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Abstract: Central nervous system (CNS) homeostasis is closely linked to the delicate balance of the
microenvironment in which different cellular components of the neurovascular unit (NVU) coexist.
Intercellular communication plays a pivotal role in exchanges of signaling molecules and mediators
essential for survival functions, as well as in the removal of disturbing elements that can lead to related
pathologies. The specific signatures of connexins (Cxs), proteins which form either gap junctions (GJs)
or hemichannels (HCs), represent the biological substrate of the pathophysiological balance. Connexin
43 (Cx43) is undoubtedly one of the most important factors in glia–neuro–vascular crosstalk. Herein,
Cxs signatures of every NVU component are highlighted and their critical influence on functional
processes in healthy and pathological conditions of nervous microenvironment is reviewed.

Keywords: intercellular communication; astrocytes; microglia; neuroinflammation; neurodegeneration;
connexin 43

1. Introduction

Intercellular communication is a fundamental process of cellular homeostasis in living
organisms in which coexisting cell types communicate with each other and the surrounding
microenvironment, optimizing and adapting their functions to their context. On the one
hand, this delicate homeostatic balance is modified by many factors which may lead to
dysfunction and disease, ranging from cancer to degenerative disorders, if they create
an unbalance in the microenvironment’s composition [1–10]. On the other hand, the mi-
croenvironment’s composition is overseen by factors that restore coexistence and, therefore,
suitable physiological conditions. The modulation of these mechanisms is able to establish
a homeostatic balance in favor of cellular life or to drive cells to a pathological state and
death [11–14]. The central nervous system (CNS) includes a heterogeneous population of
cells integrated in a complex communication network which guarantees homeostasis and
a permissive milieu for the activity of nerve cells. Communication within and between
different compartments typically relies on direct cell–cell coupling via gap junctions (GJs)
and indirect cell–extracellular compartment communication via hemichannels (HCs).

Connexins (Cxs) are composed of four transmembrane domains, two extracellular
loops, one intracellular loop and one intracellular carboxy-tail (Figure 1). They represent the
core proteins of GJs and HCs. Each HC has six Cxs units; two HC units on the membrane of
two adjacent cells form a GJ. Cxs’ composition qualifies homomeric and heteromeric HCs
and homotypic and heterotypic GJs [15,16]. HCs allow exchanges between the intracellular
compartment and the extracellular milieu.

There are at least 21 genes encoding Cxs in humans, each one named according to its
theoretical molecular mass in kDa and with a specific expression profile in CNS cells [16–18].
In this regard, astrocytes mainly express Cx43, neurons express Cx36, oligodendrocytes
and microglia express high levels of Cx32, and endothelial cells express Cx40 and Cx43;
however, cells dynamically modify their Cx signature in response to specific stimuli or
during pathological processes [16].
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18]. In this regard, astrocytes mainly express Cx43, neurons express Cx36, oligodendro-
cytes and microglia express high levels of Cx32, and endothelial cells express Cx40 and 
Cx43; however, cells dynamically modify their Cx signature in response to specific stimuli 
or during pathological processes [16]. 

HCs and GJs allow molecules up to one kDa, including metabolites, nutrients, ATP, 
and second messengers, to pass through membranes. In addition to forming opened or 
closed pores, both structures represent selective frontiers based on their Cxs composition 
and are strictly modulated by a number of mediators, including voltage, pH, calcium 
level, kinase activity, metabolites, and signal molecules [19–22]. 

In this scenario, CNS cells, including neurons, glial cells, endothelial cells, and peri-
cytes, form the so-called neurovascular unit (NVU), in which each component participates 
to orchestrate and maintain homeostasis in terms of ions composition, trophic factors, en-
ergy substrates, and removal of waste products [23–25]. The NVU is the core structure of 
the blood–brain barrier (BBB); physiologically, it acts as a highly selective barrier function, 
separating the CNS from the periphery, protecting the multicellular nerve framework 
from ionic fluctuations, and ensuring the elimination of brain metabolic waste [26–28]. 
The NVU is characterized by an efficient structural system based on a mutual and syner-
gistic collaboration between its cellular components. Compelling evidence suggests that 
modulation of glial and neuronal GJs and HCs at the NVU level represents an efficient 
strategy to control permeability, blood flow, and metabolic trafficking, highlighting its 
potential therapeutic role for neurodegenerative diseases [26–29]. Thus, Cxs are primary 
contributors to the NVU’s critical role in the BBB’s operation. 

