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Abstract

Perinatal encephalopathy remains a major cause of disability, such as cerebral palsy. Therapeutic hypo-
thermia is now well established to partially reduce risk of disability in late preterm/term infants. However,
new and complementary therapeutic targets are needed to further improve outcomes. There is increasing
evidence that glia play a key role in neural damage after hypoxia-ischemia and infection/inflammation. In
this review, we discuss the role of astrocytic gap junction (connexin) hemichannels in the spread of neural
injury after hypoxia-ischemia and/or infection/inflammation. Potential mechanisms of hemichannel medi-
ated injury likely involve impaired intracellular calcium handling, loss of blood-brain barrier integrity and
release of adenosine triphosphate (ATP) resulting in over-activation of purinergic receptors. We propose
the hypothesis that inflammation-induced opening of connexin hemichannels is a key regulating event
that initiates a vicious cycle of excessive ATP release, which in turn propagates activation of purinergic
receptors on microglia and astrocytes. This suggests that developing new neuroprotective strategies for
preterm infants will benefit from a detailed understanding of glial and connexin hemichannel responses.
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Introduction

Perinatal brain injury is a significant public health issue. It is
associated with high mortality, serious morbidity and very
high costs. Most of this cost is related to long-term neuro-
developmental disabilities, such as cerebral palsy (CP). For
example, in 2003 the lifetime economic cost of CP was over
US$ 11.5 billion (Honeycutt et al., 2004). This cost is largely
attributed to the combined loss of productive members of
society and the direct burden of care on the individual, fam-
ily and social institutions (Honeycutt et al., 2004). A large
cohort of preterm infants born from 1997 to 2011 in France
suggests that premature birth continues to be associated
with high risk of neurodevelopmental impairment (Pierrat
et al., 2017). Encouragingly, survival without moderate to
severe neuromotor or sensory disabilities increased from
45.5% to 62.3% at 25-26 weeks’ gestation, but remained un-
changed at 32-34 weeks’ gestation, although fewer children
survived with CP (P = 0.01). Similarly, although the Austra-
lian CP Register found no change in the overall risk of CP
from 1993 to 2006, there was a trend for reduced risk of CP
after extremely preterm birth (before 28 weeks of gestation)
(Smithers-Sheedy et al., 2016). By contrast, in a population
based study of 8 year-old children who were born preterm
in the state of Victoria, Australia, rates of major neurosen-
sory disability were similar for cohorts born in 1991-1992,
1997, and 2005 (Cheong et al., 2017). Of concern, academic
performance was actually worse in 2005 than in previous
cohorts, after controlling for other factors.

Triggers and Outcomes of Perinatal Brain
Injury

The causes of perinatal brain injury are undoubtedly multi-
factorial. However, acute and/or chronic hypoxia-ischemia
and infection/inflammation may act independently or syn-
ergistically to induce injury (Galinsky et al., 2018).

Hypoxia-ischemia

Acute, profound asphyxia at birth, with early onset hypox-
ic-ischemic encephalopathy (HIE) occurs more frequently
in premature infants (< 37 weeks of gestation) than at term
(37-42 weeks of gestation), and is highly associated with
adverse outcomes (Low et al., 2003; Manuck et al., 2016).
In term infants, Low et al. (2003) reported that the overall
incidence of fetal asphyxia was 25/1,000 live births, the ma-
jority of these cases were categorized as mild HIE; moderate
to severe HIE was seen in approximately 4/1,000 live births.
In a cohort of 115,502 deliveries in the USA, from 2008 to
2011, Manuck et al. (2016) reported that 37.3/1,000 infants
born before 37 weeks of gestation had moderate to severe
HIE, with a disproportionate number of cases in infants
born before 30 weeks of gestation. Indeed, infants born
before 28 weeks of gestation had an overall rate of HIE of
120/1,000. Previous smaller studies also suggest that late
preterm infants have much higher risk than at term, but less
than extremely preterm infants, with reported rates of HIE
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of 1.4 to 9/1,000 (Salhab and Perlman, 2005; Schmidt and
Walsh, 2010; Chalak et al., 2012). Broadly consistent with
these reports, in the Canadian CP Registry, 16% of children
with CP who were born at 32 to 35 weeks of gestation had a
history suggestive of acute birth asphyxia (Garfinkle et al.,
2017); rates in extremely preterm infants were not reported.
These data show that although HIE occurs in a minority of
preterm births (Low et al., 2003), when it is present, it is a
substantial contributor to severe disability.

