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Abstract

Acid-sensitive ion channels, such as amiloride-sensitive cation channel (ACCN), transient receptor potential vanilloid-1
(TRPV1), and T-cell death-associated gene 8 (TDAG8) are highly related to the expression of fear and are expressed in
several regions of the brain. These molecules can detect acidosis and maintain brain homeostasis. An important role of
pH homeostasis has been suggested in the physiology of panic disorder (PD), with acidosis as an interoceptive trigger
for panic attacks. To examine the effect of acid-sensitive channels on PD symptoms, we conducted a systematic review
and meta-analysis of these chemosensors in rodents and humans. Following PRISMA guidelines, we systematically
searched the Web of Science, Medline/Pubmed, Scopus, Science Direct, and SciELO databases. The review included
original research in PD patients and animal models of PD that investigated acid-sensitive channels and PD symptoms.
Studies without a control group, studies involving patients with a comorbid psychiatric diagnosis, and in vitro studies
were excluded. Eleven articles met the inclusion criteria for the systematic review. The majority of the studies showed
an association between panic symptoms and acid-sensitive channels. PD patients appear to display polymorphisms in
the ACCN gene and elevated levels of TDAG8 mRNA. The results showed a decrease in panic-like symptoms after acid
channel blockade in animal models. Despite the relatively limited data on this topic in the literature, our review
identified evidence linking acid-sensitive channels to PD in humans and preclinical models. Future research should
explore possible underlying mechanisms of this association, attempt to replicate the existing findings in larger
populations, and develop new therapeutic strategies based on these biological features.

Introduction

Acid-sensitive channels are highly related to the
expression of fear. In mice, deleting or inhibiting acid-
sensitive ion channels (ASICs), such as ASICla, transient
receptor potential (TRP) vanilloid-1 (TRPV1), or proton-
sensing G protein-coupled receptors, such as T-cell
death-associated gene 8 (TDAGS8) can render the animal
less fearful to conditioned and/or unconditioned fear' ™.
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Fear is produced by CO, inhalation, which also gen-
erates autonomic and respiratory responses that can
evoke panic attacks in individuals with panic disorder
(PD)°. For this reason, CO, is frequently used as a bio-
logical challenge and biomarker for PD. In addition to
CO,, other agents such as lactate can cause pH shifts and
evoke panic attacks’. Furthermore, neuroimaging studies
suggest the presence of dysregulated acid-base buffering®
and increased plasma and brain lactate responses to
metabolic challenges in patients with PD°.

Brain extracellular pH is a fundamental signal for reg-
ulating homeostatic arousal, such as in behavior and
breathing. In the intact brain in vivo, interstitial pH

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changes were made. The images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecormmons.org/licenses/by/4.0/.


http://orcid.org/0000-0002-6928-5847
http://orcid.org/0000-0002-6928-5847
http://orcid.org/0000-0002-6928-5847
http://orcid.org/0000-0002-6928-5847
http://orcid.org/0000-0002-6928-5847
http://orcid.org/0000-0002-2152-4669
http://orcid.org/0000-0002-2152-4669
http://orcid.org/0000-0002-2152-4669
http://orcid.org/0000-0002-2152-4669
http://orcid.org/0000-0002-2152-4669
http://creativecommons.org/licenses/by/4.0/
mailto:laiana.quagliato@gmail.com

Quagliato et al. Translational Psychiatry (2018)8:185

generally ranges from 7.1 to 7.25, but this balance can be
endangered by numerous conditions, including metabolic
acidosis, inflammation, and hypoventilation, in which pH
can drop to 6.5'°. Monitoring systems, such as molecular
acid sensors, deal with these challenges by detecting
harmful acidosis, and initiating appropriate emergency
reactions, thereby limiting any resulting tissue damage'".
Among the molecular acid sensors, ASICs, also known as
amiloride-sensitive cation channel (ACCN), TRPV1, and
TDAGS are the most extensively studied'".

ASICla, which can be activated at pH 7.0'2, is report-
edly involved in the amygdala’s control of learning
mechanisms'”. This function is also related to the TRPV1
channel. TRPV1-expressing neurons are activated by
threatening stimuli', and this channel does not begin to
open until pH reaches 6.4'*. The pH range for
TDAGS stimulation and signaling is 5.2-5.7'°, and its
deficiency leads to attenuated CO,-evoked freezing in
animal models>*"®,

Taken together, these observations support the
hypothesis of defective homeostatic acid-base regulatory
systems in PD. We thus aimed to review the evidence that
acid-sensitive channels are involved in PD pathophysiol-
ogy and to identify gaps in the literature to inform future
research.

