannexins during skin renewal,
together with a number of epidermal, hair and nail abnor-
malities associated with mutations in connexins, emphasize
that the correct balance of connexin and pannexin expres-
sion is critical for maintenance of the skin and its
appendages with both channel and non-channel functions
playing profound roles. Changes in connexin expression
during both hair and feather regeneration provide sugges-
tions of specialized communication compartments. Finally,
we discuss the potential use of zebrafish as a model for
connexin skin biology, where evidence mounts that dif-
ferential connexin expression is involved in skin patterning
and pigmentation.
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Introduction

The skin is a highly complex and organized organ that
provides a protective barrier against the external envi-
ronment by physical agents, such as mechanical forces
and ultraviolet radiation, chemical irritants, biological
pathogens and water loss in land vertebrates [1]. In man
and some other mammals, it also contributes to waste
excretion and thermal regulation by sweating, and pro-
vides mechanical support for underlying tissues. In
reptiles, birds and mammals, the skin has a number of
appendages, ducts and glands that contribute to these
functions, and taken together they are called the integu-
mentary system. The appendages include hair and hair
follicles, scales, feathers, hooves, nails, sweat and seba-
ceous glands [2].

The skin has three major layers, namely the outer epi-
dermis, the inner dermis and the lower hypodermis. In land
vertebrates, the epidermis forms the outer differentiated
and stratified squamous epithelium of keratinocytes from
which the appendages are derived and which forms the skin
barrier [3]. The dermis, a connective tissue rich in extra-
cellular matrix (ECM) components synthesized by dermal
fibroblasts, contains the blood supply and nerves that
support the avascular epidermis and appendages. The
hypodermis consists of loose connective tissue that
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contains fibroblasts and subcutaneous fat. As the blood
supply of the skin is limited to the dermis and hypodermis,
a system of cell-cell communication is required in the
epidermis to carry nutrients and cell signals to the outer
skin layers [4].

One of the major components of this communication
system within the epidermis is the gap junction network.
Gap junctions consist of connexin (Cx) protein subunits, a
family of highly conserved channel-forming proteins that
assemble to form hexameric connexin hemichannels in the
endoplasmic reticulum and Golgi apparatus, and are sub-
sequently trafficked and inserted into the plasma membrane
[4, 5]. Connexons are generally closed; however, they can
be triggered to open in cellular stress, with increasing
evidence pointing towards a role in purinergic signalling
pathways and inflammatory-mediated events [4, 6-8].
Ultimately, connexin hemichannels align and dock with
those from neighbouring cells to form dodecameric inter-
cellular communicating gap junction channels. The
channels enable the direct exchange of small ions,
metabolites and cell signalling elements between cells [4,
5, 9]. In man, 21 connexin subtypes have been identified,
with up to 10 different connexin family members differ-
entially expressed throughout the epidermis [10], where
they play a role in coordinating cell proliferation, migration
and differentiation events, although species variation in
expression profiles does occur [11].

In addition to these connexin channels, the related
pannexin (Panx) channels are also present in cell mem-
branes and have complementary roles to the connexins
[12-16]. Unlike connexins, pannexins are glycoproteins
that also oligomerize to form channels that are trafficked to
and inserted into the plasma membrane, although they are
not reported to form intercellular communicating channels
[17]. Three different isoforms of pannexins have been
identified, namely Panxl, Panx2 and Panx3. Panxl is
widely expressed in many tissues, including skin, whereas
Panx2 is mainly found in the central nervous system. Panx3
has been reported to form channels in skin, osteoblasts and
chondrocytes. During normal development, all three pan-
nexins have been reported to have an important role in
different cell types. For example, Panx1 plays a role in
differentiation of keratinocytes [18], Panx2 in development
of neuronal cells [19] and Panx3 in osteoblasts [20]. In
addition, the expression of Panxl and Panx3 in different
layers of the skin has been reported, suggesting a role in
keratinocyte physiology, including wound repair [17, 18].
In most cell and tissue types studied to date, pannexins
form mechanosensitive channels that mediate the exchange
of adenosine triphosphate (ATP) between the cytoplasm
and extracellular space with consequences on purinergic
signalling networks and inflammatory-mediated events [15,
21-23].
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The structure and function of connexins in the skin
has been highlighted in several recent review articles [4,
24-28], which detail different aspects of their roles
particularly in hyperproliferative skin disorders, inflam-
mation and wound healing events. The study of
pannexins in skin is an emerging field, but the reader is
directed to reviews on pannexins [13, 16] and research
papers examining the roles of pannexins in skin [17, 29].
In this article, we will examine the skin as part of the
integumentary system, focusing on expression patterns
of connexins and pannexins in skin cells and appendages
in the steady state.