Although it is important, acute, severe asphyxia is not the
whole story. The multicenter Extremely Low Gestational Age
Newborns (ELGAN) study, for example, reported that the
combination of severe intrauterine growth restriction plus
placental vascular thrombosis, consistent with long-stand-
ing, mild to moderate prenatal hypoxia, were associated
with impaired neurodevelopmental outcome at 2 years of
age (Helderman et al., 2012). Thus, even mild to moderate
prenatal hypoxia can contribute to adverse outcomes after
preterm birth.

Infection/inflammation

Many clincal studies now provide compelling evidence that
exposure to infection/inflammation is strongly associated
with brain injury in preterm and term infants. For example,
in 327 term/near term infants, Wu et al. (2003) reported that
clinical chorioamnionitis, defined by maternal fever, leuko-
cytosis, tachycardia, uterine tenderness and preterm rupture
of membranes, was associated with a 4-fold increase in the
risk of CP at 2-years of age. In preterm infants, subclinical/
histological chorioamnionitis, defined by inflammation of
the placenta and fetal membranes (Galinsky et al., 2013),
was associated with impaired cognition, memory and learn-
ing ability at 5 years of age (Ylijoki et al., 2016). In recent
cohorts, the presence of histological and clinical chorioam-
nionitis was associated with an increased risk of impaired
cognition compared to histological chorioamnionitis alone
(Pappas et al., 2014). Furthermore, systemic upregulation
of pro-inflammatory cytokines, including tumor necrosis
factor (TNF; formerly known as TNF-a) and interleukin
(IL)-1B, in preterm infants are associated with impaired
neural function within the first 72 hours of life and cognitive
impairment at 23 years corrected age (Bartha et al., 2004;
Wikstrom et al., 2008).

Approximately 50-60% of extremely preterm infants will
develop cognitive and behavioral impairments (Marlow et
al., 2005; Serenius et al., 2013). Neuro-cognitive problems
persist in to adulthood. For example, the Bavarian Longi-
tudinal Study of at-risk children born in 1985/1986 found
that extremely preterm infants had intelligence quotient
(IQ) scores 1.16 standard deviations below controls, with
multiple other cognitive problems (Eryigit Madzwamuse et
al.,, 2015). In that cohort, there was no narrowing of the defi-
cit from age 6 to 26 years. In the ELGAN study, at 10 years
of age children had high risks of cognitive, neurologic and
behavioral deficits (Kuban et al., 2016). Overall, 28% of boys
and 21% of girls exhibited moderate-to-severe impairment
of cognitive abilities. Impaired behavioral executive func-
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tion is found in nearly half of extremely preterm survivors
at 18 years of age, and is associated with poorer academic
outcomes (Costa et al., 2017). It is concerning that in Aus-
tralia, more recent cohorts show a trend to higher rates of
impaired executive function at 7 to 8 years of age, suggesting
that improved neonatal care is not addressing the triggers
of this long-lasting impairment (Burnett et al., 2018). More-
over, although overall attention span increased from child-
hood to adulthood, very preterm born children remained at
increased risk of attention deficit in adulthood (Breeman et
al., 2016).

Timing of injury

Early imaging and postmortem data indicate that cerebral
injury occurs in the immediate perinatal period in approx-
imately two thirds of cases, while an appreciable number
of cases occur before the onset of labor. By contrast, injury
after the early neonatal period represents approximately
15% of cases (de Vries et al., 1998; Bell et al., 2005). Strongly
consistent with this, acute electroencephalography (EEG)
abnormalities are reported in the early perinatal period and
are highly predictive of long-term developmental outcome
(Kubota et al., 2002; Kidokoro et al., 2010; Wikstrom et al.,
2012; Pichler et al., 2013). However, this does not necessarily
mean that early onset injury was due to insults during birth
itself.

