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The neurobiological mechanism of post-traumatic stress disorder (PTSD) is poorly

understood. The inhibition of GABA neurons, especially in the amygdala, is crucial

for the precise regulation of the consolidation, expression, and extinction of fear

conditioning. The GABAergic system is involved in the pathophysiological process of

PTSD, with several studies demonstrating that the function of the GABAergic system

decreases in PTSD patients. This paper reviews the preclinical and clinical studies,

neuroimaging techniques, and pharmacological studies of the GABAergic system in

PTSD and summarizes the role of the GABAergic system in PTSD. Understanding the

role of the GABAergic system in PTSD and searching for new drug targets will be

helpful in the treatment of PTSD.
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1. Introduction

Post-traumatic stress disorder (PTSD) refers to a delayed and persistent mental disorder
that is caused by an individual’s experience of a sudden and traumatic event, such as war,
earthquake, car accident, sexual assault, or exposure to extreme stress (Battle, 2013). More
than 70% of adults worldwide have experienced at least one traumatic event in their lifetime,
and 31% have experienced four or more (Benjet et al., 2016). The lifetime prevalence of PTSD
varies by social background and country of residence, ranging from 1.3 to 12.2%, and the 1-
year prevalence ranges from 0.2 to 3.8% (Karam et al., 2014). As PTSD was originally thought
to be a physiological disorder rather than a mental one, some early studies used physiological
methods to explore the physical abnormalities of patients, such as heart rate, skin conductance,
and facial electromyography (EMG). These measures have been widely used in PTSD studies
and have strongly demonstrated high emotional responses to trauma-related cues and excessive
startle responses (Vasterling and Brewin, 2005). One of the earliest and most common findings
of PTSD studies is the autonomic reactivity of patients to traumatic stimuli (e.g., heart rate and

Frontiers in Molecular Neuroscience 01 frontiersin.org

https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://www.frontiersin.org/journals/molecular-neuroscience#editorial-board
https://doi.org/10.3389/fnmol.2023.1052288
http://crossmark.crossref.org/dialog/?doi=10.3389/fnmol.2023.1052288&domain=pdf&date_stamp=2023-02-01
https://doi.org/10.3389/fnmol.2023.1052288
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fnmol.2023.1052288/full
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org/


fnmol-16-1052288 February 15, 2023 Time: 10:23 # 2

Huang et al. 10.3389/fnmol.2023.1052288

skin conductance) and facial EMG. Studies have demonstrated that
the response to trauma-related cues is related to the severity of the
disease (Wilson and Keane, 1997; Wolfe et al., 2000; Suendermann
et al., 2010). In addition, the exaggerated startle response of
PTSD patients has been documented in numerous blinks and
electromyogram measurements (Orr et al., 1997, 2003; Pole, 2007;
Pole et al., 2009). In mammalian studies (Koch and Schnitzler, 1997),
the acoustic startle response may be a valuable model for studying
the general principles of sensorimotor-motivational information
processing at the behavioral and neurophysiological levels. Besides,
studies of acoustic startle responses in rodents have shown that
phasic fear is mediated by the amygdala, which sends outputs to
the hypothalamus and brainstem to produce fear symptoms (Davis
et al., 2010). However, it is still not clear whether this represents an
increased neurological sensitivity to situational threats in people with
PTSD. According to the latest Diagnostic and Statistical Manual of
Mental Disorders by the American Psychiatric Association (DSM-
5, 5th edition) (Battle, 2013) and the International Classification
of Diseases, 11th Edition (ICD-11) published by the World Health
Organization (Almeida et al., 2020), the core features of PTSD
include intrusive symptoms, avoidance symptoms, and excessive
alertness. According to ICD-11, these three symptom groups are
also part of the complex post-traumatic stress disorder (CPTSD)
diagnosis. Additionally, In CPTSD three other symptom groups
can be summarized as disturbances in self-organization: Emotion
regulation difficulties, relationship difficulties, and negative self-
concept (Maercker, 2021). The DSM-5 also emphasizes cognitive and
emotional changes, and patients may experience cognitive decline,
depression, loss of interest, indifference, and other manifestations.
The clinical diagnosis of PTSD is established when these symptoms
persist for more than 1 month.

At present, the neurobiological mechanism of PTSD has not been
confirmed, and the research directions mainly include four aspects:
(1) Genes involved with monoamine and the hypothalamic-pituitary-
adrenal (HPA) axis function have been examined extensively in
epigenetic and genetic studies of PTSD risk and separately in studies
of disease risk and response to treatments for mood disorders (Kato
and Serretti, 2010; Domschke et al., 2014; Zannas et al., 2015; Smoller,
2016). Two of the most commonly characterized genes in this regard
are the serotonin transporter (SLC6A4) and FK506 binding protein 5
(FKBP5) (Bishop et al., 2021); (2) neuroendocrine dysfunction, such
as the increased secretion of catecholamines (Olson et al., 2011) and
decreased secretion of 5-hydroxytryptamine (5-HT) hormones (Liu
et al., 2018) and corticosterone (Geracioti et al., 2008); (3) changes
in the neural structure and circuitry. Basic and clinical studies have
demonstrated that structural and functional abnormalities in the
hippocampus, prefrontal cortex (PFC), amygdala, and other brain
areas were observed in both animal models and individuals with
PTSD (Rauch et al., 2006; Hayes et al., 2012; Disner et al., 2018).

Gamma-aminobutyric acid (GABA) is an important inhibitory
neurotransmitter in the central nervous system (CNS), which can
reduce neuronal activity, prevent nerve cells from overheating, and
calm nerves. Besides, GABA is also an active amino acid that plays
an important role in the process of energy metabolism in the human
brain. For example, GABA participates in the tricarboxylic acid cycle
in the brain and promotes the metabolism of brain cells. At the same
time, GABA can also improve the activity of glucose phosphatase
during glucose metabolism, increase the generation of acetylcholine,
expand blood vessels to increase blood flow, and reduce blood
ammonia to promote brain metabolism and restore the function of

brain cells (Petroff, 2002). As one of the inhibitory neurotransmitters
of the CNS, GABA plays an essential role in regulating the stress
response, emotion, and registration and encoding of fear memory
(Corcoran and Maren, 2001). Dysfunction of the GABAergic system
has been proven to be one of the mechanisms of PTSD, with several
studies demonstrating that PTSD can reduce the levels of GABA and
its receptors in some brain regions. Positron emission tomography
(PET) was used to identify post-war PTSD patients, and it was
observed that the distribution of benzodiazepine-GABA receptors
decreased in the PFC, as well as the entire cortex, hippocampus, and
thalamus (Geuze et al., 2008). Other studies have shown that the
levels of GABA in the occipital and temporal lobes of PTSD patients
were significantly decreased compared to controls, resulting in sleep
disorders (Meyerhoff et al., 2014). Studies on animals have shown that
the anxiety and fear behaviors of mouse models of PTSD improved
after the administration of exogenous tetrahydroprogesteroneal,
which may be induced by the enhancement of GABA function
mediated by allopregnanolone (Evans et al., 2012).

Recent preclinical and clinical data indicate that GABA, which is a
major inhibitory neurotransmitter involved in the pathophysiology of
PTSD, plays an important role in stress. Changes in the GABA system
are related to the pathogenesis of PTSD. Understanding the systemic
changes in GABA in PTSD will not only contribute to the diagnosis of
PTSD but also reveal new targets for pharmacological intervention.

