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Abstract

In pathological conditions, elevated activity of connexin and pannexin hemichannels facilitates
Adenosine triphosphate (ATP) efflux and Ca? influx, activating metabolic pathways of
neuroinflammation. While a small insult could result in a protective inflammatory response, more
intense and/or prolonged insults induce cell death, causing tissue dysfunction. In the brain, different
stressors elevate glucocorticoid (GC) levels that are sensed by mast cells and microglia, and this
response persists for a long time, causing continuous inflammasome activation and release of IL-1f3
and IL-18. These proinflammatory cytokines, together with those released by mast cells, activate
astrocytes and oligodendrocytes, which in turn release glutamate and ATP, and altogether reduce
neuronal functionality and survival. The extent of neuroinflammation also depends on host features
that result in different degrees of alterations during brain ontogeny, consequently changing the brain
cytoarchitecture and leading to spectrums of behavioral diseases. Selective hemichannel blockers
have been recently discovered and shown to reduce neuroinflammation, as well as neuronal suffering
and symptoms linked to adult models of depression and epilepsy. These blockers can serve as tools
to dissect the role of neuroinflammation in behavioral diseases. Early treatment during brain
ontogeny could reduce detrimental impacts on the brain cytoarchitecture, inducing behavioral
alterations elicited in adulthood.

Keywords: stress; gestation; connexons; pannexons; glial cell activation; proliferation; differentiation;
anti-inflammatory; large-pore channels

1. Introduction

In the nervous system, inflammation is called neuroinflammation and can be local, incipient,
massive, or chronic, being highly dependent on two main factors: insult and subject characteristics.
Insults can be categorized by intensity (quantity or amount), duration (time and frequency), and
quality (location and condition where the stimulus is received). There can also be combinations of
different insult features that could induce different neuroinflammatory responses in the same
individual. Furthermore, the intrinsic characteristics of the individual receiving the insult also
influence the outcomes of the neuroinflammatory response. These intrinsic characteristics include
age, sex, hormonal and feeding status, preexisting and pharmacological conditions, and phenotypic
changes induced by circadian and seasonal rhythms. In addition, during gestation, the mother’s
health conditions (e.g., preeclampsia, diabetes) [1] and environmental insults (e.g., viral, bacterial, or
parasitic infections; smoke; alcohol; drug abuse; radiation; toxic compounds; psychological and
physical abuse) can cause neuroinflammation in the offspring. Notably, neuroinflammation that
unfolds during brain ontogeny is directly associated with neuropsychiatric conditions in adults,
according to human and animal models [2-4]. However, direct cause-and-effect evidence of the role
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of neuroinflammation in causing tissue dysfunctions remains elusive, and thus far, therapies for even
the most chronic brain diseases do not include treatment with anti-neuroinflammatory agents. The
ultimate action of inflammation is to restore homeostasis in affected tissues with high regeneration
capacity [23]. Otherwise, the outcome would be cell death that could lead to tissue dysfunction when
the number of surviving cells is not sufficient to perform proficient tissue functions. To understand
the etiopathogenesis of numerous psychiatric conditions, such as neurodevelopmental disorders, it
is relevant to identify the developmental stage at which an individual is affected by a specific insult.
In theory, the same insult received at different stages of intrauterine life or early postnatal life would
have distinct outcomes in the ontogeny of the nervous system. Emerging studies also reveal that the
gut microbiome plays a relevant role in modulating neuroinflammatory conditions [24]. These
differences could be explained in part by alterations at critical steps of brain development, such as
induction, proliferation, migration, or differentiation of glia and neurons that occur at different
periods of time (Figures 1 and 2). As a result, the normal developmental program is not achieved
correctly. This could explain the multiple functional and structural alterations associated with
behavioral changes [25,26]. However, a cause-and-effect relationship remains to be demonstrated. A
common factor of different insults is stress, which under physiological conditions is an adaptive
response to an environmental stimulus perceived as “threatening.” This stimulus, called a stressor,
can have different origins (e.g., psychosocial, physical, chemical, or biological) and can affect an
organism individually or jointly. A common response, independent of the stressor, involves
glucocorticoids, which promote glial cell activation, causing long-lasting neuroinflammation [27].

