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ARTICLE INFO ABSTRACT

Keywords: Patients with neurological diseases, such as schizophrenia, tend to show low K'-Cl' co-transporter 2 (KCC2)
KCC2 levels in the brain. The cause of these diseases has been associated with stress and neuroinflammation. However,
GABA since the pathogenesis of these diseases is not yet fully investigated, drug therapy is still limited to symptomatic
Neurological diseases . s . . . . .

Inflammation therapy. Targeting KCC2, which is mainly expressed in the brain, seems to be an appropriate approach in the

treatment of these diseases. In this review, we aimed to discuss about stress and inflammation, KCC2 and
Gamma-aminobutyric acid (GABA) function, diseases which decrease the KCC2 levels in the brain, factors that
regulate KCC2 activity, and the possibility to overcome neuronal dysfunction targeting KCC2. We also aimed to
discuss the relationships between neurological diseases and LPS caused by Porphyromonas gingivalis (P. g), which
is a type of oral bacterium. Clinical trials on oxytocin, sirtuin 1 (SIRT1) activator, and transient receptor potential
cation channel subfamily V Member 1 activator have been conducted to develop effective treatment methods. We
believe that KCC2 modulators that regulate mitochondria, such as oxytocin, glycogen synthase kinase 3p

Therapeutic target

(GSK3p), and SIRT1, can be potential targets for neurological diseases.

1. Introduction

Stress and neuroinflammation have been considered as one of the
most important risk factors of brain dysfunction. Moreover, brain
dysfunction caused by stress has also been associated with memory
impairment, attention impairment, executive dysfunction, social
behavior impairment, communication and emotional impairment,
agnosia, apraxia, and self-consciousness impairment. Brain dysfunction
is known to be caused by not only stress but also trauma, cerebrovas-
cular disease, autoimmune disease, and infection [1,2]. Patients with
mild brain dysfunction tend to lack a clinical insight into the disease and
do not have physical or speech disabilities. Moreover, even in their daily

* Scientific field of dental Science: Dental pharmacology

activities, they often have problems in social situations, which induces
stress not only on them but also on their families, leading to a decline in
social productivity. However, the onset mechanism is still unclear.

In recent years, the delay of the excitatory-to-inhibitory functional
switch of Gamma-aminobutyric acid (GABA; GABA switch) has been
reported as one of the causes of brain dysfunction. GABA is a dominant
inhibitory neurotransmitter in the adult central nervous system (CNS),
but before the GABA switch, GABA functions as an excitatory. In mice,
the GABA switch occurs during the first to the second postnatal week.
The correct timing of the GABA switch is determined by the functional
balance of chloride co-transporters; one is the increase of K™-Cl co-
transporter 2 (KCC2), while the other is the decrease of Nat-K*-2CI

* Corresponding author at: Department of Applied Pharmacology, Kagoshima University Graduate School of Medical and Dental Sciences, Kagoshima 890-8544,

Japan.
** Corresponding author.

E-mail addresses: ktomita@dent.kagoshima-u.ac.jp (K. Tomita), tomsato@dent.kagoshima-u.ac.jp (T. Sato).

https://doi.org/10.1016/j.jdsr.2023.11.001

Received 25 July 2023; Received in revised form 1 November 2023; Accepted 5 November 2023
1882-7616/© 2023 Published by Elsevier Ltd on behalf of The Japanese Association for Dental Science. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:ktomita@dent.kagoshima-u.ac.jp
mailto:tomsato@dent.kagoshima-u.ac.jp
www.sciencedirect.com/science/journal/18827616
https://www.elsevier.com/locate/jdsr
https://doi.org/10.1016/j.jdsr.2023.11.001
https://doi.org/10.1016/j.jdsr.2023.11.001
https://doi.org/10.1016/j.jdsr.2023.11.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jdsr.2023.11.001&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

K. Tomita et al.

co-transporter 1 (NKCC1). The expression change of these co-
transporters decreases the intracellular chloride levels in the brain,
which results in the GABA function from being excitatory to inhibitory
[3] (Fig. 1). It is noteworthy that NKCC1 is expressed ubiquitously in
vivo, whereas KCC2 protein expression is restricted to the brain [4,5].