In this review, we review the role of the GABAergic system from
the phenomenon to the mechanism, and then to the clinical guidance
in PTSD. We discuss fear memory, an important component of
PTSD, and the role of GABA receptors in fear memory formation and
extinction. By reviewing the changes in the GABA system in different
brain regions in PTSD, we state the ubiquitous and heterogeneous
nature of GABA in the brain. Furthermore, the role of GABA in
PTSD and its mechanism were further discussed, which involved how
the GABA system interacts with other systems, including the HPA
axis and the endocannabinoid system (ECS), as well as the role of
glutamate (Glu) and GABA signal imbalance in the brain in PTSD.
Finally, we bring together the clinical, preclinical and neuroimaging
evidence of changes in the GABA system in PTSD, as well as GABA
mechanisms of several clinical drugs. We treat the “GABAergic
system” as a single unified neurotransmitter system. It is useful to
highlight large-scale, non-specific changes in GABA signaling to
establish the importance of dysregulation of GABA function in PTSD.

2. GABAergic system and PTSD

The GABAergic system plays a certain role in the onset
of depression, anxiety, and other mental disorders. Clinical and
preclinical studies have shown that the inhibitory effect of the
GABAergic system in anxiety patients is reduced (Domschke and
Zwanzger, 2008). The receptor of GABA refers to the part of
the postsynaptic membrane that can recognize and bind GABA.
When it binds to GABA, it can cause changes in membrane ion
permeability. The expression or dysfunction of GABA receptors
is associated with mental illness. Three main subtypes of GABA
receptors, namely, GABA-A, GABA-B, and GABA-C, have been
identified so far. Among them, GABA-A and GABA-C receptors
are ligand-gated ion channels. The transmembrane receptor GABA-
B binds with the G protein to activate the second messenger
system (Chebib and Johnston, 1999). GABA-A receptors are widely
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distributed throughout the nervous system and peripheral tissues.
GABA-B receptors are found in the olfactory bulb, neocortex,
hippocampus, thalamus and cerebellum of mammals (Lujan and
Ciruela, 2012). GABA-C receptors are found mainly in the retina,
which is also distributed in the spinal cord, thalamus, pituitary gland,
and intestine of mammals (Zhang et al., 2001). The rapid inhibition
of the neurotransmitter GABA is mediated by GABA-A receptors.
Furthermore, various subtypes of the GABA-A receptor have been
identified, including α1–6, β1–3, γ1–3, δ, ε1–3, θ, and π (Jacob et al.,
2008). The main receptors mediating neural inhibition in the brain
are GABA-A receptors, and changes in the expression or function
of these receptors in patients are increasingly related to the etiology
of anxiety and depression (Merali et al., 2004; Sanacora et al., 2004;
Bhagwagar et al., 2008; Poulter et al., 2008; Klempan et al., 2009;
Sequeira et al., 2009; Craddock et al., 2010; Levinson et al., 2010;
Figure 1). In particular, the changes in GABA-A receptor subunits
play an important role in the amygdala and PFC mediating fear
memory, as detailed in section “2.1.2. Effects of the GABAergic
system on fear memory in specific brain regions.” In addition,
decreased levels of GABA are associated with stress responses (Dolfen
et al., 2021), and GABA transmitters mediate stress and fear responses
mainly by binding to their receptors.

2.1. Fear memory

Generally, PTSD is regarded as a high fear response to a threat.
Thus, fear is an important target in the neurobiology of PTSD. The
process of fear memory is divided into several stages, including fear
acquisition, fear consolidation, fear destabilization/reconsolidation
and fear extinction (Liberzon and Abelson, 2016; Figure 2).

Classical (or Pavlovian) fear conditioning is an effective
behavioral paradigm for studying the mechanisms of associative
fear learning and memory processes. In rodents, fear indicators
are typically assessed by freezing behaviors (Bouton and Bolles,
1980), which is characterized by immobility and the absence of any
movement except for breathing. Freezing is a potent conditioned

fear response in rats and mice. And it has a great advantage
over many other fear measures because freezing is not a typical
response of rats or mice to ordinary new stimuli (Anagnostaras et al.,
2010). A computerized method based on latency between photobeam
interruption measures is used as a reliable scoring criterion in mice,
which can reduce bias or inconsistencies (Valentinuzzi et al., 1998).
It is important to note that when testing different strains of mice,
it would be essential to validate the testing or scoring procedure
(Valentinuzzi et al., 1998). To avoid artificially inflated lighting
sources and thus ensure freezing behavior is induced in a well-
controlled manner, it is suggested to report Lux and control the
lighting properly (Neuwirth et al., 2022). When a neutral cue or
context [a sound, light, or conditioned stimulus (CS)] occurs with
a highly aversive signal or unconditioned stimuli (US) and leads to
fear behaviors or conditioned fear responses (CRs), which include
freezing, a systemic response to behavior besides breathing, fear
acquisition arises [47]. The training box used in the Pavlov paradigm
itself can be used as an environmental situational stimulus (CS),
which is matched with an aversive plantar shock (US) multiple times.
Animals learn the connection between the CS and the US and obtain
the fear response (CR) to the environment. This process is called
contextual fear conditioning (CFC). If a cue [usually an auditory
stimulus (CS)] is matched with a foot shock (US) multiple times
during the training, the auditory stimulus (CS) will be separated from
the environment and associated with the foot shock (US) to form the
CR to the auditory stimulus (CS). This process is called cued fear
conditioning (Maren et al., 2001). The exposure of an individual to CS
stimulation is sufficient to trigger a fear response (CR). This process
is called retrieval of fear memory (Pape and Pare, 2010). Following
retrieval, previously formed memory is destabilized, which is similar
to the unstable state when the memory has just been acquired, and
requires new protein synthesis to restabilize, a process referred to as
reconsolidation. Reconsolidation acts to stabilize, update, or integrate
new information into long-term memories (Izquierdo et al., 2016).
Memory-dependent reconsolidation modification may serve as a
therapeutic target to modulate the enhanced fear response commonly
associated with debilitating mental disorders. People with PTSD are

FIGURE 1

Changes of GABAA receptor before and after stress. Normally, GABA activates the opening of GABAA receptors. After the GABAA receptor is activated, it
can selectively let Cl− through, causing the hyperpolarization of neurons. After stress, GABA levels and GABA-A receptors decrease, and GABA binding to
GABA-A receptors subsequently decreases, resulting in reduced Cl- influx.
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FIGURE 2

The process of fear memory. When a neutral cue or context [a sound, light, or conditioned stimulus (CS)] occurs with a highly aversive signal or
unconditioned stimuli (US) and leads to fear behaviors or conditioned fear responses (CRs), fear acquisition arises. Fear memory will be consolidated
within a few hours to a day of fear acquisition. When CS occurs alone, the animal will retrieve the fear memory and lead to CR. After that, if CS has been
presented alone without US, fear memory becomes unstable and two different processes could occur. One is called fear extinction, which occurs after
CS appears alone repeatedly many times. As a result, fear strength will decrease. The other is reconsolidation, where the fear the memory can be
updated or left intact.

unable to modify or weaken memories through the reconsolidation
process (Ferrara et al., 2019). Once the animals have acquired a CR,
repetition of the CS alone without the US usually reduces the CR:
this is called extinction. Fear extinction indicates the formation of
a new competing memory, which is similar to fear conditioning,
rather than the elimination of the original fear memory. In this
process, the organism is enabled to acquire an association between
CS and no-US, which competes with the conditioned fear memory
(Bouton and Bolles, 1980). It is known that extinction generates a new
memory engram, so it can be regarded as a process of active learning
(Maddox et al., 2019).

