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Post-traumatic stress disorder (PTSD) is a stress-associated complex and debilitating 
psychiatric disorder due to an imbalance of neurotransmitters in response to 
traumatic events or fear. PTSD is characterized by re-experiencing, avoidance 
behavior, hyperarousal, negative emotions, insomnia, personality changes, and 
memory problems following exposure to severe trauma. However, the biological 
mechanisms and symptomatology underlying this disorder are still largely unknown 
or poorly understood. Considerable evidence shows that PTSD results from a 
dysfunction in highly conserved brain systems involved in regulating stress, anxiety, 
fear, and reward circuitry. This review provides a contemporary update about PTSD, 
including new data from the clinical and preclinical literature on stress, PTSD, and 
fear memory consolidation and extinction processes. First, we present an overview 
of well-established laboratory models of PTSD and discuss their clinical translational 
value for finding various treatments for PTSD. We  then highlight the research 
progress on the neural circuits of fear and extinction-related behavior, including 
the prefrontal cortex, hippocampus, and amygdala. We  further describe different 
molecular mechanisms, including GABAergic, glutamatergic, cholinergic, and 
neurotropic signaling, responsible for the structural and functional changes during 
fear acquisition and fear extinction processes in PTSD.
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1 Introduction

Posttraumatic stress disorder (PTSD) is a stress-associated complex and chronic mental 
disorder that develops following direct or indirect exposure to an extremely stressful (traumatic) 
event or series of events (Ayano et al., 2020). Acute traumatic events are increasingly recognized 
to provoke memory-related problems (Rosen and Ayers, 2020; Yrondi et al., 2020). PTSD is 
primarily characterized by a heterogeneous collection of symptoms in response to traumatic life 
events. These neuropsychiatric symptoms include anxiety, re-experiencing, irritability, 
avoidance, negative emotions, insomnia, personality changes, and memory problems (Tang 
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et  al., 2021). Many of these symptoms of PTSD overlap with the 
symptoms of generalized anxiety disorder (GAD) (Li et al., 2020). 
GAD is characterized by excessive worry and persistent feelings of 
stress. Although, both PTSD and GAD are stress-associated disorders 
and can happen together at the same time. However, there are striking 
differences between PTSD and GAD such as, symptoms of GAD cause 
inability to relax whereas symptoms of PTSD lead to restricted or 
diminished positive emotional response (Price et al., 2019; Yuan et al., 
2023). PTSD is diagnosed when symptoms last longer than at least one 
month and cause functional impairment and distress. According to 
the National Health Center of PTSD in the US, it is estimated that 
3.5% of the US population (more than 11 million Americans) suffers 
from PTSD in a given year, but less than half of these patients are in 
proper treatment, and less than half of those in treatment receive 
minimally adequate care (Wang et al., 2005). The neural disruptions 
shared by PTSD include asymmetrical white matter tract abnormalities 
and gray matter changes in the prefrontal cortex (PFC), hippocampus, 
and basolateral amygdala (BLA; Ashfield et al., 2021). Dysfunction of 
this neural circuitry results in behavioral changes, including executive 
function and memory impairments, enhanced fear retention, fear 
extinction deficiencies, and other disturbances.

To date, there is substantial knowledge about the neurocircuitry 
mechanisms underlying the PTSD response to traumatic events 
(Maren and Holmes, 2016; Krabbe et  al., 2018). Evidence-based 
treatments available for PTSD depend on exposure therapies such as 
prolonged exposure, cognitive-behavior therapy, and cognitive 
processing therapy (Steenkamp et al., 2015; Merz et al., 2019). Apart 
from these psychotherapies, there are FDA-approved medications, 
such as sertraline, paroxetine, and antidepressants (Karpova et al., 
2011), which provide remission in many patients with PTSD. On the 
other hand, the pathophysiological etiologies of PTSD can 
be identified using experimental animal models of PTSD, such as fear 
conditioning, retention, and extinction. Although significant 
achievements have been made in understanding the mechanisms and 
neurocircuitry involved in PTSD, there remains a gap in the 
development of effective new clinical treatments for PTSD (Richter-
Levin et al., 2019; Bienvenu et al., 2021). Hence, it is very important to 
fully understand the neural circuits, molecular mechanisms and 
intermediate phenotypes, especially the dysfunction of fear-related 
behaviors of PTSD, to accelerate the identification of novel targets for 
PTSD treatments. In this review article, we asked how traumatic stress 
affects the neural circuits in brain and what underlying mechanisms 
are behind this change. We also addressed how preclinical models help 
in translational research for PTSD. We  first describe the animal 
models which are widely used for translational research in PTSD. The 
aim is to give a brief knowledge about the usage of the well-established 
and most studied animal models, which can mimic most of the 
symptoms of PTSD. Then, we continue to discuss the neural circuits 
and the molecular mechanisms involved in PTSD, which are the main 
focus of this study, to explore recent advances in the pathophysiology 
of PTSD.

2 Animal models used to mimic 
PTSD-like behaviors

Modeling PTSD is challenging, as it is a heterogeneous disorder 
with different symptoms. Clinical research increasingly utilizes 

objective biological measures (e.g., imaging, peripheral biomarkers) 
or nonverbal behaviors/physiological responses to complement 
verbally reported symptoms. This shift toward more objectively 
measurable phenotypes enables the refinement of current animal 
models of PTSD and supports the incorporation of homologous 
measures across species. PTSD affects the neural circuits in the PFC, 
hippocampus, and amygdala (Ashfield et  al., 2021). These neural 
circuitry dysfunctions result in behavioral changes, including 
executive function and memory impairments, fear retention, fear 
extinction deficiencies, and other disturbances. Pathophysiological 
etiologies of PTSD can be  identified using experimental animal 
models of stress, such as fear conditioning, retention, and extinction.

Various animal models (inescapable shocks, predator stress, single 
prolonged stress, unpredictable variable stress, restraint stress, and 
social defeat stress) are used to mimic the symptoms of PTSD. Among 
them, three animal models (single prolonged stress, social defeat 
stress, and fear conditioning) are widely used to study the 
symptomatology of PTSD (Figure 1; Deslauriers et al., 2018; Bienvenu 
et al., 2021). These three models can successfully recapitulate many of 
the symptoms related to PTSD-like behaviors. A single prolonged 
stress (SPS) model has been established to study the underlying 
neurobiological mechanisms of PTSD, considering its limitations to 
human studies (Seto et al., 2020). SPS involves three severe stressors 
(a 2 h restraint stress, followed by forced swimming for 20 min, and 
finally exposure of the animal to ether until loss of consciousness). The 
advantage of using the SPS model is that it can produce behavioral, 
molecular, and physiological alterations that resemble many 
alterations observed in PTSD patients (Lisieski et al., 2018). The SPS 
model reliably induces many behavioral and neurobiological 
phenotypes/symptoms related to PTSD (Yehuda et al., 2015). These 
symptoms include increased hyperalgesia (Sun et al., 2016), increased 
fear learning (Perrine et al., 2016), reduced fear extinction (Lin et al., 
2016a), increased arousal (Serova et al., 2013), depression and 
anhedonia (Enman et al., 2015; Lin et al., 2016b), deficits in spatial 
learning and memory (Patki et al., 2014). The molecular mechanisms 
involved in fear memory formation and retrieval can also be studied 
by SPS (Souza et al., 2017). Therefore, the SPS model for investigating 
PTSD adaptations and traumatic risk factors is more appealing.