In addition, neuroinflammation can be transferred to future generations through epigenetic
mechanisms (see Section 6). The therapeutic use of new agents that revert molecular epigenetic
signatures in the same generation could prevent their transfer to the following generation. The
efficacy of this approach could be complemented with new anti-inflammatory compounds that block
nonselective channels (see below).
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Figure 1. Scheme of cellular distribution in the embryonic neocortex during central nervous system (CNS)
development and dendritic arborization of a neuron between a normal and a stressed brain (A) Scheme of the
distribution of glia and neurons during brain development in mice; above, illustration of a normal brain and the

proper distribution of the different cell types in the ventricular zone (VZ), subventricular zone (SVZ),
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intermediate zone (IZ), cortical plate (CP), and marginal zone (MZ); below, illustration of the same zones and
distribution of the cells in a stressed brain, showing changes in the placement of all types of cells and changes in
arborization of neurons [5]. (B) Scheme of dendritic arborization marked with Golgi-Cox staining. The neuron
of a stressed brain (below) shows fewer neuronal intersections and shorter dendrite lengths compared to the
neuron of a normal brain (above) [6]. Images obtained and adapted from NIH BIOART, Source [7-9], and/or
created by the authors based on the published bibliography. All images were created, modified, and assembled
on Inkscape (https://inkscape.org/).
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Figure 2. Timeline of the ontogeny of CNS cells. To start from the top, oligodendrocytes start to appear on
embryonic day (E) 14; the genesis of the oligodendrocytes lasts until postnatal day (P) 2, and just before this day,
PO initiates the maturation and differentiation of the oligodendrocytes, resulting in mature oligodendrocytes,
which emerge around P9 [10-12]. Astrocyte genesis starts around E16.5, ending on P7. On day P2, the new
astrocytes start to expand and mature, ending around day P21, when the mature astrocytes appear in the CNS
[10,12-14]. Mast cells and microglia originate from the bone marrow and enter the brain during development,
starting with the invasion of the erythroid-myeloid progenitor (EMP) from the yolk sac through the circulatory
system that is being generated at the same time. This invasion starts around day E8.5 and ends on day E14 to

E15. On day E12.5, the maturation and proliferation of both cell types occur with little difference in the time of
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ending and the appearance of the mature cell types. In mast cells, the proliferation and maturation phases end
around day P7, while microglia extend these processes to about day P9. Mature mast cells appear around day
PO, while mature microglia take a little longer, emerging around day P9 [10,15,16]. Finally, neurons in the
hippocampus start their ontogeny on day E10, ending on day P7, while axonal growth of new neurons starts
almost in conjunction with their genesis, initiating on day E12.5 and ending on day P9. Synaptogenesis starts on
day E16.5 and is a continuous process in the CNS [10,14,17]. Images were obtained and adapted from SciDraw
[18-22] and/or created by the authors based on the published bibliography. All images were created, adapted,
and assembled on Inkscape (https://inkscape.org/).

2. Molecular Aspects of Neuroinflammation and Anti-Inflammatory Agents

Inflammation can be induced by the activation of canonical and/or noncanonical pathways. The
canonical pathway responds to stimuli from various immune receptors and leads to rapid but
transient activation of NF-«xB through the activation of TGF[3-activated kinase 1 (TAK1 or MAP3K?),
which activates the trimeric IkB kinase complex (IKK). After several steps, the process culminates
with the nuclear translocation of elements such as NF-xB1 p50, RELA, and c-REL, at which they bind
to DNA at kB enhancer sites where they exert their action [28].

The noncanonical pathway is based on the processing of p100, which is tightly controlled and
inducible. P100, also known as NF-kB2, is a precursor protein that, after processing, becomes the p52
subunit of the NF-«xB transcription factor. Processing of p100 induces the translocation of p100-
associated NF-kB family members such as RELB and NF-kB p52. One of the characteristics of this
pathway is its slow and persistent activation, and its activation is mediated by ligands of tumor
necrosis factor receptors (TNFRs), such as TNFa [28].