2.1.1. The interplay between GABA and fear
memory

Exposure to trauma can not only damage the body’s physiological
and psychological adaptation to stress (Lissek and van Meurs, 2015;
Hill et al., 2018) but also alter to the formation and consolidation
of associative fear memories (Parsons and Ressler, 2013; Elms
et al., 2019). Frequent exposure to fear-related cues can impact the
initial consolidation and subsequent retrieval of memory (Maddox
et al., 2019), causing anxiety and trauma-related ailments such as
PTSD. The persistent presence of negative cognition will impair the
inhibition of invasive memory (Meiser-Stedman et al., 2009; Catarino
et al., 2015). Thus, memories related to traumatic events will be
repeated, while frequent flashbacks and avoidance behaviors will, in
turn, worsen negative cognition, resulting in anxiety and depressive
symptoms. Thus, a vicious cycle is formed.

Fear conditioning is a highly conservative form of emotional
learning that occurs when an environmental stimulus predicts
aversive events. This type of learning allows a previously neutral
stimulus to trigger a fear response that prepares the animal for
the threat and helps it escape (LeDoux et al., 1988; Blanchard
and Blanchard, 1989; Fendt and Fanselow, 1999; Babaev et al.,
2018). Neural circuits and cellular mechanisms that mediate fear
conditioning have been extensively described, among which the
inhibitory regulation of GABA neurons is crucial for the precise
regulation of the consolidation, expression, and extinction of fear
conditioning (Fendt and Fanselow, 1999; Zhang and Cranney, 2008;
Makkar et al., 2010). The antagonists of GABA such as bicuculline
(Castellano and McGaugh, 1990) have been demonstrated to enhance
memory consolidation, while GABA agonists such as muscimol

(Akirav et al., 2006) inhibit memory consolidation. These data
suggest the involvement of GABA receptors in memory acquisition
and consolidation. The role and mechanism of GABA in PTSD and
fear memory extinction are still unclear. A study indicated that GABA
signals promoted extinction (Berlau and McGaugh, 2006), while
another study found that the activation of GABA signals prevented
extinction (Singewald et al., 2015). The divergent role of GABA in
extinction may be related to the different distribution of GABAergic
neurons in the brain, but this still needs further explanation.

2.1.2. Effects of the GABAergic system on fear
memory in specific brain regions

Most commonly, studies involved in fear memory include the
PFC, amygdala and hippocampus. A summary of the changes and
effects of the GABAergic system in specific brain regions can be seen
in Figure 3. Under normal conditions, the PFC exerts inhibitory
control over the amygdala. When the inhibitory effect of the PFC
on the amygdala is weakened, it leads to excessive activation of the
amygdala. This reduction in top-down control leads to impaired
fear extinction. Michels et al. (2014) found increased GABA in the
dorsolateral PFC of PTSD patients, indicating an overall shift toward
inhibitory tone. Schneider et al. (2016) also showed similar changes
in PFC inhibitory tone. GABA was increased in the PFC, but Glu was
not changed. This change in GABA may indicate reduced excitatory
activity of the PFC. A temporary increase of GABA in PFC can initiate
long-term plasticity of the PFC. This change in PFC may affect the
activity of the network, transmit through connections to the midline
thalamus or entorhinal cortex, and ultimately affect the excitability
of the hippocampus (Kyd and Bilkey, 2005). The increased excitatory
tone in the hippocampus may lead to impaired fear extinction. The
ventral hippocampus (vHPC) can directly project to the PFC and
amygdala, affecting their activity (Ishikawa and Nakamura, 2006;
Sierra-Mercado et al., 2011). The vHPC projections to the PFC can
activate GABAergic neurons in the dorsal PFC and anterior cingulate.

2.1.2.1. Amygdala

Previous studies have used specific agonists of GABA receptors
to inhibit the function of specific brain regions, aiming to clarify
the role of each brain region in behavior. The amygdala is
crucial for fear conditioning and is a key brain structure for
the acquisition and expression of conditioned fear responses
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FIGURE 3

The changes and effects of the GABAergic system in specific brain regions. The outputs of mPFC to the amygdala and hippocampus are inhibitory. When
PTSD develops, the level of GABA in mPFC rises, which weakens the inhibition of mPFC to amygdala and hippocampus, affecting fear memory.
Meanwhile, elevated GABA level in mPFC impairs fear expression. In addition, the reduction of GABAARs in the amygdala impairs safety signal processing
and regulates anxiety behaviors. The expression of GABAARs also decreases in the hippocampus. In vHPC, it leads to anxiety and depression, while in
dHPC affected fear extinction.

(LeDoux, 2000; Sah et al., 2003; Chen et al., 2006). The amygdala
consists of the basolateral amygdala (BLA) and the central amygdala
(CeA). The BLA can be subdivided into the lateral amygdala (LA),
basal amygdala (BA), and basal medial amygdala (BMA), while CeA
can be further subdivided into lateral CEA (CEl) and medial CEA
(CEm) (Tovote et al., 2015). The BLA and the CeA are the main
research objects of fear memory, and both receive input from the
cortex. The BLA consists of glutamatergic spiny projection neurons
(approximately 80%) and GABAergic interneurons (McDonald,
1982; McDonald and Augustine, 1993). In contrast, the CeA is
composed of GABAergic medium spiny neurons (Sah et al., 2003). In
addition, there is a class of GABAergic neuronuclear nuclei between
the BLA and CeA that provide feedforward inhibition signals for
the BLA and CeA (Tovote et al., 2015). When the amygdala was
inactivated with the GABA-A agonist muscimol, the inactivation
of the amygdala resulted in deficits in situational and delayed
conditioning (Raybuck and Lattal, 2011). Conversely, hyperactivity
of the amygdala may be associated with impaired safety signal
processing in PTSD (Christianson et al., 2012). In the classical fear
conditioning circuit model, the LA is the main part of the formation
and storage association of CS and US (LeDoux, 2000; Maren and
Quirk, 2004; Chen et al., 2006; Sigurdsson et al., 2007; Sah et al., 2008).
Besides, CeA is involved not only in fear expression but also in the
learning and consolidation of Pavlovian fear conditioning (Wilensky
et al., 2006). Conditioned fear can activate the inhibitory network
in the CeA, inhibit the CeA-periaqueduct gray pathway, and finally
promote fear (Ball et al., 2017). Conditioned fear was observed to
reduce the frequency of miniature inhibitory postsynaptic current
(mIPSC), as well as the expression levels of GABA type-A (GABAAR)
γ2 and β2 receptors of the amygdala (Lin et al., 2011). Moreover, α2

receptors in the amygdala are involved in the regulation of anxiety
behaviors (Lehner et al., 2010).