In some studies, the decreased expression of KCC2 in the nervous
system was observed in Huntington’s disease [6], Rett syndrome [7],
Angelman syndrome [8], stroke [9], epilepsy [10], and schizophrenia
[11,12]. Therefore, controlling the KCC2 expression that is, restoring the
KCC2 expression and function, is critical to overcome these diseases. In
recent years, oxytocin, which regulates KCC2 expression, has attracted
attention to overcome neuropathy. It has been reported that the intra-
nasal administration of oxytocin to patients with autism relieves their
symptoms [13,14], indicating that it has the potential to be applied to
the treatment of many neurological disorders. Furthermore, oxytocin,
inhibitors of the fms-like tyrosine kinase 3 (FLT3), glycogen synthase
kinase 3p (GSK3p), activators of sirtuin 1 (SIRT1), and transient receptor
potential cation channel subfamily V Member 1 (TRPV1) pathways have
been reported to enhance KCC2 expression [7]. Moreover, a relationship
between prohibitin 2 (PHB2), a multifunctional protein mainly localized
in mitochondria, and KCC2 expression has also been reported [15].

In this review, we focus on the regulation of KCC2 in neurological
diseases and discuss the possibility of targeting KCC2 to overcome
neurological diseases.

2. Stress and inflammation

Inflammation, which is caused by stress, leads to brain dysfunction.
The cause of stress is called a stressor. Several types of stressors affect the
mind and body. It has been reported that restraint stress, oxidative
stress, and maternal separation trigger dysfunctions in the brain
[16-18]. Neuroinflammation, which is an inflammation of the nervous
tissue, has been shown to cause psychiatric disorders, such as cognitive
impairment [19].

One of the stressors that cause neuroinflammation is lipopolysac-
charides (LPSs) [20]. LPSs derived from Escherichia coli (E. coli)
up-regulate nterleukin-1 beta (IL-1p) and cause depression-like behav-
iors [21]. LPS derived from Porphyromonas gingivalis (P. g), which is a
type of oral bacteria, causes not only periodontal disease but also is
involved in Alzheimer’s disease [22].
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Fig. 1. The GABA switch. When the Gamma-aminobutyric acid (GABA) binds
to the GABA, receptor, which is a chloride channel, it opens the GABA, re-
ceptor. When the intracellular chloride ion concentration is high because of the
low expression of K*-Cl' co-transporter 2 (KCC2), i.e., when the brain is
immature, GABA makes chloride ions flow out from the cells, resulting in cell
excitability (the membrane potential depolarizes). On the other hand, during
normal brain development, KCC2 is up-regulated and Na*-K*-2CI'" co-
transporter 1 (NKCC1) is down-regulated. Therefore, in mature brains with
lowered intracellular chloride ions, chloride ions flow into the cells when GABA
functions. As a result, cells respond in an inhibitory manner (the membrane
potential hyperpolarizes). The excitatory-to-inhibitory functional switch of
GABA is referred to as the GABA switch.
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Oxidative stress is also one of the important stressors that trigger
inflammation. It is defined as an imbalance between the production of
reactive oxygen species (ROS) and antioxidants. This imbalance leads to
the damage of important biomolecules and impacts the whole body
[23]. ROS are products of normal cellular metabolism and play vital
roles in cell signaling pathways [24]. It has been indicated that most
ROS are generated in cells by the mitochondrial respiratory chain [25,
26]. Additionally, LPS also stimulates ROS [27].

The oral and maxillofacial region is the most nerve-concentrated
area in the body. According to the Penfield map [28], the maxillofa-
cial region, along with the limbs, occupies a large portion of the so-
matosensory and motor cortices, indicating a strong relationship
between the maxillofacial region and brain. Moreover, since P. g LPS in
the oral cavity is commonly detected in the brains of Alzheimer’s disease
patients [29], inflammation and dysfunction in the oral area might cause
functional impairment in the brain. In fact, P. g LPS treatment has been
reported to increase IL-1B expression in the cells of the nervous system,
leading to inflammation and neural disfunction via KCC2 decrease [30].