Another leading animal model for PTSD is fear conditioning and 
extinction (FC) model (Bienvenu et al., 2021). Pavlovian or contextual 
fear conditioning has been widely used for investigating the molecular 
mechanisms underlying fear memory formation and extinction 
(LeDoux, 2000). In fear conditioning, a neutral stimulus (conditioned 
stimulus; CS, e.g., a sound or predator) is paired with an aversive 
experience (unconditioned stimulus; US, e.g., an electric footshock) 
(Quirk and Mueller, 2008). After pairing, CS presented alone can 
trigger fear responses such as freezing behavior. During fear extinction 
learning, repeated presentations of CS decrease fear formation, 
extinguish fear memory and decrease the freezing responses to CS. FC 
is a form of associative learning and provokes defensive fear behaviors 
(e.g., freezing immobilization, fear responses, and avoidance). FC 
induces behavioral as well as neurophysiological responses to intense 
US and correspond well to human PTSD research because it captures 
aspects of learning and memory (Bienvenu et al., 2021). The advantage 
of FC model is that it can produce dysfunctions in executive 
functioning, threat detection, emotional regulation, and contextual 
processing (Block and Liberzon, 2016; McClellan France and 
Jovanovic, 2023). These deficits in behaviors resemble fear-related 
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symptoms of PTSD, such as arousal, aggression, anxiety, and 
avoidance. Some studies used the FC model alone (Ross et al., 2017) 
or integrated it with other stress models (Deslauriers et al., 2018) to 
model extinction deficits observed in patients with PTSD (Yehuda and 
LeDoux, 2007). A previous study used FC to study the molecular 
underpinnings of eye movement desensitization and reprocessing 
(EMDR) therapy (Baek et  al., 2019). Increased fear learning and 
decreased extinction are frequently seen in PTSD patients. Recently, 
Dunsmoor et al. (2022) provided a very comprehensive overview of 
animal models of PTSD and suggested modifications to simplified 
animal paradigms to account for myriad cognitive factors affected by 
PTSD, which may contribute to providing a more comprehensive 
recapitulation of the human experience of trauma in laboratory 
research (Dunsmoor et al., 2022). Thus, the FC and extinction model 
is a highly translational model, as it can display PTSD-like memory 
impairment and produce persistent phenotypes. FC can be used to 
study the underlying working mechanisms of PTSD-induced fear and 
extinction responses (Pitman et al., 2012; VanElzakker et al., 2014; 
Ross et al., 2017).

Chronic social defeat stress (CSDS) is another extensively used 
animal model of PTSD, which can also assess the behavior dysfunction 
and its underlying neurobiological mechanisms (Deslauriers et al., 2018). 
This model involves exposure of the intruder (experimental animal) to 
an aggressive conspecific in its territory. The susceptible and resilient 
phenotypes in this model are identified by social avoidance (Marenco-
Hillembrand et al., 2020). The repeated social defeat stress increased the 
inflammatory signaling pathways, which led to prolonged anxiety and 
social deficits (Lee et  al., 2020). The CSDS can also reliably induce 
behavioral outcomes relevant to PTSD such as hyperarousal, anhedonia, 

working memory deficits, impairments in reward and motivated 
behavior and circuits (KARL et al., 2006; Garfinkel et al., 2014; McKim 
et al., 2016; Bijanki et  al., 2020). Other PTSD-relevant biological 
phenotypes include increase amygdala activity, suppression of 
hypothalamic pituitary adrenal axis activity and sleep impairments 
(Kamphuis et  al., 2015; Page, 2016). The remainder of this review 
describes recent progress in understanding the neurocircuits and the 
molecular mechanisms affected by PTSD. Where appropriate, we include 
brief comparisons to research on human patients to emphasize the 
validity of animal models for studying traumatic effects.

3 Neural circuits affected by PTSD in 
the brain

Previous studies have characterized a fear learning and memory 
network centered on the PFC, hippocampus, and amygdala that plays 
a key role in the pathology of PTSD (Lee et  al., 2020; Marenco-
Hillembrand et  al., 2020). Importantly, changes in the structure, 
function, and biochemistry of this network appear to underlie the 
cognitive-affective dysfunction observed in PTSD (Bijanki et  al., 
2020). In addition, several neuroimaging studies have also identified 
a set of brain circuits, including the hippocampus, amygdala, and PFC, 
that contribute to the behavioral and molecular abnormalities in 
PTSD (KARL et al., 2006; Garfinkel et al., 2014). This triad of brain 
regions is also central to the brain circuit implicated in fear and safety 
learning (Tovote et al., 2015). We discuss the memory, emotion, and 
fear-related neurocircuits that contribute to developing and retaining 
PTSD symptoms (Figure 2; Table 1).

FIGURE 1

Animal models used for mimicking the symptoms of posttraumatic stress disorder (PTSD).
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3.1 The neural circuitry of the PFC involved 
in PTSD

The PFC comprises a large area in the frontal lobe of the brain and 
has roles in decision-making and executive functions such as 
attention, working memory, and regulation of emotional behaviors 
(Yuan and Raz, 2014; Dixon et al., 2017). In PTSD, the bidirectional 
communication of the PFC with the hippocampus and amygdala plays 
a very important role in regulating traumatic fear learning and its 
extinction (Gilmartin et  al., 2014). The function of three mPFC 
(medial prefrontal cortex) subregions, the anterior cingulate cortex 
(ACC), prelimbic cortex (PL), and infralimbic cortex (IL), is altered 
in PTSD (Pitman et al., 2012; Giotakos, 2020). These three regions of 
the mPFC regulate affective responses generated by other brain 
regions. The PL and IL regions contribute specifically to fear 
conditioning and extinction processes, respectively. Inhibition of PL 
and IL projection neurons prevents the expression of fear behaviors 
(Do-Monte et al., 2015) and the retention of fear extinction memories 
(do-Monte et al., 2015), respectively. Decreased ventromedial PFC 
(vmPFC) activity is observed in PTSD individuals experiencing 
traumatic symptoms (Hopper et al., 2007). The human vmPFC, which 
is analogous to the IL in rodents, plays a critical role in the extinction 
of fearful memories by activating safety signals and interacting with 
the amygdala to inhibit fear expression (Phelps et al., 2004; Giustino 