This review highlights the Cxs signatures of NVU components (Figure 1) regarding 
their role in maintaining the CNS’s delicate homeostatic balance and in disease pathogen-
esis. 

Figure 1. Schematic representation of Cxs-based HCs and GJs and NVU components. At the NVU 
level, blood vessels, composed of endothelial cells, are surrounded by a matrix and pericytes. As-
trocytes, microglia, and neurons cooperate in the NVU to form complex hetero-cellular coupling, 
facilitating homeostasis and balance in the CNS. Cxs: connexins; HCs: hemichannels; and GJs: gap 
junctions.  

Figure 1. Schematic representation of Cxs-based HCs and GJs and NVU components. At the NVU
level, blood vessels, composed of endothelial cells, are surrounded by a matrix and pericytes. As-
trocytes, microglia, and neurons cooperate in the NVU to form complex hetero-cellular coupling,
facilitating homeostasis and balance in the CNS. Cxs: connexins; HCs: hemichannels; and GJs:
gap junctions.

HCs and GJs allow molecules up to one kDa, including metabolites, nutrients, ATP,
and second messengers, to pass through membranes. In addition to forming opened or
closed pores, both structures represent selective frontiers based on their Cxs composition
and are strictly modulated by a number of mediators, including voltage, pH, calcium level,
kinase activity, metabolites, and signal molecules [19–22].

In this scenario, CNS cells, including neurons, glial cells, endothelial cells, and peri-
cytes, form the so-called neurovascular unit (NVU), in which each component participates
to orchestrate and maintain homeostasis in terms of ions composition, trophic factors,
energy substrates, and removal of waste products [23–25]. The NVU is the core structure of
the blood–brain barrier (BBB); physiologically, it acts as a highly selective barrier function,
separating the CNS from the periphery, protecting the multicellular nerve framework from
ionic fluctuations, and ensuring the elimination of brain metabolic waste [26–28]. The NVU
is characterized by an efficient structural system based on a mutual and synergistic collabo-
ration between its cellular components. Compelling evidence suggests that modulation of
glial and neuronal GJs and HCs at the NVU level represents an efficient strategy to control
permeability, blood flow, and metabolic trafficking, highlighting its potential therapeutic
role for neurodegenerative diseases [26–29]. Thus, Cxs are primary contributors to the
NVU’s critical role in the BBB’s operation.

This review highlights the Cxs signatures of NVU components (Figure 1) regarding their
role in maintaining the CNS’s delicate homeostatic balance and in disease pathogenesis.

2. Connexins Signatures of NVU Components

Among the GJs’ and HCs’ functions in the CNS, the regulation of ions, mediators,
and metabolites in the NVU is one of the most complex and inspiring [25,30,31]. NVU
components interact during homo-cellular and hetero-cellular communication, involving
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a significant number of mediators and influencing related cell signaling processes. To share
this complex function, specific Cxs profiles characterize NVU cell populations, including
neurons, microglia, astrocytes, oligodendrocytes, brain microvascular endothelial cells
(BMECs), smooth muscle cells (SMCs), pericytes, and the brain-specific extracellular matrix
(ECM). Below, we review each of these components in relation to its Cxs signature, which
influences the crosstalk underlying NVU homeostasis.

2.1. Neurons

Neuronal survival and physiological functions strictly depend on maintenance of
the BBB structure. Indeed, disruption of physiological BBB permeability induces CNS
suffering, tissue damage, and cell loss [32]. As neurons use most of the energy and
substrates delivered to the CNS, intercellular communication with and between NVU
cell populations, including astrocytes, microglia, and mural cells, is a critical regulator of
energetic needs. This process is finely regulated by a mechanism that increases blood flow
in response to decreased energy substrates [32] and a feed-forward regulation that increases
metabolic waste removal, heat dissipation, and the supply of substrates in response to
increased synaptic activity [33–36].

In particular, active synapses are strictly dependent on the network of astrocytes
adapted to neuronal demand. In fact, a mutual control operates between neurons and the
Cxs-based astrocyte network, with bidirectional influences on neuronal activity and the
astroglial Cxs signature [37–39].