In recent years, it has been reported that endogenous damage-related
molecules (damage-associated molecular patterns: DAMPs) induce
inflammation by binding to Toll-like receptors (TRL) and receptors for
advanced glycation end products (RAGE) [31]. DAMPs are thought to be
released in association with cell stress, such as cell death and cell
damage, and function as alarms that signal cell crisis. It has also been
indicated that neuroinflammation is mediated by GSK3p-dependent
TLR4 signaling in mice [32]. Moreover, it has also been shown that the
up-regulation of IL-1p by binding LPS to TLR4 leads to the localization of
RE1-silencing transcription factor (REST) and methyl CpG binding
protein 2 (MECP2) to the nucleus and suppression of KCC2 gene
expression [33]. MECP2 is a responsible gene in Rett syndrome, and the
knockout of the gene has shown to enhance LPS-induced inflammatory
response [34,35]. Chronic stress has been reported to reduce hippo-
campal KCC2 expression and shifts GABA function from inhibitory to
excitatory [36]. Furthermore, it has been reported that LPS decreases
KCC2 expression and TLR4 and RAGE are involved in this LPS-induced
stress response as receptors [15].

3. KCC2 expression and GABA function

GABA opens the GABA, receptor, which penetrates Cl. GABA is the
main inhibitory neurotransmitter in the mature CNS. However, GABA
acts as excitatory in the immature brain. This is because NKCC1
expression tends to decrease, while KCC2 expression tends to increase
during brain maturation. NKCC1 is a transporter that takes Cl" into cells
and KCC2 is a transporter that releases Cl" outside the cells. When
GABA, receptors are opened under a high intracellular Cl" concentra-
tion, i.e., the NKCC1 expression is high and KCC2 expression is low, Cl°
are released outside the cell. This causes the depolarization of the
plasma membrane potential and excites the cell. As the brain matures,
the NKCC1 expression decreases, KCC2 expression increases, and
intracellular Cl" concentration decreases. In this state, GABA makes the
CI" flow into the cells. As a result, GABA hyperpolarizes the membrane
potential, and the cells respond in an inhibitory manner (Fig. 1). This
functional change from an excitatory to inhibitory GABA function is
called the GABA switch. Moreover, the GABA switch has been observed
in a range of species, such as zebrafish [37], Xenopus [38], and chicks
[39]. At least in vertebrates, it seems to be a general rule that has been
conserved throughout evolution.

In the hippocampus, the amount of KCC2 mRNA is correlated with
GABA function, overexpression of KCC2 changes the action of GABA
from excitatory to inhibitory, and activation or inhibition of GABA,
receptors alters the KCC2 expression and reversal potential of the plasma
membrane [40]. These results suggested that KCC2 plays an important
role in brain function better than NKCC1. It has been found that the
correct timing of the GABA switch is important for normal brain matu-
ration. It is known that exposure to various stresses at an early age delays
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the timing of this switch, causing behavioral abnormalities [18]. It has
been indicated that oxytocin is involved in anti-inflammation [41] and
in the GABA switch by up-regulating the KCC2 expression and phos-
phorylation via the oxytocin receptors [42].

4. KCC2 and neurological diseases

KCC2 is known to be involved in the pathogenesis of many neuro-
logical diseases, such as autism spectrum disorder (ASD) [43]. Table 1
shows the various diseases associated with decreased KCC2 expression
[9,10,12,34,43-50]. ASD is one of the developmental disorders that
currently has no cure, which is characterized by poor communication
with people and strong obsession with things. Moreover, ASD can also be
accompanied by other neurodevelopmental disorders, such as intellec-
tual disability, depression, bipolar disorder, obsessive-compulsive dis-
order, anxiety, and schizophrenia, and include Rett syndrome [51] and
Angelman syndrome [8]. Rett syndrome is a genetic disorder charac-
terized by autism, epilepsy, ataxic gait, and characteristic fisting