2.1.2.2. Hippocampus

The hippocampus plays a key role in the encoding, storage, and
retrieval of fear memories (Anagnostaras et al., 1999; Bast et al.,
2001). The vHPC inputting directly into prelimbic cortex enables to
form contextual fear memory, which is necessary for the subsequent
rapid expression of a fear response (Twining et al., 2020). Contextual
fear conditioning was impaired after unilateral microinjection of
GABAA agonist muscimol into the vHPC (Gilmartin et al., 2012).
Another study (Herbst et al., 2022) showed that shock encoding in
the vHPC modulated the expression of learned fear in a sex-specific
manner, i.e., preventing hippocampal shock-evoked firing led to a
more prolonged expression of CS freezing across test trials, an effect
observed in males but not in females. Moreover, Almada et al. (2013)
reported that the injection of the GABAA agonist muscimol into
the dorsal hippocampus (dHPC) of mice impaired the expression
of situation-associated fear memory. Similarly, another experiment
revealed that the injection of muscimol into the dHPC inhibited the
retrieval of short-term fear memory but not long-term fear memory
(Raybuck and Lattal, 2014). This may be because the enhanced
transmission of GABAergic signals can inhibit excitatory pyramidal
neurons and prevent them from participating in the encoding and
storage of fear memories. For example, the inhibition of hippocampal
CA1 pyramidal neurons can impair the expression of fear memories
associated with recent situations (Sakaguchi et al., 2015). In addition,
one study showed that after stress exposure, the expression of the
α1 and α2 subunits of GABA-A receptors in the vHPC is increased,
contributing to stress recovery in rats (Ardi et al., 2016).
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Stress and stress hormones such as corticosterone affect long-
term potentiation (LTP) differently in the ventral and dorsal
hippocampus. Maggio’s study (Maggio and Segal, 2007) found that
the magnitude of LTP in the vHPC was significantly smaller than that
elicited in the dHPC. However, stress actually enhanced LTP in the
vHPC, which is unlike the case in the dHPC. This different property
is controlled by a metabolic Glu receptor (Sakaguchi et al., 2015).
Glucocorticoid receptor (GR) and mineralocorticoid receptor (MR)
antagonists blocked the stress on dHPC and vHPC, respectively.
The vHPC and dHPC are distinguished not only by differences in
anatomical structure but also by differences in function and gene
expression. The vHPC is more involved in anxiety and emotional
processing, while the dHPC is more involved in learning and memory
(Fanselow and Dong, 2010). People with PTSD may suffer from
anxiety and depression, and the neurobiological mechanism of PTSD
involves fear learning and fear memory. Therefore, it may be difficult
to distinguish the role between the vHPC and dHPC in PTSD, and
further research is needed in the future.

2.1.2.3. Prefrontal cortex

Early studies on the connection between the medial prefrontal
cortex (mPFC) and fear have been conducted through damage
experiments. Morgan and LeDoux (1995) demonstrated that the
overall damage to the mPFC, including the anterior cingulate cortex
(ACC), prelimbic cortex (PL), and infralimbic cortex (IL), impaired
fear acquisition rather than fear extinction. Subsequent studies
have shown that damage to PL alone (mainly the dorsomedial
region) enhances the acquisition of fear memories and prevents
fear extinction (Davidson et al., 2000). The expression of fear was
also impaired by the injection of muscimol to reduce the activity
of PL neurons before extinction training (Marquis et al., 2007).
Another study revealed that specific damage to the ventromedial
prefrontal cortex (vmPFC) is necessary for recalling a previously
learned extinction memory, rather than learning extinction per se
(Quirk et al., 2000). These studies suggest that PL is involved in the
expression of extinction learning, whereas the vmPFC is in extinction
consolidation. Additionally, different subregions of the mPFC play
different roles in fear expression, which may be related to differences
in the distribution of GABA receptor subtypes.

Moreover, the PFC controls the stress response and participates in
the regulation of emotion through inhibitory GABAergic projection
to the amygdala (Davidson et al., 2000). The findings of Lu et al.
(2017) indicate that early traumatic stress can increase the expression
of the α2 subunit in the PFC. Deficiency of GABAAR in the PFC will
weaken its control over downstream neuroanatomical regions and
increase the expression of the γ2 subunit in the amygdala, leading
to defective GABAergic neurotransmission. This fails to erase fear-
related memories (Koenigs and Grafman, 2009; Milad et al., 2009)
and impairs the control of fear responses in PTSD (Aupperle et al.,
2012), thereby increasing susceptibility to PTSD in adulthood.

2.2. Changes in the GABAergic system in
PTSD

Exposure to war or other traumatic events is associated with a
higher risk of mental health problems, including PTSD. The clinical
symptoms of these stress-related anxiety disorders are associated
with the long-term dysfunction of inhibitory and excitatory

neurotransmission and potential neuronal damage (Hageman et al.,
2001; Charney, 2004). Both GABA and Glu are important
neurotransmitters that are associated with general neurological
function, memory registration, and encoding of emotional and
fearful memories in anxiety disorders, especially anxiety (Pham et al.,
2009). Chronic stress reduces the activity of the neurotransmitter
GABA in the hippocampus and PFC, as well as the inhibition
of the HPA axis, resulting in anxiety and depression (Mikkelsen
et al., 2008). In previous neuroimaging studies, concentrations
of these amino acids (in addition to the density and activity of
neurotransmitter receptors and transporters) have been associated
with mood disorders and memory dysfunction (Krystal et al.,
2002). It is suggested that the normal excitation-inhibition balance
in the CNS is broken between excitatory glutamatergic neurons
and inhibitory GABAergic neurons due to the weakened function
of GABAergic neurons, which may lead to the onset of mental
disorders. The decrease in plasma GABA levels after trauma can
predict the development of PTSD (Vaiva et al., 2004), suggesting
that the GABAergic system is involved in the pathophysiology
of PTSD. Various studies, including preclinical and clinical
studies, neuroimaging techniques, and pharmacological studies, have
reported the involvement of the GABAergic system in PTSD.