Connexins and pannexins in keratinocytes, dermal
fibroblasts and melanocytes

Connexins in keratinocytes and fibroblasts

The epidermis is a stratified epithelial tissue with many
different functional layers, formed by basal, spinous,
granular and cornified keratinocytes. Keratinocytes go
through a continuous growth and differentiation pro-
gramme, with stem cell-like cell division in basal
keratinocytes, giving rise to cells that differentiate and
progress through the different layers and are eventually
shed from the skin surface. A steady state normally exists
between the production of new cells from the basal layer
and the loss of terminally differentiated cells [3]. The cell
layers are characterized by the differential expression of
keratins and a range of cell-to-cell adhesion and junctional
proteins. Connexins are one of these, as well as pannexins,
tight junctions, desmosomes and adherens junctions. Ker-
atinocytes, the major cell type of the epidermis, express
Cx43, Cx45 and Cx40 from the alpha subfamily of con-
nexins, and Cx31, Cx31.1, Cx30, Cx30.3 and Cx26 from the
beta subfamily [10] (Table 1). These connexins are differ-
entially expressed throughout the stratified epidermal
layers. For example, while Cx43 is expressed in all ker-
atinocyte layers, Cx26 and Cx30 are only expressed in the
upper layers [4]. Each connexin type has differing perme-
ability properties with alpha and beta subfamilies generally
not forming heteromeric or heterotypic channels [30] and
this range of expression is believed to allow for commu-
nication compartmentalization within the keratinocyte cell
layers [31, 32].

Connexins have been described to have many channel
and nonchannel functions and in the epidermis are involved
in the regulation of the differentiation programme, control
of innate immunity [33] and wound healing processes [11,
34] amongst many other functions. The literature reveals
essential roles of gap junctions in cell proliferation,
migration and differentiation of keratinocytes and dermal
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Table 1 Examples of connexin and pannexin expression profile in the integumentary system

Tissue Cell type Connexin expression Pannexin Reference
expression
Epidermis Keratinocyte Cx43, Cx45, Cx40, Cx31, Cx31.1, Panx1, Panx3 44, 10, 25, 34-36]
Cx30, Cx30.3 and Cx26 b[zg, 46, 48]
Melanocyte Cx43 Panx|1 ab[51]
Langerhans cell - ND
Dermis Fibroblast Cx43, Cx45, Cx40 391
°[35, 48]
Hypodermis Fibroblast Cx43 Panx1 b[35, 48]
Sebaceous gland Cx43, Cx26, Cx30 Panx1, Panx3 454] h[46]
Eccrine sweat gland Cx43, Cx26, Cx30 Panx1, Panx3 "“b[46, 54]
Hair follicle Cx26, Cx43 Panx1, Panx3 435, 46, 64-67, 72, 73]
°[46]
Nail bed Cx43, Cx30 ND A77-79]
Chicken feather Keratinocyte and follicle Cx32, Cx31, [Chicken 31sim], ND 481, 82]
follicle cell [Chicken31] b [83]
Zebrafish Keratinocyte Cx43, Cx30.3 ND 4188, 89]
Skin pigmentation Xanthophore Cx41.8, Cx39.3 ND 194-97]
Melanophore
Iridophore

See text and references for details
# Denotes references to connexins

® Denotes references to pannexins

fibroblasts [25, 35, 36]. It has been shown that as the
homoeostasis and inflammation stage of wound healing
progresses, the expression of different connexins changes.
These changes can be observed about 6 h after the injury
has occurred showing downregulation of Cx43 in ker-
atinocytes at the wound edges. Downregulation continues
until 1-2 days after the injury had occurred. It has been
suggested that this decrease is correlated with keratinocytes
starting to migrate across the wound to close the epidermal
breach caused by the injury. Equally, while Cx43 expres-
sion is reduced in keratinocytes at the wound edges, Cx30
and 26, which are normally expressed at low levels, are
reported to be highly expressed during migration and only
return to their normal levels when complete wound closure
has occurred [26].