Table 1
Major diseases associated with decreased KCC2 expression.
Disease Symptoms Cause Ref
Autism spectrum  Impaired social Unknown (congenital 43
disorder communication, restricted abnormalities in brain
interests, stereotypies function)
(Rett Syndrome) Autism, epilepsy, ataxic MECP2 gene mutation 34
gait, peculiar stereotypic
movements (firming
movements)
(Angelman Epilepsy, shows Loss of UBE3A gene 44
syndrome) clumsiness and laughs a
lot at trifles
Mood disorders Intense sadness, lack of Unknown cause (stress) 45
(depression, motivation,
bipolar difficulty sleeping, getting
disorder) tired easily, feeling
sluggish
Epilepsy Seizures, such as Brain trauma, 10
convulsions or loss of encephalitis,
consciousness encephalopathy,
meningitis, cerebral
infarction, stress
Schizophrenia Delusions, hallucinations, Unknown cause (stress) 12
disorganized thinking,
extremely disorganized or
abnormal motor behavior,
lose interest in everyday
activities, socially
withdraw
Stroke Paralysis of arms and face, Arteriosclerosis caused by 9
inability to speak hypertension,
properly, dizziness, hyperlipidemia, diabetes,
headache, smoking
unconsciousness
Down syndrome Flattened face, short neck, 21 trisomy 46
mental impairment,
distraction, obsessive
behaviors.
Huntington’s Involuntary movements Huntingtin gene mutation 47
disease such as chorea, psychiatric
symptoms, behavioral
disorders, cognitive
impairment
Diabetes Increased blood sugar Lifestyle habits such as 48
level, thirst, polydipsia, overeating (especially
polyuria, malaise, weight high-fat diet), lack of
loss, urinary sugar exercise, obesity, stress,
and aging
Spinal cord Paralysis due to damage to  Traffic accident, fall 49
injury the spinal cord
Neuropathic Electric pain, stabbing Nerve compression, 50
pain pain, constricting pain, injury, phantom limb

numbness pain, allodynia

pain, post-herpetic
neuralgia, diabetes
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movements. De novo mutations in the MECP2 gene in humans are
responsible for more than 80% of all Rett syndrome cases [34,52]. It has
been reported that KCC2 expression is down-regulated in the brains of
patients with Rett syndrome [53]. MECP2 deficiency in Rett syndrome
also results in the downregulation of brain-derived neurotrophic factor
(BDNF) because mutated MECP2 is unable to bind to the regulatory
region of BDNF [54], while the overexpression of KCC2 has been re-
ported to rescue the Rett syndrome phenotype [51]. Angelman syn-
drome is caused by the loss of function of the UBE3A, which is located in
chromosome 15q11-q13 [44]. It is characterized by severe develop-
mental delay, dyslexia, epilepsy, frequent laughter, and clumsy move-
ments [55,56]. In a mouse model of Angelman syndrome, decreased
KCC2 expression and increased NKCC1 expression have been observed
in the hippocampus [8]. This result indicates that not only KCC2 but also
NKCC1 may be a therapeutic target for brain dysfunction.

Typical mental disorders include affective disorders (depression and
bipolar disorder), epilepsy, and schizophrenia. The WHO reports that
the prevalence of bipolar disorder and epilepsy is about 1% of the
population, respectively. The prevalence of schizophrenia is estimated
at about 0.3%, while depression is estimated at about 4%. The genes
responsible for these disorders have not been determined. However,
these diseases are known to be caused by stress and decrease the
expression of KCC2 [10,12,45]. The three types of strokes are as follows:
cerebral infarction caused by clogged blood vessels (ischemia), cerebral
hemorrhage caused by ruptured blood vessels, and subarachnoid hem-
orrhage. Among them, cerebral infarction accounts for most strokes, and
ischemia has been shown to down-regulate KCC2 [9]. Moreover, it has
been indicated that KCC2 is decreased in genetic diseases, such as
Down’s syndrome and Huntington’s chorea, as well as in diabetes, spinal
cord injury, and neuropathic pain [46-50].