An overproduction of TNFa has been observed in rats subjected to acute stress by
immobilization. TNFa is involved in the expression of inducible nitric oxide synthase (iNOS) through
NF-«B-dependent mechanisms [36]. However, these changes are not the same in different brain areas.
For instance, rats subjected to chronic stress show an increase in NF-«kB activation as well as in the
expression of TNFa, IL-18, and iNOS in the hippocampus, but the opposite occurs in the
hypothalamus [37].

Elevated levels of TNFa and ATP in the extracellular lumen have been linked to the assembly of
the inflammasome, a 700 kDa protein complex responsible for the activation of the proinflammatory
cytokines IL-1p and IL-18 [38,39]. Our interest in this chapter is in the NLRP3 inflammasome, which
is composed of the NOD-like receptor family pyrin domain containing 3 (NLRP3) protein as a sensor,
the apoptosis-associated speck-like protein containing an activator and recruiter of the caspase
domain as an adapter protein (ASC: apoptosis-associated speck-like protein containing a CARD), and
the protease caspase-1 as an effector [38,40].

The inflammasome can be activated by several stimuli and ligands, including pathogen-
associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs), such
as TNFa and ATP. The presence of TNFa in the extracellular lumen activates the TNF receptor
(TNFR). This results in the upregulation of inactive NLRP3, which, together with the ASC protein,
induces the autocatalysis of caspase-1 from pro-caspase-1, resulting in the cleavage of pro-IL-1f3 and
pro-IL-18 to IL-1B and IL-18 (Figure 3) [38,40—42]. Furthermore, IL-1p is known to act in a
paracrine/autocrine manner, improving signaling in the hypothalamus-pituitary-adrenal axis during
stress, which results in higher cytokine and glucocorticoid (GC) production [41].

The same effect on the activation of the inflammasome is achieved by ATP through the activation
of the purinergic receptor P2X ligand-gated ion channel 7 (P2X7 receptor or P2X7R). Elevated levels
of extracellular ATP activate the P2X7R, enabling the influx of Ca2+ into the intracellular milieu
(Figure 3) [43,44]. This elevation in cytoplasmic Ca2+ leads to two results. First, it activates connexin
hemichannels (connexons) and cleavage of the C-terminal of pannexinl by caspase-3. This generates
a truncated pannexinl hemichannel that, together with connexin and intact pannexin hemichannels,
enhances ATP efflux to the extracellular milieu [45,46], thus amplifying the inflammation signal.
Second, Ca2+ elevation induces the upregulation of NLRP3, in an analogous manner to TNFa, also
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resulting in the activation of IL-13 and IL-18 (Figure 3) [38,40,42]. The NLRP3 inflammasome and its
activation occur in most cell types of the central nervous system (CNS), including mast cells [42],
microglia [47], astrocytes [48], oligodendrocytes [41,49], and neurons [50].

If this inflammatory process occurs during the ontogeny of the nervous system, it can have
significant undesired consequences, affecting processes such as microglial infiltration and expansion,
neurogenesis, gliogenesis, connection generation, and neuronal pruning (Figures 1 and 2) [10].
Numerous anatomical studies have demonstrated that changes in neuronal structure and function
are responsible for many of the stress-induced changes in behavior and cognition [51-53], opening a
possible explanation for the etiopathogenesis of neuropsychiatric illnesses such as anxiety disorders
and depression.
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Figure 3. Scheme of inflammasome activation and generation of an inflammatory environment in a cell. From
left to right, a stress stimulus induces high levels of glucocorticoids (GCs), which bind to the mineralocorticoid
or glucocorticoid receptors (MRs/GRs) in the cell membrane or cell lumen, activating the inflammatory pathway
in a neighboring cell through the Iic3/NF-kf3 complex. This complex then induces the transcriptions and elevated
levels of NLRP3. GCs also induce the release of ATP from mast cells, which binds to the P2X7 receptor, enabling
the influx of Ca2+. Elevated Ca2+ levels in the intracellular milieu enhance the activity of pannexinl
hemichannels (Pannexons), allowing for ATP to be released into the extracellular milieu, where the activity of
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connexin hemichannels (Connexons) enables the influx of Ca2+ and efflux of ATP. Similar ATP and Ca2+
transmembrane transfer occurs through truncated pannexons. Elevated levels of intracellular free Ca2+ also
induce the assembly of NLRP3, ASC, and pro-caspasel, forming the NLRP3 inflammasome. This promotes
cleavage of the proinflammatory cytokines pro-IL1{3 and pro-IL18 to their active forms. The subsequent release
of these cytokines induces a local proinflammatory environment. Images above were obtained and adapted from
NIH BIOART Source [29-31], Servier medical art [32-35], and/or created by the authors based on the published
bibliography. All images were created, modified, and assembled in Inkscape (https://inkscape.org/).