and Maren, 2015; Harrison et  al., 2017; Dunsmoor et  al., 2019). 
Similar findings have been found in women with PTSD, showing 
decreased functional connectivity between the left vmPFC and right 
amygdala in emotional tasks (Stevens et al., 2013). Male PTSD patients 
showed decreased functional connectivity between the vmPFC and 
the middle frontal gyrus which was negatively correlated with the 
severity of PTSD symptoms (Kennis et al., 2015; Misaki et al., 2018). 
Likewise, the structural activity was also reduced in lateral prefrontal, 
parietal and posterior midline structures in male PTSD patients 
(Eckart et al., 2011). The prefrontal gyrification is also increased in 
male PTSD patients increasing the severity of PTSD symptoms 
(Maurice et  al., 1988). The decreased functional and structural 
connectivity as well as the increased prefrontal gyrification affect the 
fear-regulation circuit in male PTSD. During extinction recall, PTSD 
men exhibited increased activation in the left rostral dACC and 
showed deficient recall of extinction memory compared with women 
(Shvil et al., 2014). The fear extinction process leads to new memories 
that inhibit the fear response in PTSD individuals. Previous studies 
have shown that PTSD individuals encode such memories but fail to 
retain extinction memory (Milad et al., 2009; Norrholm et al., 2011; 
Garfinkel et al., 2014). The changes in functional connectivity between 
the vmPFC and the amygdala are associated with the extent of fear 
extinction deficits in PTSD individuals (Rauch et al., 2003; Stevens 
et  al., 2013). Similarly, disruption of vmPFC function appears to 

FIGURE 2

The Neural circuits and underlying mechanisms affected by posttraumatic stress disorder (PTSD).
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contribute to altered emotional processing and impaired retention of 
fear extinction learning in PTSD (Milad et  al., 2009; Helpman 
et al., 2016).

Neuronal activity in the PL and IL is necessary to modify fear 
learning during stressful events. The neural circuit from the PL to BLA 
disrupts associative learning in females exposed to stressful 
experiences (Maeng and Shors, 2013). SPS inhibited neural activity in 
the hippocampus as measured by c-Jun levels and enhanced the 
functional connectivity between the vmPFC and BLA during 
emotional learning and memory. The inhibited neural activity and 
functional connectivity in the vmPFC, hippocampus, and BLA disrupt 
the expression and retention of fear extinction memory (Knox et al., 
2018). Recently, the functional connectivity of two prefrontal regions, 
the left anterior middle frontal gyrus (aMFG) and the right 
orbitofrontal cortex (OFC), has been inversely correlated with anger 
symptoms in patients with PTSD (Eshel et al., 2021). The excitatory 
pathway from the posterior OFC to amygdalar inhibitory intercalated 
mass (IM) neurons modulates autonomic function in PTSD via DA 
(dopamine) levels. Traumatic stress increases the release of DA and 

inhibits the activity of IM neurons in the amygdala, resulting in the 
collapse of potent inhibitory mechanisms functioning from the PFC 
to the amygdala and intensified autonomic drive (Zikopoulos 
et al., 2017).

On the other hand, the ACC innervates BLA and CeM amygdalar 
parts to activate circuits that produce avoidance behavior in response 
to traumatic stress. During fear relapse, hippocampal projections to 
the PFC inhibit the retrieval of fear extinction memories (Goode and 
Maren, 2019). The fear signaling from the BLA and ventral 
hippocampus (vHPC) to PL gates the fear encoding process during 
fear conditioning. Inactivation of the vHPC and BLA increased the 
formation of fear memories in PL (Sotres-Bayon et  al., 2012). 
Traumatic stress produces a distinctive effect by regulating the 
catecholamines in fear circuitry during retrieval of fear extinction. SPS 
impaired the fear extinction retrieval process by reducing dopamine 
levels and increasing norepinephrine levels in the mPFC and amygdala 
(Lin et al., 2016; Maren, 2022).

Various proteins involved in PFC-dependent neural circuits are 
altered during fear conditioning and extinction processes. 

TABLE 1 The neural circuit’s dysregulated by posttraumatic stress.

Brain structure involved 
in neural circuitry

Research on human 
and rodent

Effects of PTSD on neural circuitry

Effects of PTSD on neural circuitry projecting from the prefrontal cortex to the hippocampus 

and amygdala

Prefrontal cortex (PFC) Rodent study Increase the formation of fear memories (Sotres-Bayon et al., 2012)

Human study Impair retention of fear extinction learning (Milad et al., 2009; Helpman et al., 2016)

Rodent and Human studies Inhibit the retrieval of fear-extinction memories (Goode and Maren, 2019)

Rodent study Reduce dopamine levels and increase norepinephrine levels (Lin et al., 2016; Maren, 2022)

Rodent Study Alter mitogen-activated protein kinase, brain-derived neurotropic factor, and microglia proteins 

(Chaaya et al., 2021)

Effects of PTSD on neural circuitry projecting from hippocampus to prefrontal cortex and 

amygdala

Hippocampus Rodent and Human studies Decrease hippocampal volume and executive function (Gilbertson et al., 2002; Bremner et al., 

2003; Rauch et al., 2006; Wang et al., 2010; Logue et al., 2018)

Human study Reduce hippocampal neurogenesis and dendritic spines loss (Schoenfeld et al., 2019; Guan et al., 

2022)

Human study Intrusive fear memory formation (Spielberg et al., 2015)

Rodent study Impair long-term potentiation (Ardi et al., 2014)

Rodent study Prolong fear memories (Nakayama et al., 2015)

Rodent study Exaggerate fear reactivity, increase hyperarousal, and increase cognitive impairment (Torrisi et al., 

2021)

Effects of PTSD on neural circuitry projecting from amygdala to hippocampus and prefrontal 

cortex

Amygdala Human study Emotional dysregulation (Duvarci and Pare, 2014; Dejean et al., 2015)

Human study Hyperarousal activity (Stevens et al., 2013)

Human study Impair the fear extinction formation process (Rauch et al., 2000)

Rodent study Excessive persistence of fearful memories (Bryant et al., 2008)

Rodent study Affect natural reward processing behaviors (Zhang et al., 2020)

Human study Reduce the gray matter volume (Aghajani et al., 2016)

Rodent study Increase aggression (Nordman et al., 2020)