Primary outcome:

* Verify the presence of an association between acid-

sensitive channels and PD symptoms.

Secondary outcomes:

* Ascertain whether deletions or antagonisms of acid-

sensitive channels decrease PD symptoms.

* Identify single nucleotide polymorphisms (SNPs) in

acid-sensitive channel genes related to PD.

* Elucidate the molecular basis linking acid-sensitive

channels and PD.

Materials and methods
Data sources

We searched Web of Science, Medline, Pubmed,
Scopus, Science Direct, and SciELO up to 10 June 2018.
The references cited in the systematically searched
articles were checked manually. In an effort to avoid
publication bias, the search also included non-English
language studies and gray literature (for example, con-
ference abstracts). The search used a broadly structured
strategy based on the Problem, Intervention, Compara-
tor, Outcome, Setting (PICOS) framework, where the
problem was PD symptoms, the intervention/exposure
was polymorphisms, antagonisms, and deletions of acid-
sensitive channels, the comparison was absence of PD
symptoms, the outcome was an improvement or wor-
sening of PD symptoms, and any type of study design
was allowed. Search terms included various combina-
tions of terms for panic and acid-sensitive channels,
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such as “panic disorder” OR “panic attacks” AND ASIC,
“acid-sensing ion channel”, ACCN, ACCN2, ACCN],
“amiloride-sensitive cation channel”, TDAGS8, “GPR65
protein, human”, “GPCR25 protein, mouse”, “TDAGS8
protein, rat”, “transient receptor potential vanilloid-1
ion channel”, TRPV1, “TRPV cation channels”, “two-
pore domain K+”, K2P, “ionotropic purinoceptors”, and
P2X. The full search strategy is available in Supple-
mentary Material 1.

Study selection

Studies were selected for data extraction and analysis
based on the following inclusion criteria: (1) original
research studies in humans and/or animals associating
acid-sensitive channels with PD symptoms; (2) in human
studies, subjects met PD criteria based on a conventional
psychiatric classification system, while control subjects
did not meet criteria for PD; (3) in animal studies, only
studies with recognized preclinical models of PD'”, such
as elevated T-maze and/or escape behavior induced by
electrical/chemical stimulation of the periaqueductal gray
matter, and a control group were included. Escape
behavior was characterized by jumps and crossings. The
following exclusion criteria were used in the search: (1)
participants had a comorbid or additional psychiatric
diagnosis that would exclude or confound PD; (2) studies
that lacked a baseline condition or control group; (3)
human studies with prepubertal participants; and (4)
in vitro studies. The same search criteria were used to
identify non-human and human studies.

Data extraction and quality score

The following variables were extracted from all the
studies: authors, year of publication, subject character-
istics in the affected and control groups, and character-
istics of experiments involving acid-sensitive channels.
The main outcome change in panic symptoms in humans
and non-humans was the presence of a polymorphism,
deletion, or antagonism in acid-sensitive channels. The
current review was conducted according to Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines'® (Supplementary Mate-
rial 2). Quality assessment used the OHAT Risk of Bias
Tool (Supplementary Material 3).

Statistical analyses

A meta-analysis was performed when there were at least
three studies investigating antagonism of acid channels in
a specific human polymorphism. Animal studies were not
statistically analyzed since their outcomes presented high
heterogeneity. The threshold of a minimum of three
studies for the meta-analysis was selected so that there
were at least two replication attempts of the original
finding'®. Statistical analyses of the extracted data were



Quagliato et al. Translational Psychiatry (2018)8:185

conducted using the Comprehensive Meta-Analysis Pro-
gram, version 3.

Pooled odds ratios (ORs) with their 95% confidence
intervals (95% ClIs) were calculated to evaluate the
strength of the association between the ACCN2 rs685012
polymorphism and PD symptoms based on the allele
model (C vs. T). Statistical heterogeneity between eligible
studies was evaluated by using the Cochran’s Q statistic
and I-test. A p-value above 0.1 or I* below 50% indicated
substantial homogeneity across studies®. Therefore, the
fixed-effects model using the Mantel-Haenszel weighting
method was selected®’ to perform the meta-analysis.
Otherwise, the DerSimonian and Laird random effects
model was chosen®’. The study intended to assess pub-
lication bias using funnel plot techniques, Begg’s rank test,
and Egger’s regression test, as appropriate, given the
known limitations of these methods®.