3. Stress and Inflammation

The hypothalamus is involved in stress responses, activating a neuroendocrine response axis
involving the pituitary and adrenal glands, called the hypothalamus-pituitary-adrenal axis. This axis
receives information from the endocrine, immune, and nervous systems, controlling the
physiological responses to stress [54]. The hypothalamus releases corticotropin-releasing hormone
(CRH), which acts primarily on the pituitary gland, inducing the release of adrenocorticotropic
hormone (ACTH), which ultimately induces the release of GCs from the adrenal cortex (cortisol in
humans and corticosterone in rodents) [41,54-56].

GCs coordinate the regulation of the circadian rhythm, with elevated levels during the first
hours of the day and low points around midnight in humans [57-59]. This pattern is reversed in
nocturnal organisms such as mice. Due to their lipophilic characteristics, GCs passively cross the
plasma membrane of cells, where they can bind to the glucocorticoid receptor (GR) or the
mineralocorticoid receptor (MR), with GR being a low-affinity receptor and MR a high-affinity
receptor for GCs. The ligand-receptor complex is translocated to the nucleus, where it activates or
represses the transcription of multiple genes [54,60,61]. This GC signaling pathway has been
estimated to regulate up to 20% of the genome [54,62], and therefore, they have multiple undesired
effects on the brain and peripheral tissues.

The regulation of GC at the intracellular level depends on the activity of two 11p-hydroxysteroid
dehydrogenase isoenzymes, which have opposite effects. While isoenzyme 2 (113-HSD2) inactivates
cortisol (or corticosterone) in (11B-HSDs), transforming it into cortisone (or 11-
dehydrocorticosterone), isoenzyme 1 (113-HSD1) activates GCs [63-65]. At the systemic level, GCs
are regulated through corticosteroid-binding globulin, which in humans leaves approximately 5%
cortisol circulating in its active form [64]. In addition to the canonical function of GCs, other
mechanisms have been described where GCs exert their action, including non-genomic effects of GRs,
as well as crosstalk with other transcription factors and GC effects that are receptor-independent
[54,66].

GC levels increase in response to stress, heightening the individual’s state of alert and enabling
a positive adaptive response to the stressor in cases of acute stress [67]. However, chronic stress
happens to be proinflammatory in the CNS, where different cells of the immune system, such as mast
cells and microglia, are activated, hence inducing a reactive state in astrocytes and oligodendrocytes.
Just 30 minutes of movement restriction is enough for corticosterone to increase and mast cell
degranulation to occur [68,69], resulting in the release of proinflammatory agents such as ATP and
preformed TNFa.

Stress also occurs during pregnancy as a response to factors impacting both the mother and
fetus. In rats, stress induced by movement restriction has been observed to decrease mRNA levels as
well as placental 113-HSD2 activity but has a small or zero effect (depending on the study) on 11p-
HSD1 mRNA levels [64,65]. In the mothers, stress caused by food restriction leads to high levels of
corticosterone and reduced levels of 113-HSD2 mRNA expression at the placenta. This could affect
the number of active GCs that are transferred from the mother to the fetuses, which would induce
changes in their neurodevelopment [65].

Administration of the synthetic GC dexamethasone (DEX) in pregnant mammals induces
neuroinflammation, which impacts the ontogeny of neurons and glia in the offspring [41,70]. This
synthetic glucocorticoid can cross the placental barrier, but it is not inactivated by 113-HSD2, which
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could affect neuronal and glial maturation, as well as myelin synthesis, macrogliogenesis, and other
processes in brain development [64,71]. Furthermore, DEX modifies programmed and regulated
glucocorticoid secretion and brain plasticity [41].