Rodent study Dampen the excitatory and inhibitory synaptic transmission (Kwon et al., 2015)
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Contextual fear conditioning alters mitogen-activated protein kinase 
(pMAPK; ERK 1/2), brain-derived neurotrophic factor (BDNF), and 
microglial proteins in the PL mPFC to hippocampus neural circuit, 
suggesting their role in the maintenance of fear memory (Chaaya 
et al., 2021). Contextual fear conditioning induces loss of dendritic 
spines on pyramidal neurons in various corticolimbic brain regions 
relevant to grey matter reductions in PTSD patients (Smith et al., 
2019). This loss of dendritic spines increased microglial cell number 
and complexity in the mPFC. The PL and IL regions differentially 
regulate neuronal morphological changes in traumatic stress-
induced susceptible and resilient mice. The number of dendrites was 
decreased in PL while increased in IL region of the mPFC in fear-
conditioned resilient mice (Lguensat et  al., 2019). In susceptible 
mice exposed to fear conditioning, the number of dendrites was only 
decreased in IL mPFC. In fear extinction process, the dendritic spine 
density of PL was higher in susceptible mice, whereas the dendritic 
spine density of IL was higher in resilient mice (Laricchiuta et al., 
2023). These morphological changes suggest the effect of fear 
conditioning and extinction processes on pyramidal neurons of 
PFC. Altered neural activation is also involved in the inhibitory 
process during fear conditioning and extinction. It was found that 
neural activation was reduced in the vmPFC of PTSD subjects 
during inhibition tasks (Jovanovic et al., 2013). The IL-projecting 
neural circuits to the claustrum, ventral hippocampus, and posterior 
paraventricular thalamus showed increased neural activity and are 
involved in recalling extinction memory to extinguish fear responses 
in response to trauma-associated cues (Russo and Parsons, 2022). 
The cannabinoid system in fear circuits (PFC to the limbic system) 
plays an important role during fear extinction in humans. 
Administration of cannabinoid agonists before extinction training 
increased the activation of the vmPFC and hippocampus to 
modulate the fear circuitry during fear extinction recall in humans 
(Rabinak et al., 2014). Cannabinoid receptors (CBRs) are a crucial 
part of the neuromodulatory endocannabinoid system involved in 
modulating the fear memory formation and emotional learning. 
Contextual fear conditioning attenuates the expression of CBRs to 
affect the fear formation and extinction learning (Lisboa et al., 2010). 
CBRs expression in BLA and mPFC differentially regulates fear 
learning and memory in fear memory consolidation, retrieval, and 
extinction processes. Microinfusion of CBR1 agonist impaired fear 
retrieval and consolidation in the BLA and mPFC (Kuhnert et al., 
2013). The fear extinction was only impaired in mPFC by the 
infusion of CBR antagonist. Likewise, infusion of CBR1 antagonist 
into the IL mPFC retarded the cue-induced reduction of fear-
potentiated startle behavior via deactivating the ERKs (extracellular 
signal-regulated kinases) signaling (Lin et al., 2009). CBRs potentiate 
cannabinoid neurotransmission from BLA to mPFC to strongly 
modulate the processing of fear memory formation. Pharmacological 
inactivation of CBR1  in mPFC blocked the CBR1-mediated 
potentiation of fear memory formation (Tan et al., 2011). A recent 
study has shown that inhibition of CBR1 in ACC, PL, and IL regions 
of mPFC reduced synaptic plasticity related to memory 
reconsolidation (Bayer et al., 2022). When these regions of mPFC 
are pretreated with CBR1 antagonist, it prevented the reconsolidation 
impairments caused by direct effects of systemic cannabidiol 
treatment. These findings show that CBR1 delay the reconsolidation 
of destabilized aversive memories in mPFC via complementary 
mechanisms. Thus, CBRs acting through ERK signaling are involved 

in the extinction of conditioned fear, regulating synaptic plasticity, 
and extinction learning. Therefore, targeting the cannabinoid system 
in fear circuitry may help to improve neural function and impaired 
behavior in patients with PTSD.

The greater neural response in PFC-dependent neural circuits and 
increased functional connectivity between the dorsolateral PFC and 
amygdala regions improve symptoms of PTSD during emotional 
processing (Duval et  al., 2020). A recent study also reported 
impairments in the dorsolateral PFC and amygdala regions in PTSD 
subjects (Wen et al., 2022). During the conditioned fear extinction 
procedure, the functional connectivity among the insula, dorsal ACC, 
vmPFC, hippocampus, amygdala, and thalamus induced by extinction 
memory recall is impaired in PTSD individuals. Deficits in cognitive 
and attention networks are exhibited by abnormal functional 
connectivity in fear-and anxiety-related disorders. A positive 
correlation was found between the parahippocampal cortex and 
trauma-related intrusive memories and avoidance behaviors in PTSD 
individuals (Steward et al., 2020). Moreover, it was found that the 
functional connectivity between the parahippocampus and the 
inferior frontal gyrus was increased, suggesting the involvement of 
neural circuits from the PFC to the hippocampus during memory 
suppression in individuals with PTSD.

3.2 Amygdala neural circuitry involved in 
PTSD

The amygdala part of the brain is often considered “a hub” for 
emotional memory processing. Of particular relevance to PTSD, the 
amygdala plays an important role in fear learning and extinction. 
Sensory information primarily flows into the BLA, where associative 
fear learning takes place, and the signal is then processed to the central 
amygdala (CeA), which regulates the output of fear behavior (Duvarci 
and Pare, 2014; Dejean et al., 2015). The amygdala receives input from 
brain regions such as the IL and other sensory areas, which may act as 
“input gates” that inhibit the expression of learned fears (Asede et al., 
2015). The bidirectional functional interactions between the amygdala 
and vmPFC are very important for emotional memory. Any disruption 
in these neural circuits leads to individual differences in emotional 
regulation. This is well elucidated by a study showing the increased 
right amygdala response of PTSD individuals to fearful stimuli, which 
was positively correlated with the severity of amygdala-mediated 
hyperarousal symptoms (Stevens et al., 2013). Increased functional 
connectivity was found between right amygdala and right inferior 
frontal gyrus causing emotional dysregulation in male PTSD (Gilam 
et al., 2017). The increased functional connectivity of amygdala and 
its projections to the PFC and hippocampus altered emotional 
neurocircuitry. A reciprocal relationship was found between 
exaggerated amygdala responses and diminished mPFC responsivity 
in male PTSD patients (Shin et al., 2005). A decreased functional 
connectivity between the right amygdala and left vmPFC was found 
in PTSD women along with increased right amygdala response to 
fearful stimuli (Stevens et al., 2013). Compared to women, PTSD men 
showed greater functional connectivity between amygdala and insula 
(Sripada et al., 2012). Altered functional connectivity between the 
amygdala and vmPFC neural circuit is also observed in rodents after 
traumatic events, leading to the pathophysiology of PTSD (Liang 
et  al., 2014). The amygdala-vmPFC neural pathway facilitates the 
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extinction of fear memory formation in the amygdala (Bukalo et al., 
2015). This is shown by the silencing of the amygdala-vmPFC neural 
pathway, which not only impaired the fear extinction formation 
process but also reduced the activity of the amygdala. Preclinical 
studies have found that the amygdala response to emotional stimuli is 
exaggerated in individuals with PTSD (Rauch et al., 2000) and that 
amygdala responses to fearful stimuli also predict treatment response 
(Bryant et  al., 2008). The existing preclinical results indicate that 
dysfunction of the amygdala and its connections with other brain 
regions may underlie the excessive persistence of fearful memories 
and other emotional symptoms of PTSD.