The pattern of perinatal brain injury

Postmortem case series of infants dying in the early neona-
tal period show that the most severely affected infants have
significant neuronal loss (Bell et al., 2005; Takizawa et al.,
2006). Historically, magnetic resonance imaging (MRI) of
preterm infants exposed to severe perinatal hypoxia demon-
strate a consistent pattern of acute subcortical damage in-
volving the hippocampus, thalamus and basal ganglia, and
cerebellar infarction combined with diffuse periventricular
white matter injury, but sparing of the cortex (Barkovich
and Sargent, 1995). An essentially identical pattern is seen
after acute severe asphyxia in fetal sheep (George et al., 2004;
Galinsky et al., 2017¢; Lear et al., 2017).

By contrast, modern cohorts of preterm infants predom-
inantly show gliosis and diffuse, non-cystic white matter
injury without overt neuronal loss (Back et al., 2012). MRI
studies show preterm infants have reduced cortical and
subcortical (e.g., striatal and thalamic) volumes, without
evidence of gross pathology, compared with term born con-
trols (Rathbone et al., 2011; Meng et al., 2016). The reduced
volumes persist into adulthood and are strongly predictive
of cognitive deficit (Rathbone et al., 2011). Preterm human
post mortem studies show that reduced cortical and sub-
cortical growth is associated with impaired dendritic arbor-
ization (Mrzljak et al., 1992), and that diffuse white matter
injury involves microscopic gliosis and acute cell death,
but rapid regeneration of pre-oligodendrocytes. However,
these newly generated cells fail to differentiate into mature
myelinating oligodendrocytes and thus fail to myelinate
axons (Buser et al., 2012). Oligodendrocytes play an integral
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role in axonal development and function (Lee et al., 2012),
suggesting the possibility that mild diffuse loss of white mat-
ter reduces the functional integrity of neuronal axons and
contributes to impaired neuronal growth, development and
function after birth.

In preterm fetal sheep, pure hypoperfusion injury is as-
sociated with a similar pattern of gliosis and gray and white
matter dysmaturation, as shown by reduced arborization of
cortical and striatal neurons without evidence of overt neu-
ronal loss (Dean et al., 2013; McClendon et al., 2014), and by
microscopic gliosis and acute death of pre-oligodendrocytes,
regenerative proliferation and later dysmaturation (Riddle et
al., 2011). Reduced neuronal arborization was the major fac-
tor underlying impaired maturation of cortical and subcor-
tical neuronal microstructure, as shown by a delayed decline
in fractional anisotropy (FA). Normal cortical and subcorti-
cal grey maturation is associated with a decline in MRI mea-
surements of FA due to increased morphological complexity
of cortical and subcortical neuronal arbor. This was also as-
sociated with reduced cortical and striatal volumes on high
field ex vivo MRI (Dean et al., 2013; McClendon et al., 2014).
Similarly, human survivors of preterm birth show a delayed
decline in cortical and subcortical FA (Ball et al., 2013).

A similar pattern of gliosis and cellular dysmaturation has
been reported after exposure to the pro-inflammatory cyto-
kines IL-1p and TNF. For example, in preterm equivalent
rodents, direct exposure to IL-1p inhibited oligodendrocyte
maturation and led to long-lasting deficits in axonal myelin-
ation and cognitive deficits without overt cell loss (Favrais
et al., 2011). Furthermore, IL-1f receptor blockade restored
oligodendrocyte maturation and myelination after lipopoly-
saccharide-induced injury (Pang et al., 2003). In vitro studies
show that TNF inhibits oligodendrocyte maturation (Bonora
et al., 2014) and dendritic arborization and that this can
be reversed with TNF receptor blockade (Neumann et al.,
2002). Collectively, these data demonstrate that the pattern
of gray and white matter injury, and subsequent oligoden-
drocyte and neuronal injury in modern postmortem series
and survivors of preterm birth is replicated in preclinical
studies.