Diseases of different etiopathologies, such as depression [54,72], schizophrenia [73], asthma
[61,74], preeclampsia [75], and Alzheimer’s and Parkinson’s disease [72,76], have been linked to
chronic GC release, which could enhance GC-enhanced inflammation. GCs also have many
applications in daily life. They are usually used as anti-inflammatory agents [54,61],
immunosuppressants, and in chemotherapy [54,60]. The use of GCs as antenatal treatment is directed
to reduce or prevent respiratory distress syndrome in premature fetuses. The direct correlation of an
early increase in GC levels during development and adverse behavioral outcomes has been
extensively described, including hypertension, gestational diabetes, autism, depression, and
schizophrenia [77-80], and can be transmitted epigenetically [81]. The studies in humans are also
supported by results obtained in experimental animals, including mice [41,70,82], rats [83-86], sheep
[87,88], and monkeys [89,90]. In addition, the stress-induced changes in neuroanatomy are specific to
brain region and sex [91,92].

Elevated levels of GCs increase CRH levels, which in turn induce blood levels of ACTH [93] and
the degranulation of mast cells [71]. While chronic stress increases GC levels and promotes the
activation of NLRP3 in microglia [94,95], astrocytes [96], and oligodendrocytes [41], it promotes the
activation of NLRP1 in neurons [97]. Studies show a direct association between antenatal treatment
with GCs and depression-like symptoms in offspring [83-85], inflammation [41], and/or changes in
the hippocampus that have been associated with depression-like symptoms in adults [70,82,84,86—
90]. Examples of the relationship between neuroinflammation induced at prenatal stages and changes
in behavior have been linked to toxic levels of lead [98]. Additionally, gossypol, a compound
primarily found in the cotton plant, reduces neurogenesis by targeting the proliferation and
differentiation of neuronal stem/progenitor cells, cognitive functions, and neuroinflammation [99].

4. Mast Cells, Microglia, and Inflammation

In the brain, mast cells reside in vascularized regions, including the meninges, area postrema,
choroid plexus, and the parenchyma of the thalamic-hypothalamic region [100]. They are
characterized by granules loaded with proinflammatory molecules such as biogenic amines
(histamines, serotonin), cytokines (e.g.,, IL1 to IL6 and TNFa), enzymes (e.g., phospholipases,
tryptase), lipid metabolites (e.g., prostaglandins, leukotrienes), ATP, and growth factors, among
others [16,101-104]. Despite all these possibilities, it should be made clear that not all mast cells
produce or maintain all these substances; rather, they depend on the environment and other
conditions [103]. Furthermore, if a longer-lasting action is required, they produce de novo and release
proinflammatory mediators [101]. Compared to other cell types in the CNS, the number of mast cells
under regular conditions is low, but their ability to accumulate inflammatory effectors generates
rapid responses to stress (mediated by CRH). The high content of inflammatory effectors and location
(associated with the blood-brain barrier and leptomeninges) enables the mast cell degranulation
response to be fast, amplified, and prolonged [101], which has been associated with different brain
disorders [105].

In mammals, microglia develop in the embryonic sac, and as primitive macrophages, they enter
the developing brain, colonizing the CNS parenchyma, where they mature into microglia [15,106].
Microglia are a population distinct from mononuclear phagocytes, characterized by fulfilling
multiple functions in the CNS. Their main function is the surveillance and protection of the nervous
system, like macrophages, but they have other secondary functions such as maintaining homeostasis,
tissue regeneration, removal of cellular debris, synaptogenesis, and production of trophic factors,
among others. All this has led to the consideration of microglia as an important cell type within the
CNS [15,107,108] in adults and during CNS development.

In response to a proinflammatory environment generated by the degranulation of mast cells,
microglia move from their homeostatic state to a responding state, inducing changes in their
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phenotype and triggering motility toward the inflammatory signal (induced by ATP and/or TNFa in
the extracellular milieu). Activating the inflammasome present in the microglia facilitates the
inflammatory response [15,107,108], and this has been observed to be implicated in conditions like
schizophrenia, major depressive disorder, anxiety, and autism spectrum disorder [109].