A central role for Cx43 in wound repair is now well
established. Evidence continues to mount that targeting
Cx43 to inhibit function and or expression with antisense
technologies, to block expression [37] or peptidomimet-
ics to inhibit function [38, 39] and/or Cx43 protein
interactions are effective in translational applications to
improve wound repair rates in normal and diabetic
individuals [40, 41]. Recent studies reveal that both
connexin channel and nonchannel functions are important
mediators in these events. Shifts in the phosphorylation
status of Cx43 and its interactions with cytoskeletal

proteins, including zonula occludens 1 and the actin
cytoskeleton, likely play a profound role during such cell
migration [42]. In the steady state of nondamaged skin,
the level of Cx43 expression is likely involved in con-
trolling cell cycle-mediated events, particularly within
the epidermal stem cell niche, where stem cells are
reported to have low levels of Cx43 expression. Within
the stratified epidermal layers, connexins are engaged not
only in the formation of intercellular gap junction
channels, but in cell-to-cell adhesion events associated
with the junctional nexus, critical for maintenance of the
stratified layers [5].

The beta connexins, particularly Cx26 and Cx30, are
detected at much lower levels in the epidermal layers and
are associated primarily with differentiated keratinocytes.
Further evidence towards the importance of this connexin
family in the epidermis is gleaned from dominant site-
specific mutations associated with hyperproliferative skin
disorders and epidermal dysplasia [24]. Cx26 and Cx30 are
also significantly upregulated in psoriasis, reenforcing that
regulation and maintenance of balanced connexin expres-
sion is central for normal epidermal integrity [43, 44]. As
psoriasis is associated with ‘flaky’ skin with decreased cell-
to-cell adhesion and hyperproliferation, one can speculate
that overexpression of beta connexins may play a role in
skin shedding. Indeed, in a recent report of lizard
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epidermis, it has been reported that Cx43 and Cx26 are
involved in forming epidermal communication compart-
ments associated with the shedding layer of lizard
epidermis [45]. However, the mechanism and role of
connexins in these events and whether channel or non-
channel functions are involved remain unresolved.

Pannexins in keratinocytes and fibroblasts

Both Panx 1 and Panx 3 have been identified in the
integumentary system, with expression evident in ker-
atinocytes, hair follicles, and sebaceous and eccrine glands
[46]. Immunohistochemical staining revealed Panx1 to be
present as focal puncti, indicative of channel formation,
while Panx3 was restricted to intracellular environs of
keratinocytes suggesting a different function. Furthermore,
studies with Panx1 knockout (KO) mouse models have
presented clues as to the relationship between Panxl
expression and epidermal function [29]. During early
development, Panx1 is clearly expressed in neonatal mouse
epidermis and hair follicles; however, by 12 weeks of age,
the level of Panx1 expression is dramatically reduced, with
a prevalence of glycosylated isoforms of the protein and
further reduced by 18 weeks. These data suggest an age-
related effect of Panxl in epidermal development. The
thickness of the skin was also found to be decreased in
Panx]l KO mice, while hypodermal fat was significantly
increased. The accumulation of adipose tissue is an
intriguing observation, as this tissue continues to emerge as
an active endocrine organ influencing diverse tissue func-
tions [47] and suggests that Panxl may play a role in
regulating its expansion. Despite the decrease of Panx1 in
aged skin, wound healing studies revealed that during the
early stages of wound repair, the protein is upregulated at
the wound edge, and wound closure rates, including dif-
ferentiation of fibroblasts into myofibroblasts, an event
critical for wound contraction to occur, was delayed in the
Panxl KO mice. Thus, these mechanosensitive ATP-re-
leasing channels play a central role in wound repair and
may complement events associated with connexins.
Indeed, the functions of both Cx43 and Panx1 in epidermal
homoeostasis are attributed to channel and nonchannel
functions. Following stimulation, ATP release from these
channels is likely to impact on purinergic signalling path-
ways, thereby activating downstream responses involved in
cell proliferation and differentiation, events that are
required for wound repair and epidermal renewal [48].
Furthermore, in a similar way to Cx43, recent studies have
identified intracellular scaffolding proteins that interact
with the carboxyl terminus of Panx1, suggesting a linkage
with the actin cytoskeleton, alterations in which may result
in consequences of actin cytoskeletal dynamics and cell
migration responses [49].
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Connexins and pannexins in melanocytes