Connexin hemichannels in perinatal brain injury

One of the most striking features of perinatal encephalopa-
thy is the evolving nature of injury. This involves the spread
of damage into previously uninjured regions over many
hours to days after the insult (Fleiss and Gressens, 2012).
The mechanisms responsible for the spread of injury are not
fully understood; however, there is increasing evidence that
undocked connexin hemichannels (that when docked make
up gap junctions) play a key role. As previously reviewed
(Davidson et al., 2013b), gap junctions are intercellular
channels that link the cytoplasm of neighboring cells, allow-
ing the exchange of small molecules and ions. Under normal
conditions, gap junctions function in an open state, but the
undocked hemichannels primarily remain closed (Decrock
et al,, 2009). However, after multiple types of insults, includ-
ing ischemia, inflammation, oxygen glucose deprivation,

metabolic stress or low extracellular calcium ions levels,
unopposed connexin hemichannels can open (Li et al., 1996;
Kondo et al., 2000; Contreras et al., 2002; Orellana et al.,
2010; Davidson et al., 2012), leading to disruption of resting
membrane potential, extracellular release of cytotoxic levels
of glutamate (Ye et al., 2003) and adenosine triphosphate
(ATP) (Kang et al., 2008) and excessive intracellular calcium
accumulation, cell swelling and rupture (Quist et al., 2000;
Rodriguez-Sinovas et al., 2007; Mallard et al., 2014).

There are 21 known connexin hemichannel isoforms.
However, connexin 43 (Cx43), predominantly found on as-
trocytes, plays a key role in the pathogenesis of oligodendro-
cyte and neuronal injury and is one of the key therapeutic
targets for research into neuroprotection (Schulz et al., 2015;
Gajardo-Gomez et al., 2016). In preterm and near term fetal
sheep, blockade of Cx43 hemichannels after hypoxia-isch-
emia was associated with reduced electrographic seizures,
improved EEG activity and reduced gliosis and oligodendro-
cyte loss, and an intermediate reduction in cortical neuronal
injury (Davidson et al., 2012, 2013a, 2014). Subsequent anal-
ysis confirmed that Cx43 hemichannel blockade after hy-
poxia ischemia was associated with reduced subcortical neu-
ronal loss. Furthermore, longer duration of peptide infusion
was associated with a graded improvement in neural recov-
ery, such that acute (1 hour) blockade of Cx43 hemichannels
after hypoxia-ischemia was not associated with improved
survival of cortical or striatal neurons, but instead improved
neurophysiological recovery. Acute blockade was associated
with reduced electrographic seizure burden, faster return of
sleep state cycling and improved recovery of EEG activity
(Davidson et al., 2012; Galinsky et al., 2017a) compared to
vehicle, all of which are associated with improved clinical
outcomes (Miller et al., 2002; van Rooij et al., 2005; Tekgul
et al., 2006; Murray et al., 2009; Thoresen et al., 2010; Drury
et al., 2014). By contrast, prolonged blockade of Cx43 he-
michannels reduced striatal neuronal injury and improved
neurophysiological recovery. These data demonstrate that
the relationship between neuronal survival and brain activity
is complex and not purely dependent on improved cell sur-
vival. Speculatively, acute blockade of Cx43 hemichannels
may have improved maturation of the dendritic arbor and
myelination, which in turn led to improved functionality of
surviving neurons and glia. This remains an important area
of research and requires further investigation. Although the
precise mechanisms underlying how connexin hemichan-
nels contribute to neuronal and oligodendrocyte injury are
not fully understood, below we discuss potential pathways
that are likely to be involved.

Intracellular calcium handling

During and/or after hypoxia-ischemia or inflammation, im-
paired intracellular calcium handling has been implicated in
the pathogenesis of mitochondrial dysfunction and cellular
apoptosis and necrosis in the adult (Ankarcrona et al., 1995;
Schild et al., 2003) and developing brain (Puka-Sundvall
et al., 2000; Mallard et al., 2014). Blockade of Cx43 hemi-
channels after hypoxia-ischemia reduced injury to striatal
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Figure 1 Schema of the hypothesized role of opening of astrocyte hemichannels in sustaining chronic brain inflammation well after the initial

injury.