Tsukahara et al. focused on the effects of repeated stress of forced
drinking on the GABA response of female mice and found that repeated
stress reduced their novel object recognition ability and social behavior.
They found that the KCC2 levels decreased in the hippocampus [57].
Moreover, Furukawa et al. analyzed the effects of the maternal separa-
tion on the behavioral characteristics of juvenile mice and found that the
mice that were isolated from their mother mice for 3h every day
exhibited more anxiety-like behavior than mice that were not separated
[18].

5. Factors that regulates KCC2 activity

It has been reported that many factors can influence the KCC2 ac-
tivity (as summarized in Table 2) [7,15,33,42,58-70]. The WNK
(with-no-lysine kinase) family of serine-threonine kinases, together with
SPAK, a STE20/SPS1-related proline/alanine-rich kinase, and OSR1, an
oxidative stress-responsive kinase — 1, form a powerful signaling
cascade that is involved in the control of KCC2 [71,72].
WNK-SPAK/OSR1 directly phosphorylates KCC2 and inhibits the KCC2
function. It has been reported that the WNK-SPAK system is activated by
the phosphatidylinositol-3 kinase (PI3K)/AKT signaling pathway [71].

Based on the study of Rett syndrome, the inhibitors of FLT3 and
GSK3p, the activators of the SIRT1 and TRPV1 pathways, have been
identified as factors that increase KCC2 expression [7]. FLT3 is known as
a receptor tyrosine kinase and activates downstream MAPK,
PI3K/AKT/mTOR, and STAT signaling by the binding of the FLT3 ligand
[72]. It has been indicated that KW-2449, which is an inhibitor of FLT3,
up-regulates KCC2 [7]. GSK3 is a serine/threonine protein kinase [73]
and catalyzes the phosphorylation of many cellular substrates [74].
GSK3p is highly expressed particularly in the CNS and acts as a substrate
for AKT, but it has been reported to be regulated both positively and
negatively by AKT [75]. GSK3p has been reported to function as a pos-
itive effector of the WNK-SPAK pathway [76]. Several GSK3p inhibitors
have been used in clinical trials [77]. SIRT1, which is a homolog of yeast
silent information regulator 2, is a histone deacetylase, and its activation
is known to extend lifespan in yeast to human [78,79]. SIRT1 is basally
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Table 2
Factors that regulate KCC2.

Factor Function Ref

WNK/SPAK Phosphorylates KCC2 extracellular domain and 58
inhibit KCC2

Brain-type creatine Directly binds to KCC2 and Activates KCC2 59

kinase

PACSIN1 A neuronal endocytic regulatory protein that inhibits 60
KCC2 expression

Gephyrin Anchor protein to stabilize KCC2 expression 61

GABAB Receptor Directly bind to KCC2 and inhibit its expression 62

BDNF Down-regulates KCC2 expression by CREB 63
phosphorylation

MECP2 Inhibit KCC2 expression by binding KCC2 promotor 33

FLT3 Receptor tyrosine kinase that Inhibits KCC2 7
expression via AKT signaling

GSK3p Inhibits KCC2 expression by inactivating KCC2 64
promoter
(activate histone deacetylase and/or IL1p-REST
signaling)

SIRT1 Activate KCC2 expression by inhibiting REST gene 65
expression

TRPV1 Activate KCC2 expression 7

Estradiol Down-regulates KCC2 expression in male mouse 66

Oxytocin Activates KCC2 by inhibiting GSK3p 42

miR-137 Directly down-regulates KCC2 expression 67

CLP257 KCC2 activator, increase its function by KCC2 68
phosphorylation

CLP290 KCC2 activator, pro-drug of CLP257 68

Bisphenol A KCC2 inhibitor by inactivating KCC2 promoter 69
(inhibit histone acetyltransferase)