Other resident cells of the epidermis are Langerhans cells,
the antigen-presenting dendritic cells, Merkel cells, which
are sensory receptors, and melanocytes [3]. There is a
paucity of information regarding the connexin and pan-
nexin expression profiles in the latter two cell types.
Melanocytes control the level of skin pigmentation by a
specialized subset of basal epidermal cells that synthesize
melanin [50]. Description of melanocyte connexin and
pannexin expression has been mainly garnered from studies
investigating melanoma progression and both Cx43 and
Panx1 have been implicated. In recent studies, Panx1 was
reported to be significantly upregulated in B16 melanoma
cells [51]. Knockdown of Panxl was associated with
reduced P-catenin expression, an interesting observation
given that the Wnt/B-catenin signalling pathway is
involved in the transformation of melanocytes and pro-
gression to malignant melanoma, the most deadly form of
skin cancer [50]. Knockdown of Panx1 was also associated
with decreased melanin synthesis, cell migration and pro-
liferation rates, important characteristics of transformed
melanocytes, suggesting that Panx1 plays a role in malig-
nant melanocyte progression and highlighting the
importance in maintaining appropriate Panxl expression
levels with the epidermis [51].

Connexins and pannexins in sebaceous and eccrine
sweat glands

Sebaceous glands

The sebaceous glands are derived from a subset of transient
amplifying stem cells held within the epidermal stem cell
niche. They secrete an oily sebum that acts as a surface
lubricant, protecting the skin and providing an environment
for both commensal and pathogenic skin microbiota to
thrive. They also actively respond to neuroendocrine
responses and regulate localized homoeostasis, including
lipid signalling pathways [52]. Disturbances in sebaceous
gland lipid composition can result in a variety of defects in
normal barrier function and provide niches for growth of
opportunistic pathogens, including Propionibacterium
acnes [53]. Tt is evident that sebocytes communicate by
both paracrine and autocrine signalling pathways. Cx43,
Cx26, Cx30 and Panxl have all been identified by
immunohistochemical staining in sebaceous glands, where
both Cx43 and Panxl were observed as a punctate stain
[46]. Evidence for a functional role of Cx43, Cx26 or
Panx1 is lacking; however, mutations arising in Cx30 that
cause the rare genetic disorder Clouston syndrome suggest
an important role for Cx30 in sebaceous gland function
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[54]. A mouse model for Clouston syndrome expressing
the Cx30 mutation A88V developed enlarged sebaceous
glands and could be phenotypically identified from wild-
type litter mates by development of greasy fur. In vitro
cell-based assays determined that this mutation evoked an
open hemichannel state, suggesting that altered purinergic
signalling pathways are likely involved in the pathology
[54].

Eccrine sweat glands

Eccrine sweat glands are characterized by a small gland
and a long thin duct opening at the skin surface. They play
a central role in regulating body temperature and secrete
water-based and salt-based liquid. In man, these glands are
extensively distributed throughout the body, but highly
concentrated on the palms and soles of adult human skin
[55]. By contrast, most domestic animals lack eccrine
sweat glands, although the mouse has them exclusively on
the paws with the trunk skin lacking them altogether.
Intracellular staining for Panxl and Panx3 has been
reported in ductal regions of eccrine glands, with Panxl
being absent in the secretory unit, while Cx43 was located
as focal structures [46]. Cx26 is the major connexin
expressed in eccrine sweat ducts; however, it is not present
in the secretory coils in man. A functional role is unclear as
these glands are reported to be clinically normal in patients
harbouring null and dominant Cx26 mutations. Cx30 has
also been reported to localize in eccrine sweat gland
vicinities. A functional role for Cx30 is highly likely, as
several case studies of Clouston syndrome, associated with
mutations in Cx30 have reported the development of
eccrine syringofibroadenoma, a rare benign neoplasia
associated with the eccrine sweat glands [56]. It is also
noteworthy that many patients with dominant mutations in
Cx26 develop hyperproliferation in palmoplantar regions,
where these glands are highly prevalent [24, 57, 58].

Connexins and pannexins in hair and nails
Hair connexins and pannexins

Hair is a skin appendage that is anchored in the dermis or
hypodermis by the hair follicle or root. The hair follicle is a
complex structure made up of several different layers or
regions, including the dermal papilla, formed of fibroblasts,
the matrix, the outer root sheath (ORS) and inner root
sheath (IRS) of the follicle, the bulge region and the hair
shaft. Hair is produced via the regulated hair cycle and
depending on this hair follicles may be active or quiescent
[3]. Connexins have been found to be expressed in hair
follicles and may be associated with hair development [59].