In recent decades, the scientific literature has extensively focused on neuron-specific
Cxs and related GJs and HCs involved in fundamental functions in the CNS. During CNS
development, compartmentalization of unitary cell groups following common develop-
mental paths is critically determined by transient modulation of specific GJs activity [40,41].
In the adult brain, GJs control the electrical synchronization and response required for
brain activity in specific areas via a close relationship with chemical transmission; GJs also
function in response to different types of neuronal injuries [24]. It has been demonstrated
that Cxs, together with pannexin-based HCs, induce electrical activity in precocious sub-
plate neurons located between the intermediate zone and the cortical plate in the human
fetal CNS; whereas in the adult CNS, Cx36 HCs are involved in ATP release, followed by
activation of P2Y purinergic receptors and signal transduction pathways [42,43].

Cx36 is the main neuronal GJs- and HCs-forming protein; it is spatially and temporally
regulated and involved in multiple functions [14,44–46]. However, the focus of this review
is not the complexity of the neuronal network’s role in brain function, but rather the
multifaceted crosstalk between glial components at the NVU level which functions as
a dynamic sentinel in the cerebral microenvironment, becoming a master regulator of
CNS functions.

2.2. Nerve Glial Cells
2.2.1. Astrocytes

Astrocytes are considered critical players in maintaining tissue homeostasis and func-
tion within the CNS. Establishing an elaborate network, they have a primary function
at the BBB level and finely regulate NVU activity [47–49]. Indeed, astrocytes regulate
BBB permeability and overall functions through end foot-enveloping vascular endothelial
cells and pericytes [50]. At the same time, through perisynaptic processes, astrocytes
contribute to the formation of the so-called “tripartite synapse”, where they support and
even modulate neuronal signaling activities, including neurotransmitters release, and
the concentration, half-life, and transport of inositol 1,4,5-trisphosphate (IP3) and other
gliotransmitters [51–55]. As such, astrocytes are central elements required to couple neu-
ronal signaling and metabolic activities with cerebral blood flow. In particular, the func-
tional and coordinated interactions of astrocytes with neurons and vascular cells guarantee
appropriate vasomotor responses to the different metabolic needs of the microenvironment
in which neurons act.
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Astrocytic end feet are connected by GJs composed of Cx43 and Cx30 both tempo-
rally and spatially expressed [39,56,57]. The consequential homo-cellular (i.e., astrocyte–
astrocyte) or hetero-cellular communication represents one of the crucial interaction check-
points available to modulate NVU functions and CNS homeostasis [58]. Overall, to maintain
the integrity of this complex network, astrocytes establish a close collaboration between
integrins, Cxs, and different elements of the extracellular matrix [59]. In particular, neuronal
activity, through the release of neurotransmitters, triggers a calcium signaling response in
astrocytes that propagates to the astrocytic end feet, resulting in ATP release both through
Cx30/Cx43- and pannexin1-based HCs [60]. This mechanism is finely regulated by nitric
oxide, which may contribute to vasodilation of arterioles parenchyma [60]. Mutant mice
lacking Cx30 and Cx43 have exhibited an altered neurochemical microenvironment, elec-
trophysiological dysregulation, dysmyelinating phenotype, and general BBB weakness,
which finally results in behavioral abnormalities [61–64].

The roles of Cx30 and Cx43 are likewise evident in the tripartite synapse, where they influ-
ence synaptic activity by regulating presynaptic glutamate levels and its transport [56,65–67].
Cx43 is one of the most studied and abundant Cxs; it is widely expressed by glial cells [68,69].
Cx43 expression in astrocytes has been associated with autocrine/paracrine signaling due
to the release of nucleotides, ATP, and other mediators via HCs [70,71]. This establishes HCs
as key players in the microenvironmental and paracrine modulation of NVU physiological
and pathological control. Astrocytes also express high levels of Cx30, exert significant
influence at the NVU level, and control BBB integrity and functions [63,72,73]. Nearby
cells may modulate astrocytes’ function by either inducing or repressing Cx43 and Cx30
expression levels [37,74,75].

2.2.2. Microglia

The contribution of microglia to the NVU is of particular importance in physiological
processes ranging from CNS development to influencing cerebral blood flow and neuronal
circuits including synaptic plasticity, learning, and memory [76,77]. This role determines
the evolution of the “tripartite synapse” into a “quad-partite synapse” [78–80]. Indeed,
microglia cells sense and influence homeostasis at the NVU level via anti-inflammatory
and neurotrophic factors. They are also able to dynamically change phenotype to help
restore homeostasis or become sources of detrimental effects in the case of a brain insult,
depending on the insult’s intensity and chronicity [78,81,82].