Astrocytes are a type of glial cell that play an important role in the regulation, maintenance, and
promotion of neuronal synapses. They secrete soluble factors that target pre- and postsynaptic
neurons, such as glutamate and L/D-serine, and can recycle neurotransmitters through transporters
[14,110]. This close relationship between neurons and astrocytes during the synapse led to the concept
of “tripartite synapse.” Increased levels of extracellular glutamate have been associated with
depression in patients suffering from major depression and animal models of depression [110].

5. Connexons, Pannexons, and Neuroinflammation

Connexin-based gap junctions are constituted by clusters of intracellular channels that connect
the cytoplasm of two contacting cells [50,111]. The most studied gap junction channels are formed by
two hemichannels, or connexons, which in turn are formed by six protein subunits called connexins.
Most hemichannels are permeable to different ions and small molecules, many of them important for
the maintenance of the inflammatory process and the assembly of the inflammasome, enabling the
influx of Ca2+ and the efflux of glutamate and ATP [112,113].

Pannexins present a similar membrane topology to connexins and form hemichannels called
pannexons. The latter are constituted by seven pannexin protein subunits, which facilitate the release
of ATP to the extracellular milieu [114,115]. Recently, it has been reported that high levels of
intracellular Ca2+ activate protease caspase-3 that cleaves the C-terminal domains of the pannexon.
This increases the radius of the pannexon’s pore, allowing for the influx of Ca2+ and maintaining
permeability to ATP [116]. This function, related to the influx of Ca2+ and efflux of ATP (both of
which are central in the inflammasome’s activation and autocrine/paracrine inflammatory signaling),
makes connexin and pannexin hemichannels potential molecular targets for interrupting stress-
induced neuroinflammatory processes. Pannexins have also been reported to form gap junction
channels [117], but their possible role in neuroinflammation remains elusive. Accordingly, stress
increases the activity of connexons, pannexons, and P2X7Rs in different brain cells [41,69]. In adult
male mice, chronic stress increases the activity of connexin43 hemichannels in microglia and
astrocytes, as well as that of pannexinl hemichannels in microglia, astrocytes, and neurons [69]. For
example, newborn offspring of mice stressed with DEX during gestation show increased levels of
connexin4’, pannexinl, and P2X7R in oligodendrocytes that are maintained for several weeks, as
well as an activation of the oligodendrocyte inflammasome [41]. Microglia activation has also been
observed in the offspring of stressed pregnant rats, which could contribute to behavioral changes
observed in adults with depression [118]. The offspring of mothers subjected to acute restraint stress
show an increase in the activity of both connexin43 and pannexinl hemichannels in astrocytes, which
is further increased by chronic stress. After acute and chronic stress, pannexinl hemi- channel activity
occurs in microglia and neurons.

Inhibiting glutamate NMDA/P2X7Rs can reduce chronic stress-induced hemi- channel activity,
whereas blocking connexin43 and pannexinl hemichannels would fully reduce ATP and glutamate
release, as observed in hippocampal slices from stressed mice. Releasing gliotransmitters through
hemichannels has been proposed to participate in the pathogenesis of stress-associated psychiatric
disorders [69]. Moreover, the induction of depression through chronic restraint stress and chronic
unpredictable mild stress in rats has also been linked to the activation of connexin43 hemichannels
and the release of glutamate and ATP [110].

Similarly, emotional or physical neglect due to abandonment is a clear source of stress in the
early life of an infant. This type of stressor has been shown to be directly implicated in psychological
symptoms such as inclination toward impulsive behavior, anxiety, depression, and others [119].
Dysregulation of astrocytic connexins has been identified in maternal isolation animal models that
mimic early life stress [120]. A recent study showed that oligodendrocyte precursor cells have a
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prominent role in modulating brain function and diseases through the paracrine regulation of
astrocyte development. This could provide a possible explanation for previous findings, where the
altered morphology of astrocytes in patients with mental disorders was observed to be associated
with a reduced number of oligodendroglial lineage cells [119]. Clearly, in adults, neuroinflammation
is present in models of social defeat stress [121], but further studies are required to validate the
influence of different types of stress, such as psychosocial stress and unpredictable mild stress or
social defeat paradigms, on the intensity and duration of neuroinflammation and CNS
cytoarchitecture at different ages. Interestingly, chronic unpredictable mild stress has been associated
with low expression of NLRP3 [122], strongly suggesting that reduced neuroinflammation renders
protection.