During human hair development in the foetus, at
midgestation, Cx26 expression was found to be most
intense in the outermost layer of the ORS, in contrast to
Cx43 expression, which was in the inner layer of the ORS.
In the bulge region, only Cx43 was expressed in a subset of
cells [60]. This expression profile is altered in the adult,
where Cx43 is no longer thought to be present in the hair
bulge [61]. In the adult, Cx43 is expressed in the follicular
papilla and is involved in hair cycle control [46, 62, 63].
The dermal papilla regulates the development of the epi-
dermal follicle and relies on signals, including the wnt/B-
catenin signalling pathway, to control the hair growth cycle
[64]. In addition, Cx43 is present in the IRS and ORS of the
hair follicle, the cortex, connective tissue sheath, cuticle
layer of the hair shaft, Henle layer, Huxle layer, cuticle
layer of the IRS and medulla, but not in the hair shaft itself
[35, 46, 62]. Cx26 and Cx30 are also expressed in ker-
atinocytes of the hair bulge [10], while Cx30 is additionally
present in the ORS [65]. In mouse and rat, Cx26 expression
has also been noted in the hair root, both the IRS and ORS,
and medulla of shaft, as well as the germinal matrix and
dermal papillae [62, 63], with gap junction communication
in the germinal matrix demonstrated by dye transfer studies
[62, 66]. Connexin expression in the hair follicle depends
on the hair cycle stage. At the late anagen stage, Cx43 and
Cx26 appear in the lower and middle portions of active hair
follicles, being coexpressed in the ORS, IRS in partially
keratinized layers and cortex and proliferating matrix.
However, no Cx26 expression is seen in the resting hair
root [63].

A significant role for Cx43, Cx26 and Cx30 is highly
likely in the control of hair growth, as mutations in these
genes give rise to specific syndromes with apparent hair
abnormalities. In the case of Cx43, a number of mutations
in the GJA1 gene, which encodes Cx43, are associated with
the rare genetic condition oculodentodigital dysplasia
(ODDD) [67]. This condition manifests in abnormalities,
such as syndactyly, camptodactyly craniofacial abnormal-
ities, enamel loss and microdontia. People with ODDD also
have hair that is dry, dull, sparse and slow growing and has
altered hair fibre morphology [35]. Hair cuticle formation
in ODDD patients is also affected. The mutations tend to
lead to reduced gap junction coupling, suggesting that
Cx43-mediated signalling events contribute to synchro-
nization of the hair growth cycle [35]. As discussed, Cx43
plays distinct roles at various stages of wound healing and
within cell types that are involved in wound repair. Anal-
ysis of cell proliferation and migration events in in vitro
scrape wound assays in fibroblasts isolated from ODDD
patients revealed deficiencies in the ability of cells to
proliferate, migrate and differentiate, further reenforcing
the importance of correct Cx43 balance function in the skin
[25].
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Recessive mutations in Cx26 are the leading cause of
nonsyndromic hearing loss with 50 % of reported cases
having mutations in GJB2, the gene encoding Cx26 [28,
68]. The most common mutation is 35delG, effectively
rendering a Cx26-null mutation. Individuals harbouring this
mutation and others with recessive Cx26 point mutations
have been reported to have a thickened epidermis, leading
to suggestions of heterozygous advantage associated with
decreased risk of infections [69-71]. Furthermore, 85 % of
patients with Cx26 mutations presented with abnormally
thin hair, with degeneration of the hair cuticles and ragged
scales on the hair evident. The mineral content of the hair of
these patients was also different from controls with elevated
levels of sodium, calcium and potassium and lower levels of
sulphur than normal hair [72]. Low levels of sulphur in hair
from a patient with keratitis ichthyosis deafness syndrome
[73], associated with gain-of-function mutations in Cx26
[74], has also been reported and is suggestive that the low
cystine levels are related to the thin hair phenotype.
Although the molecular mechanisms underlying these
events remain unresolved, these observations again reen-
force the concept that maintaining the correct balance and
function of Cx26 is critical for a healthy hair cycle. Cx30 is
also highly likely to be important, particularly as a symptom
of Clouston syndrome is severe alopecia and hair loss,
although this was not highly evident in the A88V mouse
model and may reflect species variation in connexin func-
tion and expression [75-77].