The inflammasomes are innate immune systems that regulates activation of caspase-1 and inflammation. Connexin hemichannels mediate in-
tracellular Ca** influx and adenosine triphosphate (ATP) release in to the extracellular space, which trigger inflammasome activation and injury
spread during the evolution of brain injury. BBB: Blood-brain barrier; NLRP3: NOD-like receptor protein-3; ASC: adaptor protein; IL: interleukin.

neurons that expressed the calcium binding proteins, cal-
retinin, calbindin and parvalbumin (Galinsky et al., 2017a).
Excessive intracellular calcium accumulation, possibly
through open connexin hemichannels, has been implicated
in the pathogenesis of mitochondrial dysfunction due to mi-
tochondrial calcium accumulation, depolarization and cy-
toplasmic release of cytochrome ¢, which triggers apoptosis,
necrosis and impaired development of neurons and oligo-
dendrocytes (Ankarcrona et al., 1995; Puka-Sundvall et al.,
20005 Schild et al., 2003; Mallard et al., 2014). Thus, blockade
of Cx43 hemichannels may improve cellular survival and
integrity by improving intracellular calcium homeostasis.
Furthermore, these data suggest that subcortical neurons ex-
pressing calcium binding proteins show greater vulnerability
to metabolic stressors, such as hypoxia-ischemia or inflam-
mation. Supporting this concept, striatal mitochondria show
greater sensitivity to disturbances in calcium homeostasis
compared to cortical neurons (Pickrell et al., 2011).

Blood-brain barrier (BBB) integrity

Intra-and/or peri-ventricular hemorrhage commonly leads
to poor neurodevelopmental outcomes in preterm and term
infants (Kluckow and Evans, 2000). Compromised BBB in-
tegrity primarily occurs because of a combination of periods
of low or unstable cerebral perfusion, a developmentally im-
mature cerebral vascular bed that is susceptible to vascular
leak and impaired autoregulatory capacity (Polglase et al.,
2014). The endothelium of the BBB expresses several con-
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nexin hemichannel isoforms, including Cx43 (De Bock et al.,
2013). Pairs of Cx43 hemichannels are expressed on pericyte
and endothelial cell membranes and at the astrocyte-endo-
thelial and astrocyte-neuronal interfaces, respectively, form-
ing gap junctions within the neurovascular unit (Winkler et
al., 2011). BBB injury compromises vascular integrity and
causes the vascular endothelium to become permeable to
plasma proteins and macrophages after the insult (Barzo et
al., 1996), which may augment regional neuroinflammation
and injury. Vascular leak is caused by impaired endothelial
calcium handling. A rise in intracellular calcium concentra-
tion causes a drop in transendothelial electrical resistance
which enables circulating macrophages to penetrate the BBB
(De Bock et al., 2013). Peptidoglycan-induced inflammation
leads to opening of endothelial Cx43 hemichannels (Rob-
ertson et al., 2010). Endothelial calcium permeability is in-
creased during exposure to the inflammatory peptide brady-
kinin, and can be rapidly inhibited by blocking Cx43 using
the mimetic peptide, Gap26 (De Bock et al., 2013). Further-
more, blocking Cx43 mediated vascular leak with another
mimetic peptide, Peptide5, was associated with reduced
neurodegeneration and inflammation at 7 and 21 days after
retinal ischemia-reperfusion in adult rats (Danesh-Meyer et
al,, 2012). Collectively, these data strongly suggest connexin
hemichannels, in particular Cx43, mediate neurovascular
health by regulating BBB integrity (Figure 1).
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Purinergic receptor signaling

Neurons and oligodendrocytes express purinergic receptors
and are susceptible to ATP released in to the extracellular
space from open hemichannels (Amadio et al., 2002, 2007).
In peritraumatic areas, extracellular ATP can activate neu-
ronal and glial purinergic receptors and induce cellular in-
jury by promoting extracellular calcium influx through the
receptor channel (Peng et al., 2009). Intracellular calcium
accumulation augments connexin hemichannel opening
and leads to ‘ATP-induced ATP release’ (Stout et al., 2002;
Baroja-Mazo et al., 2013), which potentiates the spread of
calcium waves through the astrocytic syncytium and, in
turn, increases the potential for ATP-mediated neurotoxic-
ity (Cotrina et al., 1998; Stout et al., 2002). Thus connexin
hemichannel mediated release of ATP is likely to play a key
role in the evolution of perinatal encephalopathy (Figure 1).