Results

The use of PRISMA guidelines and a systematic search
of electronic databases yielded a total of 376 studies. No
additional studies were identified through manual
searching of references. After elimination of duplicates,
247 titles were reviewed, of which 197 were excluded. In
all, 50 full texts were reviewed, of which 11 met the
inclusion criteria for our systematic review (Fig. 1). Table
1 summarizes the studies associating acid-sensitive
channels with panic-like symptoms in non-humans, and
Table 2 summarizes the findings in humans.

TRPV channels

We found no human study on TRPV channels that met
the search criteria. Five studies assessed how TRPV1
antagonism affected escape behavior in male rats**>®,
The majority of studies reported that TRPV1 blockers
decreased escape responses in animals****~%®, Three out
of five studies evaluated the effects of capsazepine, a
TRPV1 receptor antagonist, in the dorsolateral peria-
queductal gray (dIPAG). These studies were conducted in
different animal models and demonstrated that blockade
of TRPV1 receptors in the dIPAG decreased escape
responses (p < 0.05)**?%?%, One study investigated the
effects of the TRPV1 antagonist 6-
iodonordihydrocapsaicin (6-1-CPS) in the ventromedial
hypothalamus and confirmed that blocking this receptor
decreased jumping and crossing responses®’ (p >0.05).
Another study found no effect of TRPV1 blockade on
escape behavior®,

ASIC/ACCN channels

A meta-analysis of four studies involving 1981 partici-
pants (742 PD patients and 1239 controls) evaluated
ACCN?2, the human homologue to the rodent ASIC1a*~
32 These studies assessed the C and T allele in the
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rs685012 SNP of the ACCN2 gene and showed a sig-
nificant increase in C allele in PD patients compared to its
presence in controls (effect size: 1.275; 95% CIL:
1.048-1.552; p=0.015; Fig. 2). Although no significant
heterogeneity was detected (p =0.112), the inconsistency
was moderate (I*=50.01%). Publication bias was not
assessed as there were inadequate numbers of included
studies to properly assess a funnel plot or to perform
more advanced regression-based assessments. Interest-
ingly, the C allele of SNP rs685012 in the ACCN2 gene
was related to early-onset PD and prominent respiratory
symptoms in one studySI.

In addition, we examined the association with ACCN2
variants using neuroimaging measures of amygdala
structure and function. The PD risk allele C at rs10875995
was associated with increased amygdala volume as well as
task-evoked amygdala reactivity to angry and fearful
faces®'. Furthermore, the ACCN2 rs10875995 T/T gen-
otype was related to higher fear scores in PD patients®.
Examination of SNPs within the ACCNI gene revealed a
nominal association between this gene and PD??,

TDAGS8

A recent study evaluating blood samples of 15 indivi-
duals 15-44 years of age with a diagnosis of PD and 17
healthy controls showed significantly higher TDAGS
mRNA expression in mononuclear cells from PD patients
than in those from controls (p =0.008), as well as an
association between TDAG8 mRNA expression and PD
symptom severity (p < 0.001). There are concerns related
to the generalizability of these findings, since this pilot
study evaluated only a small sample of PD patients.
Nevertheless, elevated TDAG8 mRNA expression was
found even in young patients close to the onset of their
illness, and a trend suggested a relationship between this
receptor and treatment response in PD patients previously
treated with antidepressants (p = 0.08)%*.

Discussion

Our review shows that acid-sensitive channels are
related to PD and panic symptoms. Specifically, there was
evidence of a reduction in panic-like symptoms after
TRPV1 blockade in the dIPAG and hypothalamus in the
majority of studies (4 out of 5) in rodents***~%, These
studies were performed with injections directly targeting-
specific brain regions, while the only study that failed to
show any association between TRPV1 antagonism and
panic symptoms used intravenous administration of
arachidonoyl-serotonin®, Although systemic injection
may be more appropriate for testing a potential ther-
apeutic effect, the pharmacokinetic properties of the drug
are important to consider. For example, arachidonoyl-
serotonin is catalyzed by a cytochrome P450 enzyme that
is widely expressed®”, potentially limiting the availability
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of the drug in the tissue and contributing to the negative
findings of the study.