Hemichannels belong to the family of large-pore channels, which includes Transient receptor
potential (TRP) channels, Piezo channels, CAHLM channels, and P2X receptors, all of which are
nonselective channels permeable to small molecules and cations like Ca2+. Some of them, like
connexins, truncated pannexinl hemichannels, and CAHLM]1 channels, are expressed in most cell
types, sharing structural and pharmacological sensitivity [123]. To show their involvement in any
brain disease, it is, thus, critical to demonstrate their selectivity.

The compound D4 ((R)-2-(4-chlorophenyl)-2-oxo-1-phenylethyl quinolone-2-carboxylate, MW:
401.85 g/mol) inhibits the passage of molecules through connexin hemichannels, functioning as a
blocker. This small organic molecule does not block connexin gap junction channels [124], CAHLM1
channels [125], or P2X7Rs [126]. Initial studies showed the ability to reduce atrophy in pathological
muscle dysfunctions [127], as well as decrease neuroinflammation in temporal lobe epilepsy [128].
D4 has also been shown to inhibit stress-mediated astrogliosis and induce restoration of neural
activity at the brain level in adult mice with depression-like symptoms [126]. Likewise, the
compounds TAT-Cx43L2 and cacotheline have been studied and linked to blocking connexin43
hemichannels after the induction of depression through chronic stress. Subcutaneous cacotheline has
been shown to have antidepressant effects by specifically preventing connexin43 hemichannel
activity in a similar fashion as D4 [110]. Other approaches to inhibiting hemichannels include
peptides like TAT-Gap 19, which exert an anticonvulsant effect in rodents [129] and protect from
cerebral ischemia/reperfusion injury [130,131]. Other small organic molecules, such as CVB2-61, a
phenolic diaryl ether, and a curcuminoid analog, have been proposed to inhibit connexin
hemichannels [132] and, therefore, might be useful toward reducing neuroinflammation in several
brain diseases. The importance of neuroinflammation in the development of epilepsy has also been
proposed using other drugs such as lacosamide and amlexanox [133,134], supporting the concept that
neuroinflammation plays a relevant role in epilepsy.

One of the most interesting compounds that has been shown to block connexin hemichannels in
animal and cell models is Tonabersat, which reduces the effects of damage in the retina of rats
[135,136] and the inhibition of ATP release through connexin43 in cell cultures [136,137]. Tonabersat
is being tested in clinical trials for other uses (migraines, diabetic macular edema, and long COVID)
[138], which can facilitate its use in the future for neuroinflammation in human patients. A different
approach could be the use of a polypharmacology agent like boldine, which blocks connexin and
pannexin hemichannels and P2X7Rs [125,127,139].

With all the background presented, a neuroinflammatory process in offspring, due to an increase
in GCs in the mother during the gestational period, can be expected to have effects that are observed
at birth and remain until adulthood. The decrease or increase in dendritic arborization and density,
as well as the chronic activation of macroglia, microglia, and the inflammasome, would produce a
neuroinflammatory environment in relevant brain areas, which would be reflected in the appearance
of symptoms like anxiety disorders or depression in adult mice. This effect could be diminished by
blocking connexin hemichannels with the use of the anti-inflamma-tory molecule D4. Reducing these
complex disorders to a hemichannel-inflammation axis risks oversimplification. However, it seems
to offer an alternative that could be tested in humans because current treatments focusing on
neuronal targets appear poorly effective according to a network meta-analysis study [140].
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6. Epigenetic Changes Induced by Stress

Epigenetics refers to short- and long-term gene expression variations that are caused by non-
DNA-encoded mechanisms. These changes are hereditary and include the methylation of cytosine
bases, acetylation, and the methylation of histones and nonhistone proteins, as well as changes in
noncoding RNA expression, chromatin remodeling, and RNA modification [141,142].