Furosemide KCC2 inhibitor. Also inhibit NKCC1 70

bumetanide KCC2 inhibitor. Also inhibit NKCC1 70

Kamikihito Activates KCC2 by upregulating oxytocin expression 15

expressed in the adult mammalian brain, predominantly in the neurons
[79]. It has been reported that SIRT1 activator resveratrol
down-regulates REST, which inhibits the KCC2 expression by binding to
the promoter region of KCC2 [65]. Furthermore, SIRT1 has been shown
to down-regulate miR-134, a brain specific miRNA, while miR-134
modulates synaptic  plasticity and memory formation by
down-regulating the cAMP response element binding protein (CREB)
and BDNF expression [80]. SIRT1 has been shown to improve mito-
chondrial function via the deacetylation of peroxisome
proliferator-activated receptor-y co-activator-la, which is involved in
mitochondrial biogenesis [81]. Moreover, resveratrol is used in clinical
trials [82]. Recently, the intranasal administration of rifampicin (a
well-known antibiotic that also improves cognitive function) and
resveratrol in combination has been shown to be a safer and more
effective treatment method in improving cognitive function than the
administration of rifampicin alone in animal models [83]. TRPV1, a
capsaicin receptor, is a Ca®"-permeable non-selective cation channel
which is involved in neuroinflammation and neuropathic pain [84,85].
TRPV1 expresses in neurons and glia and is involved in neuroplasticity.
Piperine is the main bioactive component of black pepper and is
considered a TRPV1 activator which can also up-regulate KCC2
expression [7]. It has been shown that TRPV1 could induce long-term
potentiation via BDNF, while BDNF has been shown to induce the gen-
eration of action potentials in the postsynaptic element by inducing
TRPV1 and a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid re-
ceptors [86].

BDNF is the most major neurotrophic factor and widely expressed in
the brain. They act through its receptor tropomyosin receptor kinase B
(TrkB) and down-regulate KCC2 expression [63,87]. BDNF mediates
KCC2 downregulation which has been shown to be involved in neuro-
pathic pain and seizures [88]. BDNF has been reported to regulate
synaptic plasticity and memory. Decreased BDNF expression has also
been associated with Alzheimer’s disease, Huntington’s disease, Par-
kinson’s disease, and normal aging conditions [89]. It has been indi-
cated that the dysregulation of neurotrophic factors including BDNF
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could play an important role in the etiology of bipolar disorder and
major depressive disorder [90,91]. Moreover, BDNF is known to be
induced by ROS [92]. Mitochondria are the main intracellular source of
ROS [26], and BDNF has been shown to increase the mitochondrial
function of the brain, such as ATP synthesis [93]. TrkB is a tyrosine
kinase and activates various signaling pathways, including the PI3K,
AKT, MAPK, and phospholipase Cy pathways that activate CREB by
phosphorylation [94].

CLP257 and its carbamate prodrug CLP290 are KCC2 activators [68].
CLP257 was obtained as a result of the high-throughput screening of a
library to identify small molecules that can decrease intracellular CI
concentration. Gagnon et al., found that CLP257 significantly amelio-
rated the depolarization caused by the decreased expression of KCC2 in
dorsal horn neurons in spinal cord slices during neuropathic pain, which
ultimately improved intracellular CI" accumulation. It has been sug-
gested that CLP257 and estradiol are working through the same pathway
to regulate KCC2 [95]. Estradiol has been shown to regulate KCC2
expression [66,96] and activate the oxytocin and oxytocin receptors
[97].

Oxytocin is a neuropeptide with a total length of nine amino acids
and used as a neurotransmitter in the CNS [98,99]. Oxytocin treatment
through a nasal mucosa has been shown to improve autistic symptoms in
a clinical trial [13,14]. It has also been reported to cause GABA to switch
“ON” by up-regulating the KCC2 expression and phosphorylation [42]
and inhibits GSK-3p signaling [100]. Stress has been shown to activate
the hypothalamic-pituitary-adrenal (HPA) axis and increase the gluco-
corticoid concentration in the blood, which leads to cognitive impair-
ments and behavioral disorders [101]. Oxytocin administration reduces
the glucocorticoid levels in the rat plasma due to stress [102], inhibits
the HPA axis, and decreases anxiety to stress [103]. LPS treatment re-
duces the KCC2 expression, which in turn reduces the oxytocin receptor
expression [30]. Moreover, oxytocin improves the ability to perceive
and recognize emotions based on the facial expressions of others
[104-106]. Based on these reports, oxytocin is reported to help improve
the symptoms of neurological diseases. In fact, oxytocin has been veri-
fied to be effective in treating autism [14]. Moreover, a study has re-
ported a dementia patient administered with oxytocin who was found to
become less likely to feel anger or fear from the facial expressions of
others, and the efficacy of oxytocin in treating PTSD patients has also
been investigated [107,108]. It has been reported that brain injuries
caused by cranial X-ray irradiation decrease the KCC2 expression in the
hippocampus, but nasal oxytocin administration after cranial X-ray
irradiation improves the decrease in KCC2 as well as cognitive
dysfunction [109].