A meta-analysis involving four studies identified the C
allele of the rs685012 SNP in the ACCN2 gene as a sig-
nificant risk factor for PD symptoms> >, Interestingly,
the C allele of SNP rs685012 in the ACCN2 gene was
related to PD cases with prominent respiratory symp-
toms®'. The C allele of rs10875995 in the ACCN2 gene
was associated with increased amygdala volume, as well as
task-evoked amygdala reactivity to fearful and angry
faces®’, while the T/T genotype was associated with
higher fear scores in PD patients®. This variation could
potentially be attributed to differences in endopheno-
types, since the C allele was shown to be associated with
PD diagnosis and amygdala volume and function, i.e.,
largely anxiety-related endophenotypes, whereas the T
allele was associated with experimentally provoked fear/

panic sensations, ie., specific fear-related
endophenotypes™.

Another case control study investigated TDAGS
mRNA in PD and demonstrated higher mRNA expres-
sion in PD patients than in controls®*. Taken together,
these results suggest that acid-sensitive channels are
related to PD symptoms. Nevertheless, further studies
are needed to confirm these findings and determine the
potential mechanisms associating acid-sensitive chan-

nels with PD.

A hypothesis on the mechanism of action of acid-sensitive
channels in the central nervous system (CNS) and its
potential effect on PD symptoms

The underlying mechanism of the effect of acid-sensing
ion channels on PD remains to be fully established.
However, this mechanism could be elucidated by rodent
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Fig. 2 Meta-analysis of the strength of the association between the ACCN2 rs685012 polymorphism and PD symptoms. The C allele of the
rs685012 polymorphism was associated with a significant increase in the risk of PD (summary effect size = 1.275; p = 0.015)

manifestations

Autonomic
manifestations

Respiratory manifestation

Fig. 3 Acidosis sensed by acid channels may be translated as
autonomic, respiratory, and behavioral symptoms of a panic
attack. Respiratory manifestations could be controlled by the PBN via
direct inputs from the hypothalamus and indirect inputs from the SFO.
The hypothalamus may regulate autonomic expression through
inputs from the amygdala and SFO. Additionally, the hypothalamus,
amygdala, and PAG could be involved in behavioral symptoms.
AMYGD amygdala, HYP hypothalamus, PAG periaqueductal gray, SFO
subfornical organ, PBN parabrachial nucleus

Additionally, acid-sensitive channels can be classified as
proton channels and may contribute to the maintenance
of the microglial membrane potential and phenotypes®*.
Panic attacks triggered by agents such as caffeine, chole-
cystokinin, and norepinephrine could be explained by
modifications in microglial ion currents®®, altering the
membrane potential of the cells and potentially trans-
forming microglia from a resting to an active state®.
However, the relationship between PD symptoms and
acid chemosensors in microglia has not been fully inves-
tigated but is an important future direction for under-
standing the contribution of microglia to PD
pathophysiology.

Translational applicability of acid-sensitive channel
mechanisms: from an animal model to PD patients

While there is a clear need for more studies in primates
addressing the issues discussed above, our findings that
pharmacological blockade of acid channels in animal
models of PD implies that these channels may contribute
to PD treatment. PD has been treated primarily with
drugs that have anxiolytic properties, including benzo-
diazepines and selective serotonin reuptake inhibitors®”.
Nevertheless, 20-40% of patients do not achieve full
remission with the recommended medicine®. Thus, new
therapeutic targets and drug development for PD patients
should be further investigated.

In humans, dIPAG stimulation produces emotional and
autonomic responses strikingly similar to those of panic
attacks, whether spontaneous or provoked by intravenous
infusions of lactate®. In addition, dIPAG-evoked panic-
like behaviors are attenuated by clinically effective pani-
colytics given at doses and regimens similar to those given
for panic therapy®”. One animal model of PD is the escape
behavior induced by electrical/chemical stimulation of
dorsal portions of the PAG matter. After stimulation of
the dIPAG, a vigorous reaction is observed, with piloer-
ection, miosis, vertical jumps, and strong flight reactions
represented by an increase in locomotion and average
speed'”. Another preclinical model for PD is the ETM
animal test. The ETM test assumes that a panic attack is a
reaction to a proximal threat when no threat is present.
Therefore, this test summons neural mechanisms that
underpin proximal defense, which can be investigated by
experimentally analyzing the escape task in the ETM"”.