Inflammasome activation

There is emerging evidence to support a key role for inflam-
masome activation in the pathogenesis of developmental
brain injury (Hagberg et al., 2015; Kim et al., 2016). Inflam-
masomes are multimeric protein complexes that assemble
in the cytosol in response to exogenous and/or endogenous
stress detected by pattern recognition receptors (PRR) (Guo
et al., 2015). Several families of PRRs have been shown to
play an important role in inflammasome activation. Howev-
er, one of the most widely studied and strongly implicated
PRRs is NOD-like receptor protein-3 (NLRP3) (Wen et al.,
2013). In addition to calcium wave propagation (described
above), ATP activates the NLRP3 inflammasome (Bours et
al., 2011; de Rivero Vaccari et al., 2014). NLRP3 triggers the
recruitment of adaptor protein (ASC) and pro-caspase-1
to form the oligomeric inflammasome complex. The in-
flammasome converts pro-caspase-1 to caspase-1, enabling
cleavage of proinflammatory cytokines, notably IL-1f, for
release from the cell. Cx43 hemichannels mediate ATP re-
lease, including ATP induced ATP release (Suadicani et al.,
2006; Bennett et al., 2012; Mallard et al., 2014), and thus are
likely to be instrumental in inflammasome activation in the
brain (Kim et al., 2016; Mugisho et al., 2017). Extracellular
release of ATP from open astrocytic connexin hemichannels
can augment the pro-inflammatory function of activated
microglia by binding to microglial P2RX7 receptors and
triggering secretion of IL-1p (as well as pyroptosis) (Ferrari
etal., 1997; Di Virgilio et al., 2001). Furthermore, TNF is ca-
pable of upregulating NLRP3 and inducing caspase-1 activa-
tion within the inflammasome (Furuoka et al., 2016). Thus,
a self-sustaining, chronic inflammatory cycle may be estab-
lished with connexin hemichannel mediated ATP release
amplifying and perpetuating gliosis, inflammatory cytokine
release (Mugisho et al., 2017; Tonkin et al., 2018) and injury
spread (Figure 1).

The link between connexin hemichannels and
inflammation-induced brain injury

There is extensive evidence from preclinical studies that the
central nervous system (CNS) immune response is impli-

cated in the pathogenesis of perinatal brain injury, as previ-
ously reviewed by Hagberg et al. (2015). Similarly, clinical
studies and human post mortem series show a strong asso-
ciation between chronic upregulation of systemic and CNS
cytokines and gliosis with adverse neurological outcomes
(Savman et al., 1998; Bartha et al., 2004; Buser et al., 2012).
For example, upregulation of TNF and IL-1f in preterm
infants is associated with impaired neural function in the
first 72 hours of life and cognitive impairment at 2-3 years
corrected age (Bartha et al., 2004; Wikstrom et al., 2008).
Furthermore, microglial infiltration, astrogliosis and upreg-
ulation of TNF and IL-1p are identified between 24 hours
and 2 months after birth in white and grey matter structures
in post mortem brain tissue from preterm infants with white
matter injury (Kadhim et al., 2001, 2003; Buser et al., 2012).
Importantly, cerebral inflammation plays a key role in con-
nexin hemichannel activation. Release of IL-1f and TNF
from activated microglia increased astrocytic Cx43 hemi-
channel activity and astrocyte membrane permeability (Re-
tamal et al., 2007), whereas blockade of Cx43 hemichannels
abrogated membrane permeability (Retamal et al., 2007).
Furthermore, increased astrocytic hemichannel opening has
also been observed in a mouse model of Staphylococcus au-
reus-induced brain injury, as shown by increased ethidium
bromide uptake in the injured regions (Karpuk et al., 2011).
Enhanced ethidium bromide uptake was reduced with phar-
macological blockade of Cx43 using the mimetic peptide
Gap26. Collectively, these data strongly support a key role
for connexin hemichannels in promulgating and perpetuat-
ing the spread of injury during cerebral inflammation.