The bidirectional communication between the amygdala and 
hippocampus is another well-known neural circuit involved in 
emotional memory processing. Intracranial recordings showed the 
role of the amygdala-hippocampus neural circuit in the separation of 
emotional stimuli, dependent on theta band coordinated bidirectional 
interactions, while the alpha band impaired the function of the 
amygdala-hippocampus neural circuit in the discrimination of similar 
emotional events (Zheng et al., 2019). This suggests the importance of 
the amygdala-hippocampus neural circuit in regulating emotional 
memory in psychiatric conditions. During intrusive memory 
formation and nightmares in response to traumatic events, 
physiological and psychological stressors activate the amygdala neural 
circuits and inactivate the activity of the IL PFC and ventral ACC (Yu 
et al., 2015). The inhibitory neurons in the centrolateral amygdala are 
also essential for regulating emotional memories in PTSD. The 
somatostatin and protein kinase Cδ-expressing inhibitory neurons in 
the amygdala are required to consolidate long-term emotional 
memories (Shrestha et  al., 2020), affecting the activity of neural 
circuits projecting from the amygdala. The neural circuits of the 
amygdala mediate the extinction of traumatic stress-induced fear 
memories. The BLA neural circuitry suppresses the original fear 
memories and drives natural reward processing behaviors (Zhang 
et al., 2020).

PTSD leads to abnormal functional connectivity and morphology 
in the BLA and centromedial (CMA) amygdala. The functional 
connectivity of the right BLA with the CMA was diminished in PTSD 
patients (Aghajani et al., 2016). The left CMA connectivity with the 
orbitofrontal and subcallosal cortices was increased. These changes in 
connectivity reduced the gray matter volume within the BLA and 
CMA subnuclei, leading to more severe symptoms of PTSD. The 
comorbidity of PTSD with major depressive disorder strongly affects 
the neural circuits of the amygdala. Weaker connectivity of the right 
BLA with the left ACC and bilateral putamen is found in PTSD 
patients comorbid with major depressive disorder. The centromedial 
part of the amygdala exhibited higher connectivity with the left ACC 
and supplementary motor area in PTSD patients with major 
depression (Yuan et al., 2019). The neural circuit from the medial 
amygdala to the ventromedial hypothalamus (vmH) and bed nucleus 
of the stria terminalis (BNST) undergoes synaptic potentiation after 
traumatic stress to increase aggression (Nordman et al., 2020). The 
weakening of synaptic transmission in these two neural pathways 
(mAMY-VmH and mAMY-BNST) blocked the effects of traumatic 
stress-induced escalation in aggressive behaviors. Targeting 
mAMY-VmH and mAMY-BNS neural circuits via clinical 
interventions can modulate aggressive behavior in PTSD patients.

DA signaling can also modulate the neural circuits of the 
amygdala to affect the expression of emotional memory. DA-regulated 

mechanisms can change the synaptic plasticity and synaptic 
transmission of amygdala neural circuits, which potentially contribute 
to the pathogenesis of PTSD (Nordman et al., 2020). Dopamine and 
norepinephrine are implicated in retrieving fear extinction memory 
and play distinctive roles in fear circuit areas. Traumatic stress reduced 
DA levels in the ventral hippocampus, amygdala, and mPFC (Lin 
et al., 2016). On the other hand, the norepinephrine level is increased 
in the mPFC and amygdala. These findings show a negative correlation 
between traumatic stress and dopamine levels in the mPFC and 
amygdala. The posterior OFC and ACC projections to the amygdala 
modulate inhibitory neurons based on traumatic stress-induced 
dopamine levels (Zikopoulos et al., 2017). Dopamine regulates the 
inhibitory circuits of the amygdala to hamper stress-induced fear 
expression. Fear conditioning increases dopamine levels, which in 
turn increases the activity of inhibitory neurons of the dorsal 
intercalated cell mass (ITC) in the amygdala to dampen the synaptic 
transmission of glutamatergic excitatory neurons (Kwon et al., 2015). 
The increased activity of the amygdala’s inhibitory circuits prevents 
traumatic stress-induced fear memory formation.

3.3 Hippocampal neural circuitry and PTSD

The hippocampus is part of the brain located in the temporal 
lobe and is responsible for forming and reconstructing memories 
to shape appropriate behaviors. The various parts of the 
hippocampus are the CA1, CA2, CA3, and dentate gyrus (DG) 
regions. Longitudinally, it can be functionally divided into the 
dorsal and ventral parts. The dorsal and ventral hippocampus 
play an important role in fear acquisition, memory retention, and 
expression processes (McEown and Treit, 2009; McEown and 
Treit, 2010). Synaptic plasticity and neural circuitry in the 
hippocampus change in response to stressors and traumatic 
conditions. This is well elucidated by human neuroimaging 
studies, which show that hippocampal volumes in PTSD patients 
are reduced, particularly in the CA3 and DG areas, and are a risk 
factor for developing PTSD (Gilbertson et al., 2002; Rauch et al., 
2006; Wang et  al., 2010; Logue et  al., 2018). Decreased 
hippocampal volume and executive function have also been 
reported in women with PTSD during declarative memory tasks 
as measured by magnetic resonance imaging (Bremner et  al., 
2003). PTSD men also showed reduced hippocampal size, deficits 
in recall of extinction memory, and increased functional 
connectivity between the hippocampus and frontal cortex 
(Winter and Irle, 2004; Shvil et al., 2014; Chaposhloo et al., 2023). 
Similarly, preclinical studies using an animal model of SPS 
reported reduced hippocampal neurogenesis and dendritic spine 
loss in the CA3 region (Schoenfeld et al., 2019; Guan et al., 2022). 
Activating a neural circuit from the hippocampus to PL regulates 
fear response, contextual fear expression, and fear behavior 
(Rozeske et al., 2015; Song et al., 2015), whereas activation of the 
neural circuit from the hippocampus to IL is involved in the 
extinction and inhibition of fear conditioning (Soler-Cedeño 
et al., 2016).

Dysregulation of hippocampus-dependent emotional memory is 
a feature of PTSD. Impairment in hippocampus-dependent executive 
functioning is frequently observed in PTSD patients (Polak et al., 
2012). During contextual fear memory formation and executive 

https://doi.org/10.3389/fnins.2023.1281401
https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org


Iqbal et al. 10.3389/fnins.2023.1281401

Frontiers in Neuroscience 08 frontiersin.org

function, hippocampus-dependent neural circuits are implicated in 
fear learning and memory processes that enable context-dependent 
behavior. Dysfunctions in hippocampus-dependent neural circuits are 
involved in the contextualization of fear associations and the 
overgeneralization of contextual fear memory, underlying several 
forms of the psychopathology of PTSD (Arias et al., 2015; Liberzon 
and Abelson, 2016). The neural pathway from the ACC to the ventral 
hippocampus is one of these neural circuits involved in the context 
fear generalization process. Silencing this pathway via optogenetic 
manipulations inhibited the contextual fear generalization process, 
indicating this neural circuit’s importance in preventing contextual 
fear overgeneralization in PTSD subjects (Bian et al., 2019).