2.2.1. Preclinical and clinical evidence
Preclinical and clinical data indicate that GABA plays an

important role in stress and that changes in the GABAergic system
are related to the pathogenesis of PTSD, as it is the main inhibitory
neurotransmitter involved in the pathophysiology of PTSD (Shin and
Liberzon, 2010; Averill et al., 2017; Ghosal et al., 2017). Increasing
evidence has suggested that the overactivation of the amygdala in
PTSD patients is associated with a decreased inhibitory function of
GABA (Pitman et al., 2012). Decreased inhibitory function of GABA
thus plays an important role in the expression of stress-induced fear
memory and the production of neuronal LTP. Reduced binding of
GABA-A receptors in the cortex, hippocampus, and thalamus has
been reported in veterans with PTSD, and the overall inhibitory
function of the brain is deficient (Geuze et al., 2008). In victims
of traffic accidents that meet the criteria of trauma exposure, a
lower level of post-traumatic plasma GABA predicts the development
and more chronic course of PTSD (Vaiva et al., 2006). In addition,
PET studies have demonstrated that the binding of hippocampal
GABAARs to benzodiazepine (BDZ) in PTSD patients is reduced
(Geuze et al., 2008; Möller et al., 2016). These studies suggest that
the increased expression of GABA-A receptors under stress may
contribute to stress adaptation, while decreased expression of GABA-
A receptors may contribute to PTSD susceptibility. Consistent with
this view, a recent study in the ventral tegmental region reported
that the mRNA levels of GABAergic genes were down-regulated
in stress-prone mice but not in stress-adapted mice (Sun et al.,
2018). Other clinical studies have reported that PTSD patients
have impaired recognition of environmental cues, suggesting that
impaired hippocampal function may play an important role in
the development of PTSD. Exposure to unavoidable foot shock
results in reduced GABA-A receptor function, as well as cortical
and hippocampal binding (Lippa et al., 1978; Medina et al., 1983;
Drugan et al., 1986). In the stress-restress paradigm, an animal
model exhibits a similar pattern as PTSD, wherein stress causes
a sustained decline in hippocampal GABA levels (Harvey et al.,
2004). Animal experiments have demonstrated that chronic stress can
reduce the number of GABA neurons in the hippocampal CA1 and
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CA3 regions (Megahed et al., 2015). Chronic exposure to stress levels
of adrenal corticosteroids leads to the abnormal expression of GABA
and receptor subunits in the hippocampal CA1 and CA3 regions,
although the changes in the expression of different subunits follow
different patterns in the CA1 and CA3 regions (Orchinik et al., 1995).
Moreover, the expression of the GABAA α2 and γ2 receptors in the
PFC of adult rats decreased after shock stress in childhood, indicating
that traumatic stress may reduce the activity of GABA in PFC, thus
reducing the inhibition of amygdala (Lu et al., 2017). Rodent models
are usually used to study social behavior disorders because they can
simulate human social behavior and provide guiding information for
the treatment of human social-emotional disorders. However, current
rodent models of PTSD are still unable to simulate real PTSD patients
well and can only simulate some features of PTSD. Therefore, more
suitable animal models of PTSD still need to be explored.

In addition, several other studies have linked the GABAergic
system to PTSD. Spivak et al. (2000) reported significantly elevated
levels of dehydroepiandrosterone and dehydroepiandrosterone
sulfate in response to GABAARs in the blood of patients with war-
related chronic PTSD. These results strongly suggested that the
increase in steroids and the inhibition of GABAARs are closely
related to the delayed recovery of PTSD patients. A molecular genetic
study reported that the polymorphism of the microsatellite sequence
at the third end of the GABA β3 subunit is correlated with the
incidence of PTSD (Feusner et al., 2001).

2.2.2. Neuroimaging evidence
Currently, intracranial GABA levels can be measured using

proton magnetic resonance spectroscopy. Neuroimaging studies of
BDZ-GABAA receptors in PTSD are rare. The GABAAR complex
includes the GABAergic postsynaptic membrane, GABA receptor
and chloride ion channel. When BDZ binds to BDZ receptors
on the GABAAR complex, chloride channels open, and GABA
binds to GABAAR to increase the frequency of chloride channel
opening, which promotes chloride influx in a dual way to enhance
central inhibition. Bremner et al. (2000) examined the distribution
of benzodiazepine receptor recognition sites (a recognition site on
the GABAAR complex) in the PFC of PTSD patients and observed
that the density was significantly lower than that of normal controls.
It has been suggested that changes in the function of GABAAR in
this region may underlie several symptoms of PTSD. However, one
study (Randall et al., 1995) showed no increase in anxiety and PTSD
symptoms in PTSD patients treated with the GABAAR antagonist
flumazenil. Flumazenil can reverse the central sedative effects of BDZ,
but the results of this study suggest that PTSD and panic disorder (a
type of anxiety disorder) differ in BDZ/GABAA system function. This
may indicate the complexity of the pathological mechanism of PTSD.
Changes in GABA have also been reported in Magnetic resonance
spectroscopy studies on the in vivo neurochemistry of PTSD. Rosso
et al. (2014) reported a 30% decrease in the insular GABA/creatine
ratio in 13 adults with PTSD compared to healthy controls. Male
veterans and civilians exhibited lower levels of GABA in the parietal
occipital cortex (POC) and the proximal temporal lobe than trauma-
exposed controls, while POC-GABA levels were inversely correlated
with the severity of sleep symptoms (Meyerhoff et al., 2014). Sheth
et al. (2019) observed that the exposure of veterans to trauma might
be related to lower GABA/H2O and glutamine (Gln)/H2O levels in
the dorsal ACC (dACC), indicating the interruption of the GABA-
Gln-Glu cycle. Moreover, changes in Glu/GABA in the dACC in the
PTSD group may indicate an excitation-inhibition (E-I) imbalance

(Sheth et al., 2019). The E-I balance can represent the ratio of
excitatory and inhibitory inputs to a neuron, and the E-I balance
of a single neuron is viewed as a combination of two reaction
forces projected on the neuron: excitatory and inhibitory. That is,
if the excitatory input level increases, the firing rate of the neuron
will increase, and if the inhibitory input level increases, the firing
rate of the neuron will decrease accordingly. Furthermore, reduced
GABA/H2O in the ACC was associated with poor sleep quality in
the PTSD group (Meyerhoff et al., 2014). Treatments that restore the
GABAergic balance may be particularly effective in reducing sleep
symptoms of PTSD. Reduction in GABAergic tone may also disturb
the E/I balance, which disrupts not only regional neural activity but
also functional connections in large-scale brain networks (Gu et al.,
2019). These studies collectively suggest that reduced GABAergic
activity may underlie the symptoms of PTSD.

2.2.3. Pharmacological evidence
Pharmacological studies also support the involvement of the

GABAergic system in PTSD. Potential drugs targeting the GABAergic
system can be seen in Table 1.

Neurosteroids, including 5-dihydro-progesterone (5-DHP),
allopregnanolone (ALLO), and their stereoisomers, such
as progesterone, are synthesized directly by brain neurons
(glutamatergic and GABAergic long-projection neurons) in the
CNS (Baulieu and Robel, 1990; Agís-Balboa et al., 2006, 2007).
Neurosteroids not only act on classical steroid hormone receptors
(which regulate gene expression and have long-term effects) but also
rapidly regulate neuronal excitability by binding membrane receptors
to ion channels. They effectively modulate GABAARs (Belelli and
Lambert, 2005). Neurosteroid levels and the expression of GABAARs
are affected by normal physiological changes, such as pregnancy
and the ovarian cycle (Concas et al., 1998; Maguire et al., 2005), as
well as by pathological conditions caused by delayed or traumatic
stress, such as anxiety, depression, and PTSD (Romeo et al., 1998;
Uzunova et al., 1998; Rasmusson et al., 2006). In a physiological
state, the mRNA expression level of the GABAAR γ2 L subunit in
the cerebral cortex and hippocampus decreased during pregnancy
and recovered to the control level 2 days after delivery. Subchronic
administration of finasteride (a 5α-reductase inhibitor) in pregnant
rats reduced ALLO in the brain to a greater extent than in plasma
and prevented the observed decline in γ2S mRNA during pregnancy
(Belelli and Lambert, 2005). Pollack et al. (2008) demonstrated

TABLE 1 Potential drugs targeting GABAergic system.