Pannexin expression has recently been identified in the
IRS and ORS of hair follicles, but not in hair shafts.
However, the role of pannexins in hair development is
currently unclear [46].

Nails

Phenotypic characteristics of Clouston syndrome also
includes hypertrophic nail dystrophy, suggesting Cx30 is
important in the nail bed, particularly as this symptom is
not seen in patients with other beta connexin-related skin
disorders [24, 77-79].

Connexin and pannexin expression
in the integumentary system of birds

Connexins are not only expressed in mammals, but have
related orthologues in both birds and fish with accumulat-
ing evidence that they play an important role in the
integumentary system in these classes of vertebrates. Avian
skin has greater similarity to mammalian skin than fish. In
birds, the feathers are orthologues of hairs and the feather
follicle development and growth cycle has many similari-
ties to the mammalian hair follicle, but is a more complex
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process. Developmental steps include branching morpho-
genesis to generate the rachis and barbs of the feather bud.
The process of morphogenesis takes place in the embryonic
skin, where pimp-shaped germs are formed into hairy-like
filaments. Barb ridges containing feather cells are formed
inside feather filaments. There are two types of differen-
tiating cells called barb cells and supportive cells, and also
two types of barb cells known as medullary or central and
peripheral or cortical. Feather keratin accumulation occurs
during the maturation of barb and barbule cells. Barbule
cells remain to form mature feathers. After downfeathers,
the first generation of feathers, a second generation known
as juveniles, are produced. These juveniles derive from
proliferation of stem cells, which are localized within the
lower part of the feather follicle called the collar. The
collar eventually gives rise to the sheath [2]. Ultrastructural
studies revealed that numerous gap junctions are present in
the early development of the feather follicle, with Cx26
having a close association with keratin and occludin
staining between the barb medullary, barb cortical and
barbule cells during formation of barbs [80]. Many of the
connexins expressed in chicken have a high level of
homology with mammalian counterparts, including Cx43,
Cx32 and Cx31. However, two sequences closely related to
Cx26 and Cx30, chicken31sim and chickenCx31, respec-
tively, have been identified [81]. Using antibodies targeted
to these two novel connexins and a panel of antibodies
targeted to mammalian Cx45, Cx43, Cx32 and Cx31,
Meyer and group recently performed a detailed immuno-
histochemical analysis of connexin expression during
feather follicle development [82]. This study revealed that
connexins are differentially expressed throughout the
development process, suggesting distinctive connexin-
specific roles. Cx45 was not detected; however, Cx43 was
intensely expressed throughout all the steps of develop-
ment and chicken 31sim, Cx30, Cx31 and Cx32 were
spatially and temporally expressed. Cx26 or chicken31sim
was expressed throughout the developmental programme,
being prevalent in the barb ridges of early feathers and
keratinizing cells of the feather quill. Cx30 or chicken31
was not detected until day 10 of development and was
associated primarily with proliferating fibroblasts with
intense staining evident in the developing feather follicle.
Cx31 and Cx32 were also detected, with Cx31 predomi-
nantly expressed in dermal fibroblasts and linked with
collagen fibre bundle formation. Cx32 was located in
fibroblasts just below the epidermal cell layers and in blood
vessels associated with the adult feather. Although the
functional implications of this diverse connexin expression
network within the chicken integumentary system are
unresolved, it is evident that this network is important in
forming communication compartments within the feather
follicle niche [45, 82].
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Pannexin 1 is expressed in chicken skin, although no
information is currently available on developmental pro-
files [83].

Zebrafish as a model for connexin skin biology
Connexin expression in zebrafish epidermis