Another core symptom of PTSD is the formation of intrusive fear 
memory and its re-experiencing, which is triggered by contextual cues 
associated with traumatic events. PTSD re-experiencing symptoms are 
linked with decreased functional variability in the hippocampus 
(Spielberg et al., 2015). Exposure of rodents to underwater trauma 
increased anxiety-like behavior, impaired long-term potentiation in 
the dentate gyrus, and reduced the synaptic plasticity of the amygdala 
to hippocampus circuit (Ardi et al., 2014). These effects of exposure to 
a trauma reminder are associated with the progression of trauma-
related pathologies. The Arc protein is implicated in persistent fear 
memory after PTSD. The Arc protein is elevated in hippocampal CA1 
neurons after fear experience and regulates the perpetuation of 
prolonged fear memories via the specific elimination of dendritic 
spines and the reactivation of neuronal ensembles, ultimately affecting 
the hippocampal neural circuit in fear memory formation (Nakayama 
et  al., 2015). Hippocampal neural circuits are also important for 
discriminating PTSD-induced anxiety from generalized anxiety 
disorder. In humans, the posterior hippocampal neural projections to 
the PFC are involved in memory formation, whereas the anterior 
hippocampal neural circuit with limbic-prefrontal circuits and the 
amygdala are involved in anxiety. The resting-state functional 
connectivity of the anterior and posterior hippocampus with the PFC 
was perturbed in PTSD subjects, accounting for hippocampus-
dependent neural circuit-level dysfunctions (Chen and Etkin, 2013).

The neural circuit from the dorsal hippocampus to IL-PFC is 
involved in the recall of fear extinction memory. Stimulating the 
dorsal hippocampus to the IL-PFC neural circuit facilitated the 
consolidation and recall of extinction memory using optogenetic 
manipulations (Qin et al., 2021). When the activity of the same neural 
circuit is silenced, the process of recall of fear extinction memory is 
inhibited. These findings signify that the dorsal hippocampus to 
IL-PFC neural circuit is implicated in the extinction of the fear 
memory consolidation process, which may contribute to extinguished 
fear relapses in PTSD subjects. SPS-induced fear extinction deficits in 
hippocampal and amygdala neural circuits. SPS disrupted neural 
activity in the IL, ventral hippocampus, and amygdala during 
extinction retention trials (Knox et al., 2016). The increased functional 
connectivity of the hippocampus neural circuit with the amygdala was 
also disrupted by SPS in the extinction retention procedure, suggesting 
that SPS affects the inhibitory and excitatory neural changes leading 
to deficits in the fear extinction circuit. SPS also disrupts fear 
extinction memory by inhibiting neural activity in the hippocampus 
and disrupting the enhanced functional connectivity between the 
vmPFC and BLA (Knox et al., 2018).

The circuitry between the hippocampus and amygdala regulates 
adult hippocampal neurogenesis and emotional memory in PTSD. The 

interactions between the hippocampus and BLA regulate this kind of 
memory in traumatic events. The activity of the BLA is crucial for 
hippocampus-dependent emotional memory via the proliferation and 
recruitment of new neurons into emotional memory circuits. The 
decreased activity of the BLA suppressed adult hippocampal 
neurogenesis and affected the activity of newborn neurons in response 
to the fear context (Kirby et al., 2012). The hippocampal-amygdala 
neural circuit also regulates contextual fear memory and modulates 
spike firing in amygdala neurons after fear memory extinction (Maren 
and Hobin, 2007). The neural connection from the ventral 
hippocampus to the BLA significantly reduced fear generalization in 
a novel, nonthreatening condition (Ortiz et al., 2019). Hypersynchrony 
in hippocampal and amygdalar circuits is observed in combat-related 
PTSD, leading to decreased functional variability in these circuits that 
reflect fear memories and emotions associated with the traumatic 
event (Mišić et al., 2016). Similar findings are observed in rodents 
when exposed to a single traumatic event, which induced persistent 
PTSD-like phenotypes followed by exaggerated fear reactivity, 
increased hyperarousal and avoidance-like behavior and cognitive 
impairment. The synaptic plasticity of the hippocampus is also 
impaired in these rodents when exposed to trauma-related cues 
(Torrisi et al., 2021).

4 Molecular mechanisms affecting the 
fear circuitry in PTSD

To better understand the neuropathology and various symptoms 
of PTSD, it is very important to study the underlying molecular 
mechanisms affected by PTSD. Previous studies have revealed several 
molecular mechanisms involved in PTSD (Liberzon and Abelson, 
2016; Ressler et  al., 2022), but how these different molecular 
mechanisms are regulated by fear circuitry and how these are 
correlated with fear acquisition, fear extinction, and various symptoms 
of PTSD are important to understand. The study and classification of 
different molecular mechanisms based on fear acquisition and fear 
extinction, together with their behavioral symptomatology, could help 
us to identify a better therapeutic target for the treatment of 
PTSD. This section discusses the molecular mechanisms involved in 
PTSD during fear acquisition and fear extinction processes in detail 
(Figure 2; Table 2).

4.1 Genetic and epigenetic regulation

Epigenetic mechanisms, such as DNA methylation, histone 
modifications, and noncoding RNAs, play an important role in fear 
and extinction regulation in response to traumatic events 
(Nagalakshmi et  al., 2018). Differentially methylated regions are 
associated with differential risk and resilience of PTSD (Katrinli et al., 
2021). Disks Large-Associated Protein (Dlgap2) is a differentially 
methylated gene that plays a role in behavioral adaptation to traumatic 
stress, and its increased expression increases susceptibility to PTSD-
like behavior (Chertkow-Deutsher et al., 2010). Histone acetylation 
and methylation also differentially influence the symptoms of 
PTSD. Fear learning increased the acetylation of H3 and H4 in the 
prelimbic cortex and amygdala. On the other hand, extinction 
learning only increased H4 acetylation in the infralimbic cortex 
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following extinction learning, suggesting a differential role of histone 
acetylation process in traumatic events (Siddiqui et al., 2017). Apart 
from traumatic stress, it has been found that early life stress also 
increases susceptibility to PTSD-like behaviors by increasing or 
decreasing the acetylation of H3K9 and H4K12 in the hippocampus 
and amygdala, respectively (Xu et al., 2022). Noncoding RNAs play an 
important role in regulating the fear circuitry in PTSD. Traumatic 
stress decreases the level of miR-124 in the hippocampus by decreasing 
the level of proinflammatory cytokines, which downregulates the 
expression of TNF receptor-associated factor 6 to increase 
inflammation. Thus, the increased expression of miR-124 is 
neuroprotective and attenuates PTSD-like behaviors in rodents (Chen 
Y. et al., 2022). The downregulation of miR-153 also produced similar 
results in alleviating PTSD-like behavior in rats exposed to SPS by 
regulating cell morphology and reducing cell apoptosis (Chen 
Y. L. et al., 2022). Decreased expression of miR-34c and miR-9 was 
reported in CA3 and DG areas of the dorsal hippocampus, which 
could facilitate fear extinction to reduce the anxiety response 
(Wisłowska-Stanek et  al., 2023). Low levels of miR-15a-5p, 
miR-497a-5p, and miR-511a-5p in the hippocampus and 
hypothalamus of susceptible mice were reported, suggesting that the 
decreased expression of these miRNAs could lead to susceptible 
behavior in mice (Maurel et al., 2021). MiRNA-19b regulates the pain 
and risk symptoms of PTSD in a sex-dependent manner (Linnstaedt 
et al., 2020). Its downregulation increases the susceptibility to pain and 

PTSD symptoms. MiR-132 and miR-142 can also modulate PTSD-like 
behavior in rats by regulating fragileX-related protein in the 
hippocampus following SPS (Nie et al., 2021a,b). Traumatic stress 
significantly downregulated the expression of miRNA-598-3p in the 
BLA, increasing the susceptibility of males to fear conditions (Jones 
et al., 2019).