Kampo medicines are traditional herbal formulas prescribed based
on the theory of Kampo developed independently in Japan. Recently,
Kampo medicines, such as Kamishoyosan (KSS) and Kamikihito (KKT),
were found to improve the stress-induced reduction of KCC2 via GSK3f
signaling [30]. KSS has been shown to reduce aggressive biting behavior
through serotonin production in the dorsal raphe nucleus of mice after
stress [110]. KSS improves the KCC2 decrease through P. g LPS treat-
ment by reducing the expression of RAGE and Tlr4 [15]. RAGE and TRL4
are known to be the receptor of P. g LPS. KKT is prescribed to patients
with anxiety, depression, and insomnia [111]. Furthermore, KKT has
been shown to increase the secretion of oxytocin in rats with acute stress
[112].

One of the direct targets of miR-137 is KCC2 [67]. MiR-137 has been
identified as a risk gene for the etiology of schizophrenia [67], bipolar
disorder [113], and ASD [114]. MiR-137 also regulates GSK3p and
mTOR through neuregulin and BDNF [115,116]. The relationships be-
tween miR-137 and mitochondria have also been investigated [117].
Stress-induced mitochondrial dysfunction tends to suppress KCC2 [118].
The dysfunction of mitochondrial uncoupling protein UCP2 was re-
ported to result in a decreased expression of KCC2 [119]. UCP2 provides
protection against oxidative stress and plays an important role in
decreasing the ROS production by mitochondria. UCP has shown to
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regulate insulin secretion by pancreatic beta cells and regulate free fatty
acid metabolism, which are associated with the pathogenesis of diabetes
[120]. 5-Aminolevulinic acid, which is a source of heme and bio-
synthesized in mitochondria, has been found to inhibit oxidative stress
and ameliorate autistic-like behaviors [121]. Many mitochondrial
components and metabolites can also function as DAMPs and promote
inflammation when they are released into the cytosol or extracellular
environment [122]. In fact, our studies have shown that P. g LPS treat-
ment reduces mitochondrial function and KCC2 expression via TLR4 and
RAGE, which act as receptors for DAMPS. Furthermore, the knockdown
of the PHB2, one of the mitochondrial functional proteins, reduces KCC2
expression [9].

6. Conclusion: the possibility to overcome neuronal dysfunction

Targeting KCC2 to overcome neuronal dysfunction is a promising
approach. Including the number of potential patients, it is estimated that
a considerable number of patients are suffering from neuronal
dysfunction. For example, according to a survey by the Ministry of Ed-
ucation, Culture, Sports, Science, and Technology, the percentage of
children with developmental disorders, which are related to brain
dysfunction, exceeds 6% in Japan. These patients are likely to have
trouble in human relationships. As a result, it is difficult to adapt to
social life, and stress is thought to easily lead to mental disorders, such as
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depression and schizophrenia as secondary disorders. Since the patho-
genesis of these diseases is unknown, drug therapy is still limited to
symptomatic therapy, and effective drug therapy is difficult. Targeting
KCC2, which is mainly expressed in the brain and is deeply involved in
neuronal dysfunction, is thought to be a better method with fewer side
effects.