Findings in translational rodent models of panic could
provide information that may contribute to our under-
standing of the pathophysiology of this disorder in
humans. Our review shows that pharmacological block-
ade of TRPV1 channels decreases panic symptoms in
animal models with injections directly targeting-specific
brain regions. In humans, antagonists of TRPV1 channels
are being studied in clinical trials on osteoarthritis and
atopic dermatosis, conditions where there is a pH
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imbalance®®®”. In none of these trials does the drug need
to enter the brain. Thus, future studies are needed to
investigate drugs that potentially block TRPV1 channels
and cross the blood-brain barrier.

Blockade of amiloride ion channels may also be a pro-
mising therapeutic target for PD, since a SNP in the
ACCN gene is related to PD symptoms in humans. The C
allele of SNP rs685012 in the ACCN2 gene is related to
PD cases with prominent respiratory symptoms’'. In
addition, PD patients with the respiratory subtype of the
disorder are more sensitive to CO, challenge’’. Mirroring
human studies of PD, animal studies have shown that
inhalation of CO, evokes fear behavior in mice, an effect
that is reduced by deletion or blockade of ASIC1la, which
is homologous to the ACCN human gene, within the
amygdala. Overexpression of ASICla in the amygdala is
sufficient to trigger CO,-induced fear behavior’. The
ACCN2 allele associated with both PD and amygdala
volume is associated with increased amygdala reactivity to
emotional faces, a phenotype linked to PD?!. The
observed association between allelic variants and amyg-
dala reactivity has been suggested to potentially reflect
enhanced sensitivity to reduced pH secondary to neuronal
activity that mediates the processing of emotional sti-
muli®'. Therefore, ASIC antagonists such as amiloride are
being studied and have shown promise for acidosis-
associated conditions, such as stroke, migraine, pain,
spinal cord injury, and multiple sclerosis”". Recent studies
have shown neuroprotective effects of amiloride and
corroborated the efficacy of this agent for alleviating pH-
associated pathophysiology””.

A role for pH and chemosensory mechanisms in panic
physiology is increasingly appreciated on the basis of the
recent data from animal studies. However, the degree to
which these systems may be targeted by psychopharma-
cologic interventions in PD is still unexplored. Thus, the
lack of studies related to pH-modulating therapies is of
public health significance, given that the therapeutic
options for PD are limited.

Limitations and strengths

There are a number of limitations to this systematic
review and meta-analysis. Importantly, as part of our
search criteria in preclinical data, we only included studies
associating acid-sensitive channels with ETM and/or
escape behavior tests. Although no animal model to date
has perfectly mimicked panic symptoms, the relationship
between these models and PD is recognized in the lit-
erature’’. Other preclinical models such as elevated plus
maze and predator encounter-based models could also
evaluate some panic symptoms such as freezing or fear
conditioning'”. However, we chose not to expand our
search criteria, since these models are also related to other
anxiety disorders such as generalized anxiety disorder and
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post traumatic stress disorder. Although these disorders
are commonly comorbid with PD, we opted not to include
preclinical models evaluating exteroceptive threat
response systems since our main goal in this review was to
evaluate internal triggers and interoceptive chemosensory
pathways of particular relevance to PD. In addition, pre-
clinical models investigating nociception and long-term
potentiation were also excluded. Supplementary Material
4 lists the full-text articles that were excluded and the
reasons for their exclusion.

Regarding human studies, although PD is highly
comorbid with other conditions, especially depressive
disorder, we excluded articles involving participants with
a comorbid or additional psychiatric diagnosis and/or
those that were prepubertal. Nevertheless, some comor-
bidities may have been unintentionally included in our
review, since even the best-designed studies may not
properly assess all comorbidities. Although this exclusion
may have limited the number of studies included in the
review, this exclusion was justified since the variety of acid
channels investigated can be expressed by microglia, the
innate immune cells of the CNS. Evidence has shown that
the majority of mental health disorders can be related to
neuroinflammation’®. Inflammation per se may con-
tribute to an acidic environment. Based on changes in the
microglial microenvironment, the investigated acid
channels can display a variety of complex spatiotemporal
patterns®®. The same is true for age-related alterations in
the microglial microenvironment®®, We thus excluded
studies with participants that had a comorbid psychiatric
diagnosis or were prepubertal, since they might present a
different pattern of acid-sensitive channels in the
microglia.