Category Medicine Associated studies

Neurosteroids Allopregnanolone Almeida et al., 2021; Chen et al., 2021

Benzodiazepines Flumazenil Randall et al., 1995

Alprazolam Matar et al., 2009

Clonazepam Sutherland and Davidson, 1994; Cates
et al., 2004

Midazolam Gilbert et al., 2020

GABA re-uptake
inhibitor

Tiagabine Connor et al., 2006; Davidson et al., 2007

GABA-A receptor
agonist

Eszopiclone Pollack et al., 2008

GABA-mimetic Phenibut Lapin, 2001

Piracetam Uniyal et al., 2019
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that periodic changes in the specific GABAAR subunit during the
estrous cycle in mice lead to periodic changes in the tonic inhibition
of hippocampal neurons. In late diabetes (the high progesterone
phase), tonic inhibition was increased by increased expression of
deltaGABA(A)Rs, and decreased neuronal excitability was reflected
in decreased susceptibility to epilepsy and anxiety. Elimination of
the circulation of deltaGABA(A)Rs by antisense RNA treatment
or gene knockout may prevent decreased excitability in diabetes.
In a pathological state, Szabó et al. (2014) found that low levels of
ALLO in the cerebrospinal fluid of premenopausal women with
PTSD may lead to an imbalance between inhibitory and excitatory
neurotransmitters, leading to PTSD re-experience and increased
depressive symptoms. Romeo et al. (1998) found that GABA receptor
positive modulators 3α,5α-tetrahydrogestrone (3α,5α-THP) and
3α,5β-THP concentrations decreased significantly during depression,
while 3β,5α-THP levels increased. This imbalance of neuroactive
steroids can be corrected with different antidepressant medications.
Moreover, ALLO (3α5α and 3α5β isomers) has a high affinity for
GABAAR and promotes the action of GABA at these receptors. In
one study (Kamprath et al., 2006), SSRIs treatment induced a normal
increase in ALLO levels in the cerebrospinal fluid of depressed
patients. Normalization of ALLO levels in the cerebrospinal fluid of
depressed patients appears to be sufficient to mediate fluoxetine or
fluvoxamine to modulate the antianxiety effects of positive allosteric
modulation of GABAAR. Progesterone or its neuroactive metabolite
tetrahydrogestrinone can produce anti-anxiety, sedation, anesthesia,
analgesic, and anticonvulsant effects in rodents and humans by
effectively increasing the flux of Cl− by binding GABA to GABAARs
(Belelli et al., 2009). Allopregnanolone regulates neuroendocrine
changes induced by the stress response, especially in combination
with the GABAAR-mediated feedback mechanism that regulates
the HPA axis (Almeida et al., 2021). Studies have demonstrated that
low levels of allopregnanolone can improve PTSD symptoms by
regulating the activity of GABAARs (Schüle et al., 2014).

Generally, BDZ is widely used to treat anxiety disorders,
including PTSD, because of its quick-relief properties. In animal
studies, BDZ regulates the function of GABAARs and inhibits the
“startle” response caused by the threat from predators (Adamec et al.,
2006). The role of GABA in PTSD is also supported by studies on
treatment using other GABAergic compounds, such as the selective
GABA re-uptake inhibitor tiagabine (Taylor, 2003; Connor et al.,
2006). In addition, pharmacological studies have found that the
combination of piracetam (a GABA derivative drug) and risperidone
can enhance the therapeutic of PTSD (Uniyal et al., 2019). Insomnia
is among the main features of PTSD, and pharmacological drugs that
regulate GABA effectively alleviate insomnia (Randall et al., 1995;
Krystal et al., 2014). Although BDZ effectively reduces anxiety in
PTSD patients, it do not affect the core symptoms of the disorder,
such as intrusive thinking, numbness, and hyperarousal (Gelpin et al.,
1996; Viola et al., 1997; Davidson, 2004). This suggests that drugs
targeting GABAA receptors may not be effective in the treatment of
PTSD, so future studies could explore drugs targeting other targets of
the GABAergic system, such as GABA reuptake inhibitors.

2.3. How does the GABAergic system
change in PTSD?

2.3.1. HPA axis
Stress responses mediated by the HPA axis are most closely

related to psychiatric disorders, such as PTSD and depression

(Almeida et al., 2021). There are intricate afferent and efferent
connections between the hypothalamus and other brain regions of
CNS. Neuroendocrine cells in the hypophysiotrophic area of the
hypothalamus have endocrine functions and can produce peptide
neurohormones to be transported to the adenohypophysis to regulate
the secretion of corresponding hormones (Clarke, 2015). Activation
of the HPA axis originates from the release of corticotropin-releasing
hormone (CRH) from the paraventricular nucleus (PVN) of the
hypothalamus, then CRH induces the release of adrenocorticotropic
hormone (ACTH), which stimulates the adrenal gland to release
glucocorticoid (de Kloet et al., 2005). Glucocorticoid inhibits the
release of CRH in the hypothalamus by activating MR and GR with
negative feedback (de Kloet et al., 2005). During acute stress, the
HPA axis is activated, which plays an important role in mobilizing
energy and maintaining homeostasis. However, exposure to a single
but extremely intense traumatic event, combined with chronic
stress conditions, can lead to anxiety spectrum disorders or induce
PTSD. Patients with PTSD showed abnormal regulation of the
HPA axis, such as altered cortisol levels or failure to suppress
cortisol release during dexamethasone suppression tests (Almeida
et al., 2021). Preclinical and clinical studies have demonstrated
that continuous activation of the HPA axis leads to elevated levels
of corticosterone, which is strongly associated with stress-related
psychiatric disorders (Ouellet-Morin et al., 2011; Rasmusson and
Pineles, 2018). In addition, the HPA axis and GABAergic system have
mutual regulatory effects.

First, changes in GABA signaling cause HPA axis dysfunction
in fear memory. GABAergic connects the brain regions involved
in the HPA axis and the PVN, as well as its surrounding regions,
including the subventricular area, the anterior hypothalamic area, the
dorsomedial nucleus of the hypothalamus, the medial preoptic area,
the lateral hypothalamic area, and some subnuclei of the bed nucleus
of the stria terminalis. Thus, CRH neurons receive several GABAergic
inputs (Cullinan et al., 2008). The fear response is regulated by
GABAergic signaling through the HPA axis, mainly through the
activation of GABAARs (Brickley and Mody, 2012). Previous studies
have demonstrated that CRF plays a part in fear extinction learning.
Ouellet-Morin et al. (2011) reported that the absence of either
GABAAα1 or NMDAR1 gene expression in CRFergic neurons results
in significant and long-term deficiency of fear extinction rather than
acquisition or retention.