It has been shown that oxytocin treatment through a nasal mucosa
improved autistic symptoms in a clinical trial [13,14]. Therefore,
oxytocin is very promising as a therapeutic method targeting KCC2.
Furthermore, it could decrease KCC2 by using Kampo, such as KSS and
KKT, without the direct administration of oxytocin. Clinical trials on
SIRT1 and TRPV1 activators have also been promising. Due to its mo-
lecular weight, LPS is difficult to pass the blood-brain barrier in a
healthy brain. However, P. g LPS in the oral cavity has been reported to
be detected in the brains of Alzheimer’s disease patients [22]. With re-
gard to the brain-gut axis [123], oral care is considered necessary. The
method targeting mitochondria is also a promising approach. It has been
reported that autologously derived mitochondrial transplantation suc-
cessfully ameliorates heart injury [124]. Given the success of mito-
chondrial transplantation in patients with heart injury, it is highly likely
that healthy mitochondrial transplantation in patients with psychiatric
disorders to regulate KCC2 expression may also work. We have sum-
marized the signaling cascades that regulate KCC2 reviewed in this
paper (Fig. 2). Although further research is needed to confirm these
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Fig. 2. Summary of the KCC2 regulation. KCC2 is regulated by many factors. Factors that would up-regulate the KCC2 expression are presented in green, while
factors that would down-regulate it are presented in yellow. Stress induces inflammation, while inflammation down-regulates KCC2. KCC2 is up-regulated when
piperine binds to TRPV1, the capsaicin receptor. OXT, which is a neuropeptide, binds to both OXTR and RAGE. When OXT binds to these receptors, GSK3p is
inactivated. Because GSK3p up-regulates IL-1p, OXT down-regulates inflammation and results in KCC2 downregulation. KKT is one of the Kampo medicines pre-
scribed to patients presenting symptoms of anxiety, depression, and insomnia. KKT up-regulates OXT which results in the upregulation of KCC2. RAGE acts as a
receptor not only for OXT but also for P. g LPS. When P. g LPS binds to RAGE, GSK3p is activated. RAGE activates TLR4, which also acts as the P. g LPS receptor.
Moreover, TLR4 activates IL-1p and WNK-SPAK which leads to GSK3p activation. KSS inhibits RAGE, while BIO inhibits GSK3p. FLT3 and TrkB are receptor tyrosine
kinases. As ligands, FLT3L binds to FLT3 and BDNF binds to TrkB. When these ligands bind to receptors, PI3K is activated. The PI3K activates AKT and up-regulates
GSK3p. Akt has been reported to phosphorylate CREB and regulate BDNF. CREB is down-regulated by miR-134 post-translationally. MiR-134 is down-regulated by
SIRT1, which is a histone deacetylase, and its activation is known to extend lifespan of yeast to human. SIRT1 is activated by resveratrol. Activated SIRT1 inhibits
REST expression by binding to the transcriptional regulatory region of REST genes. REST translocates into the nucleus together with MECP2 via GSK3p and inhibits
KCC2 expression. GSK3p inhibits mitochondrial activity, while mitochondrial dysfunction decreases KCC2 expression. Mitochondrial activity is regulated by not only
GSK3p but also SIRT1 or miR-137. Please refer to the text for details. KCC2, K*-CI" co-transporter 2; TRPV1, transient receptor potential cation channel subfamily V
Member 1; OXT, oxytocin; OXTR, OXT receptor; RAGE, receptors for advanced glycation end products; GSK3p, glycogen synthase kinase 3f; IL-1f, nterleukin-1 beta;
KKT, Kamikihito; P. g LPS, LPS derived from Porphyromonas gingivalis; TLR4, Toll-like receptor 4; WNK, with-no-lysine kinase; SPAK, STE20/SPS1-related proline/
alanine-rich kinase; KSS, Kamishoyosan; BIO, 6-bromoindirubin-3’-oxime/ GSK-3 Inhibitor IX; FLT3, fms-like tyrosine kinase 3; FLT3L, FLT3 ligand; TrkB, tropo-
myosin receptor kinase B; BDNF, brain-derived neurotrophic factor; PI3K, phosphatidylinositol-3 kinase; CREB, cAMP response element binding protein; SIRT1,
sirtuin 1; REST, RE1-silencing transcription factor; MECP2, methyl-CpG-binding protein 2.
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findings, various approaches to psychiatric disorders targeting KCC2
will open a promising future for novel and effective treatments.
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