PTSD patients exhibited widespread downregulation of miRNAs 
in peripheral blood mononuclear cells and were linked to tumor 
protein 53 (TP53; Busbee et al., 2022). The level of the TP53-associated 
miRNA Let-7a was significantly downregulated in PTSD patients, 
influencing inflammatory T helper (Th) cells by altering the 
production of interleukins (IL-6 and IL-17). Similarly, miR-7113-5p 
was downregulated in PTSD individuals by upregulating the Wnt 
signaling pathway, which promotes the inflammation process after 
traumatic stress (Bam et al., 2020).

Traumatic stress affects the expression of various mRNAs of genes 
in different regions of the brain to produce susceptible and resilient 
phenotypes. Traumatic stress decreases the mRNA level of BDNF and 
upregulates TrkB mRNA in the hippocampal CA1 subregion, which 
induces PTSD-like behavior (Kozlovsky et al., 2007). Recently, it has been 
reported that the mRNA and protein levels of BDNF are increased in the 
mPFC and amygdala but decreased in the hippocampus of PTSD 
animals, making them susceptible to PTSD-like behavior (Chang et al., 
2021). The increased mRNA of serotonin 2C receptors (5-HT2CR) in 
the amygdala alters BDNF and cytokine signaling, leading to greater fear 

TABLE 2 Molecular mechanisms affected by posttraumatic stress.

Molecular mechanisms affecting the fear circuitry in PTSD

Messenger RNA, 

micro-RNA, and long 

noncoding RNA

Decrease level of miR-124, miR-153 Decrease proinflammatory cytokines, increase inflammation, and alleviate PTSD-like behavior 

(Chen Y. et al., 2022; Chen Y. L. et al., 2022)

miR-15a-5p, miR-497a-5p, and miR-511a-5p Regulate susceptible behavior in mice (Maurel et al., 2021)

Decrease level of miRNA-19b Increase the susceptibility to pain and PTSD symptoms (Linnstaedt et al., 2020)

miR-132, miR-142, miRNA-598-3p Increase the susceptibility of males to fear conditioning (Nie et al., 2021a,b)

miR-7113-5p Involve in the inflammation process (Jones et al., 2019)

lncRNAs Involve in extinction, neuroinflammation, anxiety, and despair-related responses in PTSD 

(Qingzhen et al., 2016; Malan-Müller et al., 2020)

Increase serotonin 2C receptors (5-HT2CR) Greater fear expression, deficits in fear extinction, and fear generalization (Règue et al., 2019)

Decrease corticotropin-releasing factor receptor 

type 2 (CRFR2)

Increase the susceptibility of mice to PTSD-like behavior (Lebow et al., 2012)

Increase expression of mGlu7 Deficits in fear extinction process (O’Connor et al., 2019)

CPEB3 (cytoplasmic polyadenylation element-

binding protein 3)

Maintain GR-BDNF signaling, and increase the resilience of mice to PTSD-like behavior (Lu 

et al., 2021)

GABAergic, 

Glutamatergic, and 

cholinergic signaling

Increase GABAergic neurotransmission Prevent from developing PTSD-like behavior, and facilitate the fear learning process 

(Schneider et al., 2016; Wisłowska-Stanek et al., 2023)

Dysregulation of GABAergic and glutamatergic 

neurotransmission

Exacerbate the fear-mediated behavioral responses, reduce astrocyte function and synaptic 

connectivity in the fear circuit, reduction in GABAergic metabolites (Pitman et al., 2012; 

Popoli et al., 2012; Pineles et al., 2020)

Cholinergic signaling Involve in fear processing, promote extinction learning (Hersman et al., 2019; Yanpallewar 

et al., 2022)

Neurotropic signaling 

pathway

Nerve growth factor (NGF), BDNF, 

neurotrophin-3, and neurotrophin-4

Involve in fear conditioning and extinction process, increase PTSD-like behavior, impair fear 

extinction process, and increase the risk for anxiety disorders and PTSD (Felmingham et al., 

2018; Kataoka et al., 2019; Notaras and van den Buuse, 2020; Jaehne et al., 2022)
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expression, deficits in fear extinction, and fear generalization (Règue 
et  al., 2019). Traumatic stress upregulated the mRNA expression of 
corticotropin-releasing factor receptor type 2 (CRFR2) in the bed 
nucleus of the stria terminalis, which increased the susceptibility of mice 
to PTSD-like behavior (Lebow et al., 2012).

Metabotropic glutamate receptors expressions are (mGlu) 
associated with fear extinction process. The increased expression of 
mGlu7 is associated with deficits in the fear extinction process in 
PTSD (O’Connor et al., 2019). Another study reported that increased 
mGlu5 mRNA expression in the BLA, IL-PFC, and PL-PFC 
contributes to stress-resilient behavior after traumatic stress 
(Shallcross et  al., 2021). Cytoplasmic polyadenylation element-
binding protein 3 (CPEB3) also regulates stress-resilient behavior in 
PTSD. CPEB3 decreased the mRNA levels of Nr3c1 (encoding 
glucocorticoid receptor), while it increased the mRNA and protein 
levels of BDNF to maintain GR-BDNF signaling for fear extinction 
(Lu et al., 2021). Thus, the increased expression of CPEB3 increases 
the resilience of mice to PTSD-like behavior.

4.2 GABAergic, glutamatergic, and 
cholinergic signaling in PTSD

The increased GABAergic neurotransmission in the hippocampus 
attenuates the activity of the corticotropin-releasing factor receptors 
and the orexin system to prevent the development of PTSD-like 
behaviors (Wisłowska-Stanek et  al., 2023). Mild traumatic brain 
injury, which also contributes to the development of PTSD, decreased 
GABAergic signaling and the GABA/glutamate ratio in the dorsal 
hippocampus. In contrast, glutamatergic signaling is increased in the 
ventral hippocampus. These functional changes facilitate fear learning 
and exacerbate fear-mediated behavioral responses (Schneider et al., 
2016). GABAergic and glutamatergic signaling also play an important 
role in the epigenetic regulation of gene transcription to change 
behavior in response to traumatic stress (Reul, 2014). Dysfunction in 
GABAergic and glutamatergic neurotransmission is increasingly 
considered a core feature of trauma-related disorders (Averill et al., 
2017). Traumatic stress induces glutamate excitotoxicity by 
suppressing the neural activity of glutamatergic neurons due to the 
activation of presynaptic metabotropic glutamate receptors and 
reduces astrocyte function and synaptic connectivity in the fear circuit 
(Pitman et al., 2012; Popoli et al., 2012). SPS decreased excitatory 
(glutamate and glutamine) neurotransmission in the mPFC without 
changing the neurochemical profiles of the hippocampus or amygdala, 
suggesting that SPS selectively attenuates excitatory neurotransmission 
only in the mPFC (Knox et al., 2010).