Microglia’s Cxs signatures depend on the context in which they act [79]. In physiologi-
cal conditions of surveillance, unpolarized microglial cells express Cx36 and Cx32 [79,83],
whereas polarized microglial cells expand their Cxs signatures, actively expressing Cx29 [84],
Cx43 [79,85,86], Cx32 [84,87], and Cx36 [83,88] in response to damaging stimuli. Thus, in-
flammatory microglia, via Cxs-based and pannexin-based channels, allow the activation
of a cell signaling pathway, inducing stimulation of glutaminase and glutamate induced
excitotoxicity, interleukin-1β (IL-1β) release, and increased extracellular ATP levels [79].

The balance between pro- and anti-inflammatory factors sustains physiological inter-
actions between microglia and astrocytes, resulting in homeostatic restoration at the NVU
level [89,90].

2.2.3. Oligodendrocytes

Oligodendrocytes, which form myelin sheaths around axons, primarily contribute to
the development of complex neural circuits by providing energy substrates to neurons,
sustaining saltatory synaptic transmission and plasticity, and coordinating intercellular
communication with neurons and other glial cells [91].

Oligodendrocytes’ Cxs signatures are dynamic and strictly regulated by crosstalk
with glial cells [92]. Oligodendrocytes mainly express Cx32, Cx29, and Cx47 [92–98], par-
ticipating in the formation of GJs between oligodendrocytes, between oligodendrocytes
and astrocytes, or even between myelin layers of the same oligodendrocyte [99,100]. The
complex ‘panglial’ network of oligodendrocytes and astrocytes is capable of spatially
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buffering potassium, water transport, and bi-directional calcium waves during neuronal
activity [101,102]. Moreover, Cx–panglial substrates regulate metabolic demand through
oligodendrocyte–astrocyte GJs and HCs activity, enabling glucose uptake and supporting
oligodendrocyte precursor cells proliferation, which is triggered by spontaneous intracellu-
lar calcium signaling in both physiological and energy-related diseases [103].

In the NVU microenvironment, a close interdependence between oligodendrocytes
and brain microvascular endothelial cells (BMECs) has been described. Endothelial cells
can influence the survival and proliferation of oligodendrocyte precursor cells through the
release of factors including brain-derived neurotropic factor (BDNF) [104,105]; in contrast,
oligodendrocyte progenitors can support BBB integrity via transforming growth factor-β
(TGF-β) signaling [106]. It has been reported that oligodendrocytes aid the NVU in pro-
tecting white matter and mediate remyelination of damaged white matter via NVU-based
oligodendrocyte progenitor cells’ stimulation [105]. Evidence supports the hypothesis of a
detrimental role of Cxs, particularly astroglial Cx43-based HCs, in preventing or inhibiting
oligodendrocyte progenitor cells’ maturation [107].

2.3. Brain Microvascular Endothelial Cells (BMECs)

BMECs represent the first barrier from peripheral circulation; they regulate transport
into and out of the CNS and to ensure protection and homeostasis. Their barrier function is
guaranteed by a complex network of protein forming cell–cell junctions, including claudins,
occludins, adherens junctions, tight junctions, and zonula occludens proteins. In particular,
the literature extensively suggests that BBB integrity is highly dependent on Cxs-forming
GJs and HCs between BMECs and other NVU components [108].

Through GJs, endothelial cells propagate vasoactive signals among themselves and/or
with adjacent vascular cells, responding in a unitary manner to mechanical or chemical
stimuli from astrocytes or neurons, and allowing adequate vascular response to the CNS’s
metabolic needs [109–112].

Research regarding endothelial cells’ Cxs expression profile suggests that they con-
stitutively express Cx37, Cx40, and Cx43; even if in homeostatic conditions, they express
low Cxs levels in the NVU and increasing cell–cell or cell–extracellular communication in
response to injury [113–115]. It is noteworthy that Cx40, Cx43, and particularly Cx37 are
implicated in calcium homeostasis, regulating communication, and apoptosis [116,117].

The high capability of endothelial cells to dynamically modulate their Cxs expression
profile and the permeability of the channels they are forming is significant. Indeed, even if
no direct contact between astrocytes and endothelial cells occurs in the NVU, these cells
can interact in an in vitro coculture system [57,118–120]. The capability of endothelial and
glial cells to effect such plastic changes, shaped the idea that they are able to modulate
intercellular communication, ion homeostasis, and paracrine mediators release in a context
dependent manner [113–115].