The zebrafish (danio rerio) is increasingly used as a model
system for diverse tissue developmental and pathological
studies including the retina and auditory system [84, 85].
The zebrafish genome sequence has about 70 % homology
with the human genome with 37 unique connexin ortho-
logues identified [81]. There are advantages in using
zebrafish, in that they are easy to bred, have transparent
embryos and their gene expression can be easily manipu-
lated [86, 87]. Although zebrafish skin has more similarity
to internal mammalian secretory epithelial tissue and lacks
a functional stratum corneum and genes required for ter-
minal differentiation, it is emerging as a popular model for
skin biology research. By day 6 postfertilization, the zeb-
rafish epidermis is composed of two distinctive cell layers
separated by the basement membrane. In adult fish, there is
a multilayer epidermis that is clearly visualized by scan-
ning electron microscopy. Zebrafish express a number of
epidermal markers, including keratins 1 and 5, and share
many characteristics with developing human epidermis and
are widely used for models of skin disease [87]. The con-
nexin expression profile of zebrafish epidermis has been
characterized, with Cx30.3, the orthologue of Cx26,
strongly expressed in the fins and outer epidermal layers. It
also plays a central role in zebrafish auditory function
similar to human Cx26 [88]. The importance of Cx43 in
zebrafish epidermal development was revealed by studies
using Cx43 nonfunctional mutations that produced zebra-
fish with short fins, suggesting a role for Cx43 signalling in
fin development [89]. A fin-snip model is becoming a
popular means to study wound healing dynamics, and
zebrafish studies have been shown to mirror that in mam-
malian wound healing [90] where Cx43 has been shown to
play a role in fin regeneration [91]. Such observations
suggest that zebrafish may provide alternative means to
model the dynamics of connexins and pannexins in epi-
dermal repair, cell migration and proliferation events.

Connexins in skin pigmentation and patterning

Zebrafish skin is highly pigmented and exhibits diversity in
skin patterns. As such, it is a valuable model to study
pigmentation patterning that is an important feature for
measuring an animal’s likelihood for survival and mating.
It is also an essential parameter for evolutionary adaptation

by a species to its environment [92]. Wild-type zebrafish
have three classical stripes derived from specific subpop-
ulations of pigment-producing cells, namely melanophores
(black pigmentation), xanthophores (orange pigmentation)
and iridophores (silver pigmentation), with interactions
between these cell types believed to be involved in dif-
ferential pattern development. These cells emerge during
metamorphosis between 2 and 6 weeks of development. A
horizontal myoseptum provides morphological prepattern-
ing. Iridophores appear in this region of the skin and
proliferate and spread to form the first light stripe. As they
spread further ventrally and dorsally, two dark stripes form
and their appearance changes. As the next light stripes
form, larval xanthophores start to proliferate and reorga-
nize into densely packed cells above the iridophores.
Finally, melanoblasts migrate along the spinal nerves into
the skin, where they finally differentiate and expand to fill
the space [93]. Throughout development, these -cells
interact with one another and are important for generating
the final skin pattern. Genetic analysis has revealed a panel
of genes expressed in the pigment-producing cells that are
responsible for these phenotypic characteristics of zebrafish
skin. In addition to the stripy wild-type zebrafish, the most
widely studied class of mutants is the leopard (leo) phe-
notype that displays spots and wavy broken stripes. The leo
gene was identified to encode a unique fish connexin,
Cx41.8, the orthologue of mammalian Cx40, encoded by
GJAS [94]. Further elegant studies illustrated that muta-
tions in Cx41.8 were responsible for the loss of the wild-
type zebrafish stripe patterns. Genetic studies revealed that
a variety of other zebrafish connexins, including Cx44.1,
Cx45.6 and Cx48.5, were able to rescue the leopard phe-
notype [95, 96]. Interestingly, Cx43 was unable to do so,
but rat Cx40, the mammalian orthologue of Cx41.8, was
[95]. Cx39.4 has also recently been implicated in skin
pattern variation with the luc phenotype associated with
mutations in Cx39.4 displaying similar phenotypic traits to
the leo phenotype [97]. Cx41.8 and Cx39.4 are expressed
in melanophores and xanthophores and the above studies
clearly illustrate that heterotypic gap junction coupling
between these specialized subsets of pigment-producing
cells plays a profound role in development of skin patterns
[97]. Whether this holds true with mammalian counterparts
remains to be determined. Clearly, models are now in place
to further identify the functional implications of connexin
signalling in skin pattern development.

Conclusion
Connexins and pannexins illustrate diverse expression

patterns throughout the epidermis and its appendages. The
functional implications in wound healing and epidermal
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barrier formation are increasingly understood with ready
access to animal models and ex vivo skin models from
patient-related material. Their functional roles in skin
appendages are less clear. Many of these appendages are
difficult to study in ex vivo situations and advanced tridi-
mensional model systems are increasingly required.
Challenges ahead are to develop highly specific connexin
and pannexin channel blockers and methodologies to study
connexin and pannexin signalling patterns in these
appendages.
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