Besides, the HPA axis regulates stress by regulating GABAergic
signaling (Mikkelsen et al., 2008). Studies have reported that
the injection of metyrapone, an inhibitor of corticosterone
synthesis, can prevent the enhancement of intrinsic excitability
in BLA→vHPC pyramidal neurons caused by foot shock. Moreover,
the overexpression of GR and MR in amygdala neurons provides
the basis for corticosterone regulation of BLA neurons (Kohda
et al., 2007; Deppermann et al., 2014). Furthermore, changes in
the intrinsic excitability of neurons are regulated by several factors,
among which the weakening of inhibitory signals by the GABAAR
antagonist bicuculline is an important factor (Song et al., 2017).
Long-term corticosterone feeding has been observed to decrease
GABAAR-mediated tonic inhibition in amygdala neurons. Moreover,
corticosterone can alter the expression and function of GABAAR and
drive the GABAAR-mediated chloride current (Liu et al., 2017). Liu
et al. (2017) found that the recruitment of GABAA(δ)R by researchers
through pharmacological and physiological methods leads to the
weakening of GABAergic transmission in LA projection neurons,
which indicates the disinhibition of GABAA(δ)R. Activation of
GABAA(δ)R reduces the input resistance of local interneurons
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and inhibits the activation of local interneurons. Deletion of the
GABAA(δ)R gene weakened its inhibitory effect on LA interneurons.
Therefore, corticosterone may enhance the intrinsic excitability
of BLA→vHPC pyramidal neurons by reducing their inhibitory
signals. In addition, studies have found that (Verkuyl and Joëls, 2003),
parvocellular neurons in the PVN receive hormonal inputs mediated
by corticosterone as well as GABAergic inhibitory projection. It
has been proven that increases in glucocorticoid levels due to
stress can inhibit GABAergic tone on parvocellular hypothalamic
neurons (Verkuyl et al., 2005). Interestingly, some current studies
(Hartmann et al., 2017) suggest that the regulation of fear and
stress-related behaviors by corticosterone and glucocorticoids in
the forebrain is mediated more by glutamatergic neurons than
by GABA. Therefore, there may be two different explanations
for the enhancement of neuronal excitability caused by the HPA
axis in different brain regions, and more studies are needed to
show which mechanism plays a dominant role in other brain
regions in the future.

2.3.2. Endocannabinoid system
The endocannabinoid system (ECS) plays an important role in

regulating behaviors such as fear and anxiety (Lafenêtre et al., 2007;
Ruehle et al., 2012; Gunduz-Cinar et al., 2013; McLaughlin et al.,
2014). Moreover, the abnormal function of this system can cause a
series of neuropsychiatric disorders, such as depression and anxiety
(Hillard et al., 2012; Mechoulam and Parker, 2013). Studies in the
past decade have reported the relationship between The ECS and
traumatic stress disorder. Piomelli (2003) and Neumeister et al.
(2013) found abnormal levels of endocannabinoids in the blood and
their receptors in PTSD patients, suggesting possible changes in the
function of the ECS in PTSD patients.

Endocannabinoids mainly include N-arachidonoylethanolamine
(AEA) and 2-arachidonoylglycerol (2-AG), which are mainly
synthesized at the postsynaptic and serve as retrograde first
messengers. It regulates the release of neurotransmitters by activating
cannabinoid receptors located in the presynaptic membrane
(Piomelli, 2003). Endocannabinoids primarily regulate the transport
of GABA and Glu neurotransmitters. In addition, they also regulate
the release of acetylcholine, biogenic amines noradrenaline and
serotonin, and the neuropeptide CCK-8 (Piomelli, 2003).

There are two main types of cannabinoid receptors in the
human body, the CB1 receptor and CB2 receptor, both of which
are G-protein-coupled receptors that can activate intracellular signal
transduction pathways and regulate the release of neurotransmitters
and synaptic function (Adolphs et al., 2002). Animal studies have
observed that the knockdown of CB1 receptors or the inhibition
of CB1 receptor signaling with drugs can cause anxiety symptoms
(Haller et al., 2002, 2004). The CB1 receptor-knockout mice could
not eliminate fear memory after fear extinction training, indicating
that the CB1 receptor plays an important role in the process of fear
extinction (Marsicano et al., 2002; Cannich et al., 2004; Dubreucq
et al., 2012). The agonists of CB1 such as nabilone and M9-THC can
relieve some of the clinical symptoms of PTSD, such as over-stress,
forgetfulness, nightmares, and pain (Bremner et al., 1996; Fraser,
2009; Passie et al., 2012). These findings suggest that the CB1 receptor
is involved in regulating the transmission of neural information in the
PTSD brain and plays an important role in the pathogenesis of PTSD.

Recent studies have reported that endocannabinoids regulate
the processing of fear memory (Marsicano et al., 2002; Barad
et al., 2006; Mahan and Ressler, 2012; Drumond et al., 2017).
They are involved in the acquisition, consolidation, retrieval, and

extinction of fear memories, as well as in the regulation of emotional
states (Ruehle et al., 2012; Trezza and Campolongo, 2013; Xu and
Südhof, 2013). In the hippocampus and amygdala, the activation
of GABAergic presynaptic CB1 receptors decreases the release of
GABA transmitters, thereby modulating the processing of fear
memories (Morales et al., 2004; Szabó et al., 2014). The CB1 receptors
are located in the presynaptic membranes of glutamatergic and
GABAergic neurons, and their activation inhibits the release of Glu
(Kamprath et al., 2006; Hoffman et al., 2010) and GABA (Laaris et al.,
2010). Several researchers have suggested that there exists a dynamic
balance system that is composed of Glu and GABA in the brain, which
jointly maintains a balance between the inhibition and excitation of
nerve cells. Once this dynamic balance is broken, anxiety, depression,
and other emotional-related behaviors may occur (Martin et al., 2002;
Haller et al., 2004), and the ECB system is an important part of the
regulation of this balance. Studies have demonstrated that activation
of the CB1 receptor in the dorsolateral periaqueductal gray can
induce anxiety-like effects in the elevated plus maze, while the CB1
receptor antagonist AM251 prevents anxiety-like behaviors resulting
from the Vogel conflict test (Lisboa et al., 2008). The activation
of CB1 receptors on GABAergic neurons leads to the reduced
release of GABA transmitters, resulting in anxiety-like responses
(Roohbakhsh et al., 2009).

2.3.3. Imbalance between excitatory (Glu) and
inhibitory (GABA) transmitters

The main inhibitory neurotransmitter in the brain is GABA,
acting along with Glu to control the balance of excitation and
inhibition in several brain circuits (Petroff, 2002). The neurotoxicity
of Glu not only leads to the apoptosis and necrosis of brain neurons
in patients with ischemic cerebrovascular disease (Sun et al., 2015)
but also affects synaptic plasticity in the brains of patients with
PTSD (Stachowicz, 2018). The GABAergic system is an important
inhibitory system in the CNS that can protect the normal regulatory
function of the nervous system by inhibiting the hyper-excitatory
effect of Glu. During the metabolic switch between Glu and GABA,
two pathways eliminate excess Glu in the synaptic cleft or mitigate its
neurotoxicity (Gao et al., 2014).

The production of GABA from Glu promotes the release of more
Glu, which is mediated by glutamic acid decarboxylase (GAD). The
GAD is the key rate-limiting enzyme in GABA synthesis. There are
two kinds of isoenzymes of GAD, GAD65 and GAD67. Abnormal
function of GAD65/67 can also lead to decreased GABA levels.
Generally, GAD65 is primarily responsible for the synthesis of GABA
that is released at synapses, while GAD67 is the 67 kDa isoform
of GAD (GABA synthase), which is responsible for the synthesis
of GABA in the metabolic pool of neurons. The distribution of
GAD is consistent with that of GABAergic neurons, which makes
GAD an excellent marker enzyme for GABAergic neurons, with
the functional status of GABAergic neurons in the CNS being
often reflected by measuring the activity of GAD in brain tissue.
It was reported that chronic adverse stimulation further decreased
the expression level of GAD67 and the number of GAD67-positive
neurons, suggesting that stress impaired the conversion of Glu
to GABA by reducing the level of GAD, thereby limiting GABA
synthesis (Fogaça and Duman, 2019). The levels of GAD67 in the
hippocampus, amygdala, and PFC of PTSD rats were decreased,
suggesting that the reduction in GABA content could weaken the
central inhibitory function and disrupt the balance between GABA
and Glu. The results of autopsies of patients with major depressive
disorder showed significant reductions in the activity of GAD65
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in the PFC brain region (Karolewicz et al., 2010), as well as the
density of GAD65/67 in the PVN of the hypothalamus (Gao et al.,
2013). Similarly, the expression of GAD67 was downregulated in
the PFC (Pochwat et al., 2016) in both mouse and rat models of
depression. The GAD65 knockout mice showed fear generalization
and fear resolution disorders in preclinical trials (Sangha et al., 2009),
suggesting an important role for GAD65 in preventing anxiety-like
behaviors, fear memory extinction, and resilience to the development
of contextual fear generalization.