Endothelial cells also control vascular endothelial growth factor (VEGF) levels through-
out their Cxs-based channels [121]. Indeed, endothelial Cx43 levels positively correlate
with VEGF; in pathological conditions, increased Cx43 levels in endothelial cells result in
a reactive activation of nearby astrocytes, increased cell death and oxidative stress [122].
Interestingly, experimental evidence shows that Cx43 downregulation reduces stem cell
differentiation and, vice versa, that VEGF increases Cx43 expression levels, accelerating
endothelial repair [123,124]. This effect is coupled with increased GJs-based intercellular
communication in astrocytes induced by endothelial-derived VEGF [121]. This scenario
creates an intercellular loop in which Cx43 plays a central role; in fact, Cx43 reduction
in endothelial cells reduces Cx43 levels in astrocytes and also reduces VEGF release and
angiogenesis [125]. Moreover, a reduction in Cx43-based channels impairs endothelial cells-
mediated regeneration. It is noteworthy that Cx43 expression levels are also modulated
by Wnt and sonic hedgehog signaling pathways, both of crucial importance in developing
and adult brains [126].
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2.4. Pericytes

Pericytes, in close contact with BMECs, are the mural cell constituents of the NVU,
representing the physical interface separating the CNS resident cells and the periphery.
Pericytes play a significant role in BBB regulation, permeability, and angiogenesis, and
act as a stem cells source, supporting regenerative processes in the adult brain [127–129].
Pericytes participate in the regulation of cerebral blood flow, making intermittent high
coverage contact with capillaries and post-capillary venules [130,131].

Intercellular communication has been investigated with a particular focus on cell–cell
coupling between pericytes and endothelial precursor cells, which is a critically importance
process during neovascular formation. This mechanism is associated with Cx43-based GJs,
with a significant loss of neo-angiogenesis in a Cx43-depleted brain [132]. Notably, this
phenomenon has not been reported in all subjects lacking Cx43-based GJs in pericytes [132].
As such, it is likely that communication typically mediated by GJs still occurs via other Cxs,
which compensates for the Cx43 loss.

Cx43-based channels, together with N-cadherin, support the so-called adhered phe-
notype of pericytes and endothelial cells [133]. PGE2 is known to induce a migrating
phenotype in pericytes, mediating a breakdown of the pericyte–endothelial cell interaction
and vascular destabilization [133]. Even though it has been demonstrated that pericytes
actively express Cx43, the roles of other Cxs (such as Cx30), independent of their channel-
forming properties, have been proposed and deserve further investigation [134].

Finally, pericytes’ functions are not restricted to NVU homeostasis; outside the NVU,
they also regulate stem cells’ differentiation and fate [135,136].

2.5. Smooth Muscle Cells (SMCs)

Smooth muscle cells (SMCs) have contractile capability and are mural cells of the
NVU, enveloping the endothelial layer of arterioles and venules. Together with peri-
cytes and endothelial cells, SMCs regulate blood flow and BBB integrity, regulating the
cerebrovascular tone of arteries and arterioles. Astrocytes and neurons directly commu-
nicate with SMCs, releasing vasoactive mediators in response to stimuli, such as glucose
levels [137,138]. Further studies are needed to clarify whether such a regulatory effect
induces either vasoconstriction or vasodilation [139–141].

Intercellular communication between SMCs and NVU cells relies on Cxs-based and
pannexin-based channels which, acting as ATP and calcium channels, modulates vascu-
lar remodeling and cell migration [142]. Recent reports regarding SMCs Cxs signatures
show that SMCs actively express Cx43-based channels, even if their role seems strictly
context dependent and not fully elucidated (particularly their role in inhibiting SMCs
autophagy) [143]. Suppression of Cx43 levels in SMCs increases cell proliferation and
reduces cell death, supporting the hypothesis of a potential therapeutic strategy based on
Cx43 targeting for inflammatory and vascular diseases affecting SMCs [144].