Conditions such as autism spectrum disorder, depression, anxiety disorders, post-traumatic
stress disorder, and schizophrenia present epigenetic modification [3,142-145]. Chronic stress is
known to induce persistent changes in global DNA methylation and gene expression in different
brain areas [146]. Several enzymes can reverse epigenetic changes, with key players including histone
deacetylases and DNA methyltransferases. Histone deacetylases remove acetyl groups from histones,
while DNA methyltransferases remove methyl groups from DNA, effectively undoing these
epigenetic modifications. Research on epigenetic therapies suggests strong evidence for normal gene
expression restoration linked to inhibitors and modulators of the activity of enzymes involved in
epigenetic modifications, like DNA methylation and histone acetylation. This allows for the reversal
of abnormal epigenetic patterns and can be used to treat diseases where epigenetic changes are
implicated. Pharmacological inhibitors of DNA methylation, such as azacitidine and decitabine, were
developed to reverse epigenetic changes via DNA methyltransferase inhibition. It has been proposed
that some antidepressant drugs may exert direct epigenetic effects. For instance, tricyclic
antidepressants amitriptyline and imipramine have been shown to reduce promoter DNA
methylation in rat primary astrocytes, presumably by reducing DNA methyltransferase 1 activity
[147,148].

The use of epigenetic drugs can also help to alleviate the symptoms of some neurodegenerative
diseases or neurodevelopmental conditions. LSD1, a selective inhibitor of H3K4me2 demethylase,
has been shown to reverse some of the most common behaviors of an autistic mouse model, such as
social deficits and repetitive movements [149]. Similarly, the use of several drugs used as mood
stabilizers, antidepressants, and/or for the treatment of epilepsy, such as valproate, lithium chloride,
and clozapine, among others, induces changes in the different histone acetylases in the brain [150].
This network suggests the idea that a combination of drugs targeting connexin and pannexin
hemichannels, in conjunction with epigenetic drugs, could generate synergistic effects and favor the
recovery of DNA in a condition not associated with behavioral diseases.

7. Concluding Remarks

In the quest to find molecular targets that reduce or block neuroinflammation, connexin
hemichannels expressed by glial cells appear to be good candidates. Given that the hemichannels
found in the cell membrane are of easy access, they appear to be a good pharmacological target to
achieve this goal. In fact, several pharmacological approaches have been tested and have revealed
relevant protective action in animal models of human diseases. They include the small organic
molecule D4, TAT-Gap 19 peptide, Tonabersat, TAT-CX43L2, cacotheline, and boldine, which could
be part of a new generation of anti-inflammatory drugs.

As seen in this chapter, a large body of studies indicates that homeostatic disorders in the
developing CNS due to chronic stress during the prenatal stages of the mother or the early life of the
offspring can lead to a neuroinflammatory environment that favors changes, some or all of which
involve several steps of brain ontogeny (cell migration, proliferation, maturation, and differentiation)
being part of the balanced process for the normal development of the CNS. Any change could lead
to the first events that, sooner or later, can result in neuropsychiatric diseases or conditions. Different
levels or intensities of stress are commonplace in our modern days. It is relevant today more than
ever to assess their effects on the development and ontogeny of the CNS and, consequently, on the
development and ontogeny of neuroinflammation that can result in neuropsychiatric disorders or
conditions. Establishing treatments that reduce or even block neuroinflammation by using
hemichannel blockers and/or epigenetic drugs could be a promising start toward reducing the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.0354.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 December 2025 d0i:10.20944/preprints202512.0354.v1

11 of 18

negative effects of neuroinflammation in the ontogeny and development of the CNS. Further studies
are required to understand the relative involvement of neuroinflammation in behavioral diseases, as
compared to other working hypothesis, such as dysregulation of the dopamine of the
neurotransmitter dopamine in certain brain regions in the development and maintenance of
depressive symptoms [151].

Although the development of pharmacological tools has provided novel interpretations on the
etiopathogenesis of diverse brain malfunctions in different chronic diseases, the development of
conditional connexin and pannexin cell-specific knockouts will provide valuable information to
strengthen the interpretation of different findings in this area of research. Accordingly, Cx43 K.O in
microglia has recently supported the role of connexin hemichannels in neuroinflammation and
progression of Alzheimer’s disease [152].
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