A role for pannexin hemichannels?
Pannexins share 20% sequence homology with the inverte-
brate innexin proteins that form invertebrate gap junctions,
but have no homology with connexins (Panchin et al., 2000;
Yen and Saier, 2007). However, connexin and pannexin
membrane topology is very similar and both channels are
blocked by a number of commonly used compounds, such
as carbenoxolone and flufenamic acid, leading to contro-
versy regarding their relative contributions to cerebral
homeostasis (Bruzzone et al., 2005). It has been suggested
that in vertebrates pannexins cannot form gap junctions, as
interaction between pannexin hemichannels is prevented by
their extensive glycosylation and therefore they exist only in
the hemichannel form (Boassa et al., 2007). Pannexinl and
Pannexin2 are expressed on neurons throughout the brain,
including in the cortex, striatum, olfactory bulb, hippocam-
pus, thalamus and cerebellum (Bruzzone et al., 2003).
Similar to connexin hemichannels, pannexin hemichan-
nels are thought to be involved in purinergic signaling under
physiological conditions. Knockdown of Pannexinl hemi-
channels has been shown to significantly reduce ATP release
from astrocytes in response to 3-O-(4-benzoyl)benzoyl ade-
nosine triphosphate (BzATP), a P2X7 agonist (Iglesias et al.,
2009). However, this concept has recently been challenged
by evidence that ATP release was no different in Pannexinl/
Pannexin2 deficient astrocytes compared to wild type in
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response to BzZATP stimulation (Bargiotas et al., 2011). This
release of ATP was blocked by carbenoxolone, an inhibitor
of both pannexin and connexin hemichannels, suggesting
that connexin hemichannels were mediating the release of
ATP from these astrocytes.

Supporting a role for pannexin hemichannels in ischemic
brain injury, oxygen-glucose deprivation has been shown to
open Pannexinl hemichannels in isolated hippocampal neu-
rons (Thompson et al., 2006). In an in vivo study in mice,
double knockout of Pannexinl/Pannexin2 improved neuro-
logical deficits and reduced infarct size after ischemic stroke
compared to wild type or mice with a single knockout of
either Pannexinl or Pannexin2 (Bargiotas et al., 2011, 2012).

By contrast, Madry and colleagues found that pannexin
hemichannels did not contribute significantly to the gener-
ation of early anoxic depolarization nor the later uptake of
dye during ischemia in CA1 pyramidal cells in hippocampal
slices (Madry et al., 2010). Further, hemichannel activity
induced by hypoxia in cortical astrocytes was blocked by
Cx43 mimetic peptide but not by mimetic peptides target-
ing pannexin hemichannels (Froger et al., 2010). Iwabuchi
and colleagues have proposed that pannexin hemichannels
are part of a complex negative feedback loop, whereby ATP
released through Pannexinl hemichannels early after the
onset of ischemia acts via P2X7 receptors to induce closure
of Pannexinl hemichannels. This process has been called
‘ATP-induced suppression of ATP release’ (Iwabuchi and
Kawahara, 2011).

Conclusion

The spread of damage into previously uninjured regions
over weeks to months after the insult is one of the most
striking features of perinatal encephalopathy. Although the
precise mechanisms responsible for the spread of injury are
not fully understood, Cx43 hemichannels play a key role
in the evolution of oligodendrocyte and neuronal injury.
Likely mechanisms include Cx43-mediated modulation of
intracellular calcium handling, blood brain barrier integrity,
purinergic receptor signaling and inflammasome pathway
activation. Collectively, these cellular processes are likely to
initiate a vicious cycle of excessive ATP release, which prop-
agates activation of purinergic receptors on microglia and
astrocytes to trigger inflammation-induced injury of neu-
rons and oligodendroglia. Many studies of perinatal neuro-
protection have been limited by failure to prevent iatrogenic
neuroprotective hypothermia (Galinsky et al., 2017b), and
by a paucity of information on when key events occur and
therefore when it might be possible to target them to protect
the brain. Thus, developing new neuroprotective strategies
for perinatal encephalopathy will benefit from further meth-
odologically sound studies that will provide us with a more
detailed understanding of connexin hemichannel and glial
responses during the evolution of perinatal encephalopathy.
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properties with pannexins. Connexin hemichannels play an important
role in the inflammatory response after various types of CNS injury and
disease. This review updates the role of astrocytic connexin, in particular
the non-juxtaposed hemichannels in the spread of neural injury under-
lying the perinatal encephalopathy. After comprehensive analysis and
discussion, the authors concluded the key role of Cx43 hemichannels in
mediating oligodendrocyte and neuronal injuries. They also discussed
the potential mechanisms underlying Cx43 hemichannels’ role, including
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