The GABA transporter (GAT) may play an important role
in mental disorders such as anxiety and depression by affecting
GABAergic transmission. However, evidence for this hypothesis is
scarce, with studies reporting that patients with anxiety disorders
exhibit positive clinical responses to the selective GAT-1 inhibitor
tiagabine (Schwartz and Nihalani, 2006). In the study of Liu et al.
(2007) the researchers used the forced swimming test and the
tail suspension test to model depression and anxiety in mice and
measured resilience through the open field test, the dark light
exploration test, the emergence test and the elevated plus maze
(EPM) behavior test. The GAT-1-deficient mice exhibit increased
resilience to acute stress in response to behavioral paradigms such
as antidepressant- and antianxiety-like activities (Liu et al., 2007;
Gong et al., 2015), which substantiates the role of GAT-1 in mood
disorders. However, the role of GAT in PTSD needs investigation.
The concentration of GABA in the extra-synaptic space is regulated
in several ways. In addition to GAT-1, the GABA transporters GAT-2
and betaine/GABA transporter 1 (BGT-1) are located on astrocytes
that recycle GABA. Additionally, GABA in astrocytes can enter
the intercellular space through the bestrophin channel as a non-
vesicular release (Brickley and Mody, 2012), and these regulatory
mechanisms maintain the concentration of GABA at a stable level
outside synapses. However, there are very few studies linking GABA-
astrocytes to PTSD, which gives us an indication that future studies
may focus on this aspect.

Psychological stress can cause an imbalance between excitatory
Glu and inhibitory GABA neurotransmitters, which can lead to a
series of neurochemical changes. First, the increased expression of
apoptotic markers in the muscle, thymus, and nervous system is
related to stress. Moreover, the survival and apoptosis of neurons
are related to the mechanism of the balance between Glu and GABA
(Engelbrecht et al., 2010). The glutamate/gamma-aminobutyric acid-
glutamine metabolic circuit in the CNS is the main pathway that
regulates the metabolism of Glu and GABA, which is important
to maintain the dynamic balance between excitatory and inhibitory
systems in the brain (Jiang et al., 2022). During the metabolic
conversion of Glu to GABA, excess Glu in the synaptic cleft can be
eliminated or reduced through the excitatory amino acid transporters
(EAATs) and GAD pathways. In other words, when the conversion
level of Glu to GABA is insufficient, resulting in too much Glu and
too little GABA in the CNS, an imbalance of excitation and inhibition
can occur. The elevation or accumulation of Glu can induce apoptosis
in sensitive neural cells. When GABA is catalyzed by Glu and directed
by GAD, it has positive feedback on its own release. Such imbalance
further leads to dysfunctional excitatory spasms. The findings of
Fogaça and Duman (2019) suggest that the imbalance between the
excitatory (Glu) and inhibitory (GABA) transmitters may promote
apoptosis in the hippocampal neurons and play an important role in
the pathogenesis of PTSD. However, this finding is inconsistent with
the brain imaging results of patients, which may indicate that humans
and rodents have different responses to PTSD-like stress. Therefore,
the specific reasons for this need further investigation.

3. Clinical directions

Several types of drugs, mainly antidepressants, antipsychotics,
and anticonvulsants, target PTSD. However, anti-stress drugs are not
widely used in PTSD, although they can regulate the GABAergic
system, stimulate GABA receptors, inhibit GABA transporters, and
restore the function of the GABAergic system in the brain.

As anti-anxiety agents, BDZ is widely used clinically. For
instance, BDZ such as diazepam, flurazepam, clorazepate, oxazepam,
and triazolam, is also used in the treatment of PTSD symptoms,
but prolonged use of these agents can cause dizziness, drowsiness,
fatigue, and other adverse effects. In addition, BDZ promotes
GABA-mediated neural transmission in the CNS (Mao et al.,
1975). Such drugs do not directly excite GABA recognition sites
and accelerate the release of GABA but increase the affinity
of low-affinity GABAAR or the number of GABAARs through
allosteric regulation to enhance the inhibitory function of GABA.
Promoting the E-I balance caused by stress produces anti-
anxiety and sedative effects. Studies on the GABAAR family
reported that the α2 and α3 subunits are closely related to
anxiety behaviors under the effect of BDZ (Dias et al., 2005).
The α5 subunit is involved in hippocampus-associated associative
memory (Rudolph et al., 1999; Rudolph and Möhler, 2004).
The γ2 subunit is extensively regulated by BDZ in the brain
(Günther et al., 1995).

Topiramate is an anticonvulsant, which is also among the
supplementary drugs in the clinical use of PTSD (Khan and Liberzon,
2004). Topiramate enhances the function of the GABA receptor
and induces the influx of chloride ions. It is also involved in the
intervention of PTSD symptoms by regulating and restoring the
content of GABA in the brain and maintaining the excitation-
inhibitory stability of Glu and GABA in the CNS (Berlant, 2001).
In clinical studies on PTSD, it was observed that the rate of
relief from PTSD symptoms in the topiramate-treatment group
was significantly higher than that in the control group. Topiramate
has been proven to relieve the symptoms of recurrent traumatic
experiences, nightmares, and other PTSD symptoms, such as high
arousal, although these drugs also have significant side effects,
including dizziness and lethargy.

Studies have also found that neurosteroids have an anti-anxiety
effect by acting on the GABAergic system, as they can directly act on
the GABAAR, prolong the opening time and increase the opening
frequency of its chloride channel, thus increasing the inhibitory effect
of GABA (Lambert et al., 1995).

4. Conclusion

The GABAergic system is significant in the regulation of PTSD.
After traumatic events, the formation of fear memory and synaptic
plasticity are affected by the GABA inhibition system, and the balance
in excitation-inhibition homeostasis between neural networks is
destroyed, resulting in complex changes in the thoughts, feelings,
and behaviors of the subject. Anti-stress drugs that regulate the
GABAergic system restore GABA function in the brain by stimulating
GABA receptors or inhibiting GABA transporters. Although such
drugs can relieve PTSD symptoms, they can also have side effects
such as dizziness, drowsiness, and fatigue. Future research is needed
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to further explore the common mechanisms underlying the core
symptoms of PTSD to guide the discovery of ideal targets for
the treatment of PTSD. In summary, the consequence of PTSD
may be related to the downregulation of GABAergic system.
However, although patients with PTSD have been found reduced
GABAARs, the GABAergic system has weaker pharmacodynamics at
the receptor level.
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