2.6. Brain-Specific Extracellular Matrix (BSECM)

The BSECM represents the noncellular anatomical substrate providing mechanical,
structural, and biochemical support to the nervous components of the NVU [66,145]. It in-
cludes cell adhesion receptors, several proteins, glycosaminoglycan, and glycoconjugate
interacting within a complex molecular network. A number of cell adhesions and ma-
tricellular molecules contribute to synaptic functioning through direct influence on all
components of the tripartite synapse [146,147]. Of note, many have become therapeu-
tic targets for treatment of CNS pathologies [146,147]. Most proteins, including laminin,
proteoglycans, collagen isoforms, cadherins, and catenin, anchor cells to each other, func-
tioning as attachment points for pericytes and endothelial cells [148–151]. In this context,
through specific Cxs signatures, NVU components dynamically communicate with each
other, enabling behavior, metabolic activity, and BBB integrity [146,148,152,153].
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3. Overview and Concluding Remarks

The NVU is a representative example of the complex organization required to maintain
a permissive microenvironment that allows physiological functions to take place. Inter-
cellular communication plays a central role in all NVU functions by exchanging signaling
molecules, adapting to disturbing elements, and sharing functional molecules. GJs and
HCs are among the most important physiological substrates in this system, capable of
turning the conditions of homeostatic maintenance toward increased resistance to injury,
or compromised resistance to metabolic perturbation and oxidative stress. Their responses
depend on the features of pathophysiological stimuli or different stages of the pathological
process. For this critical dichotomy, in the past decades GJs have earned the definitions
“kiss of death” and “kiss of life” [154–156].

In light of this, specific Cxs signatures of NVU components emerged as an attractive
target to improve or counteract the chronicization or progression of associated diseases. If in
some cases a specific Cxs’ dysregulation can be solved thanks to their functional mutuality,
in other cases, unbalance and functional loss become inevitable and unbridgeable, leading
to neurological disorders [157–159].

Neuroinflammation is a common feature of BBB related disease. Indeed, neuroin-
flammatory conditions, as a primary cause or as a consequence of the most common
cerebral insults, are associated with different grades of involvement of Cxs-based GJs
and HCs. The latter display opposite roles, being involved in maintaining BBB integrity
(GJs) and in releasing ATP, modulating calcium, and sustaining inflammatory signals
leading to BBB disruption (HCs). Accordingly, conditions including increased capillary
permeability, metabolic changes, and glucose trafficking are closely linked to cellular
exchanges via Cx43-HCs and a concomitant reduction in Cx43-GJs-mediated intercellu-
lar communication [19,23,160,161]. As synergic contributors to this condition, neurons
and microglia trigger an activation/deactivation loop, regulating Cx43/Cx30 expres-
sion in astrocytes, and modulating endothelial cell functions [37,74,75]. This condition
impacts permeability in paracellular and transcellular routes, thereby leading to vascu-
lar leakage, release of vasoactive substances, sustained neuroinflammation, and severe
brain insults [114,115,162]. Reactive microglia support the release of IL−1β, interleukin−6
(IL−6), and tumor necrosis factor (TNF), which support an aberrant opening of astrocytic
Cx43-HCs. Activated astrocytes sustain the release of inflammatory factors, including
chemokines and cytokines; this propagates an inflammatory response, promoting the re-
cruitment of leukocytes [19,160,163]. Moreover, neurons, prompted by the Cx43-based HCs-
mediated release of gliotransmitters (ATP/glutamate), exhibit up-regulation of Cx36-HCs
and a consequent calcium neuronal overload, resulting in structural neuronal alterations
and increased oxidative stress. Finally, the persistence of the brain insult associated with
the unbalance of Cx43-GJs and -HCs ultimately translates to reduced neuroprotection [19].