Human studies have also reported mixed findings about cortical 
GABAergic and glutamatergic neurotransmission in PTSD 
individuals. The levels of GABA were reduced in the parieto-occipital 
region, temporal cortex, and ACC in individuals with PTSD 
(Meyerhoff et al., 2014; Rosso et al., 2014; Yang et al., 2015). Similar 
findings were obtained from peripheral biomarker studies, which 
reported lower plasma GABA levels (Trousselard et al., 2016) and 
elevated serum glutamate levels in PTSD individuals (Vaiva et al., 
2004; Nishi et  al., 2015; Rosso et  al., 2022). One study reported 
increased GABA levels in the ACC in PTSD individuals (Michels 
et al., 2014). The alterations in the levels of GABA in cortical areas are 
implicated in regulating PTSD symptoms of trauma-related 

psychopathology. Reinstatement of traumatized events increased the 
association between protein phosphatase-2 and the GABA receptor, 
leading to endocytosis in the BLA, which is critical to reinstating fear 
memory in PTSD (Lin et al., 2011).

The inhibitory circuits dampen and restrict fear expression in the 
amygdala. GABAergic signaling controls fear conditioning in the 
amygdala and regulates PTSD-like behavior. Fear conditioning induces 
long-term depression of glutamatergic excitatory synapses by increasing 
GABAergic signaling in dorsal intercalated cell mass (ITC) neurons in the 
amygdala. When long-term depression (LTD) is impaired in the dorsal 
ITC, PTSD-like behavior is induced, suggesting that LTD has a preventive 
role for fear-related psychiatric diseases (Kwon et al., 2015). Women with 
PTSD showed a reduction in GABAergic metabolites, leading to deficits 
in the extinction retention process compared to those without PTSD 
(Pineles et al., 2020). In male PTSD patients, the GABAergic metabolites 
showed negative association with the severity of PTSD symptoms (Kennis 
et al., 2020). This suggests the importance of PTSD-related deficits in 
synthesizing GABAergic metabolites during extinction learning. Similar 
findings are obtained in stressed male and female rats showing higher fear 
overgeneralization and hyperarousal in novel contexts, sleep disturbance, 
and increased GABAergic transmission in the CeA (Steinman et al., 
2021). GABA can modulate cholinergic signaling in fear circuitries. The 
increase in cholinergic signaling decreases fear processing and promotes 
extinction learning in PTSD-like behavior (Yanpallewar et al., 2022). 
Cholinergic signaling in the dorsal hippocampus is required for contextual 
fear learning and is affected by PTSD (Hersman et  al., 2019). In 
conclusion, GABA, glutamatergic, and cholinergic signaling have distinct 
roles in neural circuits that are affected by PTSD.

4.3 Neurotropic signaling pathway

Neurotrophic factors and their signaling possess great potential 
for PTSD treatment, therapeutic effects, and underlying mechanisms. 
Various neurotrophic factors, including nerve growth factor (NGF), 
BDNF, neurotrophin-3, and neurotrophin-4, play important roles in 
fear conditioning and extinction. BDNF is the most important and 
well-studied neurotrophic factor in PTSD (Notaras and van den 
Buuse, 2020). BDNF–TrkB signaling modulates fear encoding and 
extinction learning in PTSD-like behavior. Traumatic stress 
significantly decreased BDNF and TrkB phosphorylation levels in 
both the hippocampus and mPFC. This decrease in BDNF levels 
affects the BDNF–TrkB signal transduction pathway, leading to 
increased PTSD-like behavior in rats (Kataoka et  al., 2019). The 
infusion of BDNF into the IL activated the BDNF–TrkB signal and 
alleviated the impairment in fear extinction.

On the other hand, contextual fear conditioning increases 
pMAPK and BDNF expression and microglia number in PL, which 
may play a role in maintaining contextual fear memory (Chaaya et al., 
2021). Preclinical and clinical studies have shown that the BDNF 
Val66Met polymorphism is associated with an impaired fear 
extinction process and increases the risk for anxiety disorders and 
PTSD (Felmingham et  al., 2018; Jaehne et  al., 2022). The low 
expression of BDNF Val66Met impaired fear extinction learning in 
PTSD individuals and rodents. Moreover, the level of BDNF remains 
high in peripheral blood and serum in PTSD individuals, which also 
showed a positive association with PTSD symptom severity (Mojtabavi 
et al., 2020; Wu et al., 2021).
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5 Conclusion

PTSD is a chronic mental disorder that develops following 
exposure to traumatic events or a series of events. PTSD is 
characterized by neuropsychiatric symptoms such as anxiety, 
re-experiencing, irritability, avoidance, negative emotions, insomnia, 
personality changes, and memory problems. PTSD affects the neural 
circuits in the brain, leading to asymmetrical white matter tract 
abnormalities, gray matter changes, behavioral changes that include 
executive function and memory impairments, fear retention, fear 
extinction deficiencies, and other disturbances. Various treatments 
available for PTSD depend on exposure therapies and FDA-approved 
medications capable of reversing PTSD-induced detrimental processes 
and promoting dendritic spine remodeling, resulting in behavioral 
and cognitive functional enhancements. Various animal models of 
traumatic stress are used to produce behavioral, molecular, and 
physiological alterations that resemble many of the alterations 
observed in PTSD patients. Among these animal models, single 
prolonged stress and Pavlovian fear conditioning models are widely 
used in translational research to find better treatments for 
PTSD. Sex-specific alterations exist in the neurocircuitry and 
underlying molecular mechanisms of PTSD. These differences in 
neural circuits and mechanisms are possibly the causes of sex-specific 
alterations in fear learning and extinction observed in rodents and 
humans after traumatic stress. Different molecular mechanisms, 
including GABAergic, glutamatergic, cholinergic, and neurotropic 
signaling, are responsible for structural and functional changes during 
fear acquisition and fear extinction processes in PTSD.
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Glossary

PTSD Posttraumatic stress disorder

PFC Prefrontal cortex

BLA Basolateral amygdala

CeA Central amygdala

CMA Centromedial amygdala

mPFC Medial prefrontal cortex

DG Dentate gyrus

ITC Intercalated cell mass

BNST Bed nucleus of the stria terminalis

vmH Ventromedial hypothalamus

SPS Single prolonged stress

FC Fear conditioning

EMDR Eye movement desensitization and reprocessing

ACC Anterior cingulate cortex

PL Prelimbic cortex

IL Infralimbic cortex

vmPFC Ventromedial PFC

aMFG Anterior middle frontal gyrus

OFC Orbitofrontal cortex

IM Intercalated masses

vHPC Ventral hippocampus

pMAPK Mitogen-activated protein kinase

BDNF Brain-derived neurotrophic factor

DA Dopamine

TP53 Tumor protein 53

5-HT2CR Serotonin 2C receptors

CRFR2 Corticotropin-releasing factor receptor type 2

mGlu7 receptor Metabotropic glutamate receptor 7

CPEB3 Cytoplasmic polyadenylation elemeInt-binding protein 3
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