Finally, one general limitation to the included studies
was that only a few patients were evaluated for poly-
morphisms in genes for acid-sensitive channels, which
greatly limits the statistical power to detect actual SNP
associations with phenotype.

In addition, the preclinical studies only included male
rats. Research has shown higher numbers of acid-sensing
ion channels in female mice than in males’. There are
also differences in acid-sensitive channels in the brains of
mice when compared to those in the brains of rats’*.
Thus, the extrapolation of findings on acid-sensitive
channels in animal models of panic-like symptoms
should be viewed with caution, and studies in female
animals and non-rat species are needed.

Although pH imbalance is commonly accepted to be
linked to PD and acid-sensitive channels are thought to
play a role in PD pathophysiology, no authors to date have
systematically summarized the literature to determine
whether this relationship is backed by the totality of evi-
dence. The current article reports the results of a sys-
tematic review examining acid-sensitive channels in
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human and animal studies. To our knowledge, this is the
first systematic review and meta-analysis that has eval-
uated acid channels and PD based on PRISMA guidelines
and after evaluating the quality of the included articles.
One strength of the review is that by including multiple
databases and following PRISMA guidelines, relevant
studies were unlikely missed. The findings indicate that
TRPV1, TDAGS, and ACCN channels are related to PD
pathophysiology. However, more studies are needed to
corroborate these results, which could represent an
important step towards elucidating PD pathophysiology
and contributing to new therapeutic options for the
disorder.

Future directions

A number of steps are necessary to fully understand the
associations between acid-sensing ion channels and the
neurobiology of PD. Antagonists of acid-sensitive chan-
nels in humans are a promising therapeutic target for PD.
To date, there have been no clinical studies in PD patients
on interventions targeting control of pH imbalance or
acid-sensitive ion channel blockers. Nevertheless, ASIC
antagonists such as amiloride have shown promise for
other acidosis-associated conditions, such as pain and
multiple sclerosis’’. Therefore, clinical trials evaluating
PD symptoms and acid channel blockade are needed,
since acid channels could represent new therapeutics
options for this disorder. Moreover, future genetic studies
of SNPs in genes for acid-sensitive channels should con-
sider replicating the initially reported findings through
well-powered studies.

Much of the research to date has focused on the dys-
regulation of central fear circuitry, including the limbic
network, which involves connections between the amyg-
dala, anterior cingulate cortex, and PAG, during panic
symptoms®’. The potential role of areas devoid of a blood-
brain barrier in PD is important to investigate, especially
given their connectivity to downstream sites responsible
for the expression of behavioral and physiological
responses.

Preclinical animal models are also needed to evaluate
pH chemosensory interoceptive stimulus processing.
These replicas could elucidate the interaction between
different pH chemosensory molecules in the brain. A
variety of sensory mechanisms in distinct areas can pro-
vide a highly sensitive pH detection system, which can be
relevant to PD. Such animal models are also important for
testing new drugs. Additionally, studies are needed on the
effect of gender and species.

While there is significant evidence for the role of pH
homeostasis and impaired acid-base buffering in patients
with PD®, not all data support the link between acidosis
and panic attacks, since not all panicogens cause acidosis,
and hyperventilation (which produces alkalosis) can also
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produce panic attacks. Future studies are required to
further clarify these inconsistencies.

More fundamental mechanistic research is essential if
we are to truly understand the role that acid plays in the
context of PD. Acid chemosensors on microglia could
provide further insights into the integration of inter-
oceptive pH fluctuations leading to behavioral and
respiratory arousal. Future studies focusing on the
crosstalk among acid chemosensors and inflammatory
and neuromodulatory functions and the relationship
among them will provide further insight into the patho-
physiological mechanisms of PD.

Conclusion

According to this systematic literature review, acid-
sensitive channel antagonists decreased escape behavior
in preclincal animal models of PD. In humans, an acid-
sensitive channel SNP was shown to be associated with
PD, PD symptoms, and a subtype of PD patients. Acid-
sensitive channels may play an important role in the
pathophysiological mechanisms of PD and provide a
promising therapeutic target for the disorder. Future
research should explore possible mechanisms underlying
this association, attempt to replicate existing findings in
larger populations, and aim to develop new therapeutic
strategies based on these biological features.
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