A number of neurodegenerative disorders and brain insults are linked to dynamic
changes in HCs and GJs activity, which characterize neuroinflammatory conditions. In par-
ticular, Cxs/pannexins HCs expressed by astrocytes are reported to be involved in the
release of soluble factors including glutamate, ATP, anaphylatoxins, TNF, apolipoprotein E
(ApoE), and specific miRNAs. In turn, these molecular players are critical in the pathogen-
esis of neurodegenerative disorders, including multiple sclerosis [164,165], Alzheimer’s
Disease [166], Amyotrophic Lateral Sclerosis [3,167–169], and others [170]. For instance,
astroglial Cxs remodeling contributing to neuronal alterations has been observed in two dif-
ferent β-amyloid precursor protein (APP)/presenilin1 (PS1) murine models of Alzheimer’s
Disease [166]. Both in vivo and in vitro models of ischemia/reperfusion injury have shown
that suppression of abnormal astroglial Cx43 HCs openings by the Cx43 mimetic peptide
Gap19 reduces Toll-like receptor 4 (TLR4) pathways as well as the accumulation and release
of inflammatory cytokines, including TNF and IL-1β [171]. It has also been demonstrated
that Gap19 induces JAK2 and STAT3 pathways in astrocytes; these effects can be reverted
using selective JAK2/STAT3 pathway blockers [172].
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Furthermore, in an experimental model of cerebral ischemia, it was shown that the
protective effects of erythropoietin (EPO), which is capable of reducing BBB disruption
and neuronal death, depend on a mechanism involving Cx43 phosphorylation, although
the level of Cx43 was not modulated. In this case, the induction of GJs intercellular
communication improved the clearance of neurotoxic mediators and excitotoxic stimuli
(i.e., calcium and glutamate levels) [173]. Additionally, in a mouse ischemia/reperfusion
model, it was demonstrated that administration of danegaptide (ZP1609), an antiarrhythmic
dipeptide that specifically enhances GJs conductance, significantly reduces infarct volume
by increasing Cx43–GJs coupling in astrocytes [174]. In an animal model of traumatic
brain injury (TBI), it was observed that an impairment of platelet-derived growth factor-B
(PDGF-B) signaling, resulting in a loss of pericyte–endothelium interaction and consequent
neurovascular dysfunction, correlates with reduced levels of N-cadherin, adherent junction,
and Cx43 functionality [175]. A noteworthy finding is the decline and/or reduction in
Cx43–GJs along the arteriole–capillary vascular pathway; this is considered one of the
first indicators of experimental diabetic retinopathy associated with reduced propagative
vasomotor activity and cell coupling as well as compromised anatomical and physiological
integrity of the retina [176].

Even if GJs and HCs are indicated as leading causes of chronicization and secondary
damage during neuroinflammatory disease, it is not certain whether full ablation and/or
inhibition of Cxs-based channels is appropriate in other conditions. Cx43 ablation in
astrocytes after focal brain ischemia increases apoptosis and inflammation, suggesting
that Cx43 ablation in astrocytes may result in a loss of their critical modulatory and neu-
roprotective function [177]. However, full ablation of Cx43-based channels significantly
impacts intercellular communication in the CNS and at the injury site; solid data indicate a
beneficial effect of homo-cellular homomeric Cx43-channels inhibition in neurovascular
disease [178]. Moreover, ablation of Cx43 reduces neural progenitor cells’ ability to migrate,
modulate the immune system, and eventually repair CNS damage [179–182]. More gener-
ally, neuroinflammation related to dysregulation of Cxs-forming GJs and HCs represents a
cause/effect for multiple pathological conditions. Among these, the role of cell–cell and
cell–extracellular environment communication described during nociceptive signaling in
chronic neuropathies is noteworthy. This phenomenon leads researchers to study Cxs as a
target for developing new analgesics strategies [15,183–185].

Finally, alterations and dysregulation of Cxs have been identified in brain tumors [159,
186,187]. In particular, Cx43 plays a leading role in glioma in the process of invasion,
progression, and resistance to temozolomide and radiotherapy [186–190].

In conclusion, the NVU’s delicate homeostatic balance is influenced by all NVU cellular
components that exhibit specific Cxs signatures. It is equally true that a leading role must
be assigned to Cx43-based channels that, acting as coordinators of this complex network,
are dynamically modulated in terms of HCs- or GJs-forming proteins. Cx43′s functional
versatility pushes the scientific community to pay it particular attention when planning
new therapeutic strategies to improve clinical outcomes of NVU-related CNS disorders.
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ApoE Apolipoprotein E
APP β-amyloid precursor protein
BBB Blood brain barrier
BDNF Brain-derived neurotropic factor
BMEC Brain microvascular endothelial cell
BSECM Brain-specific extracellular matrix
CNS Central nervous system
Cx Connexin
ECM Extracellular matrix
EPO Erythropoietin
GJ Gap Junction
HC Hemichannel
IL-1β Interleukin-1β
IL-6 Interleukin-6
IP3 Inositol 1,4,5-trisphosphate
NVU Neurovascular unit
PDGF-B Platelet-derived growth factor-B
PS1 Presenilin1
SMC Smooth muscle cell
TBI Traumatic brain injury
TGF-β Transforming growth factor-β
TLR4 Toll-like receptor 4
TNF Tumor necrosis factor
VEGF Vascular endothelial growth factor
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