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Neurobiological Insights into Post-Traumatic Stress Disorder

Oznur Demirci'®, Oytun Erbag'

Post-traumatic stress disorder (PTSD) is a
psychiatric condition that arises following a traumatic
event, leading to excessive, uncontrolled fear and
dysfunctional defensive responses in situations
associated with the trauma.™

From a pathophysiological perspective, higher
levels of cytokines such as interleukin-1 beta (IL-1f),
interleukin-6 (IL-6), and tumor necrosis factor-alpha
have been noted in the development and symptoms
of PTSD, contributing to inflammation.!?

Additionally, the excess of these proinflammatory
cytokines affects the hypothalamic-pituitary-adrenal
(HPA) axis, a region associated with acute stress,
and the autonomic nervous system (ANS), which
governs automatic behaviors. In the HPA region, the
intense stress experienced during the PTSD process
leads to irregular activation. This dysregulation in the
HPA axis disrupts the negative feedback mechanism,
meaning the body continuously attempts to
balance the stress. As a result, this condition leads
to irregular glucocorticoid levels.>¥ However, one of
the outcomes is a low cortisol level. The low cortisol
contributes to the inflammation sustained by the HPA
axis, as cortisol typically has an anti-inflammatory
effect.2>¢
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ABSTRACT

Post-traumatic stress disorder (PTSD) is a psychiatric
condition characterized by dominant feelings of fear and
anxiety, affecting memory, attention, mood, and other
mental and physiological processes. Post-traumatic stress
disorder, which is continuously fueled by psychological and
physiological mechanisms, has associated neurobiological
markers that are crucial for developing drug treatments.
These markers can be detected through neuroimaging
studies and the levels of specific pro-inflammatory cytokines.
The primary factor creating these effects in PTSD is often
related to stress. Therefore, the markers are closely linked to
biological mechanisms influenced by stress. Neuroimaging
studies have shown changes in the amygdala, hippocampus,
ventromedial prefrontal cortex,and anterior cingulate cortex,
both psychologically and physiologically. These changes
are accompanied by various neurotransmitters released in
different brain regions. Understanding the impacts of the
disorder on the brain and body is important for developing
treatment options. In this review, we have summarized the
neurophysiological, neuroanatomical, and neuroendocrine
cycles that may offer insights for treatment development.

Keywords: Amygdala, anterior cingulate cortex, hippocampus, trauma,
ventromedial prefrontal cortex.

On the other hand, PTSD symptoms also affect
the ANS, which consists of the sympathetic and
parasympathetic systems. Within the context of PTSD,
heightened stress and anxiety trigger continuous
activation of the sympathetic nervous system (SNS),
which is responsible for the body’s fight-or-flight
response.”? Additionally, the heart rate variability
(HRV) mechanism plays arolein this process. The heart
rate variability reflects the coordinated functioning
of the sympathetic and parasympathetic systems in
regulating heart rate. One effect of PTSD is increased
sympathetic system activation, which raises heart
rate. This results in a low HRV due to the instability
in heart rhythm. Consequently, ANS struggles to
balance sympathetic activation with parasympathetic
activation, leading to further difficulty in regulating
stress responses.® '
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At this point, we can also explain the brain regions
involved in psychological stress in PTSD. First, the
process of PTSD can be defined as a form of emotional
and behavioral learning in terms of its development.
In this context, we can discuss the effects on the
amygdala, hippocampus, ventromedial prefrontal
cortex (vmPFC), and anterior cingulate cortex (ACC).l"

Amygdala

Due to the amygdala’s role as the region where
emotions, particularly fear, are represented, there is
increased activity in the amygdala in the symptoms of
PTSD.">'® |n individuals with PTSD, it has been found
that there is excessively high amygdala activity in
response to both trauma-related stimuli and normal
fear-inducing stimuli.'”'® On the other hand, it is also
believed that high amygdala activity is associated
with inflammation.[™

Ventromedial Prefrontal Cortex

The ventromedial prefrontal cortex exhibits low
activity in the presence of PTSD, while its high activity
has been found to have a preventive effect against
PTSD. Therefore, it can be identified as a biomarker
for PTSD."?>21 During the development phase of PTSD,
the vmPFC is highly active in fear learning. However,
as PTSD symptoms become more pronounced over
time, the activity of the vmPFC decreases.?>?3

Finally, it is believed that the varying levels
of vmPFC activity in PTSD are also related to
inflammation, similar to the activity observed in the
amygdala.’?¥

Anterior Cingulate Cortex

The anterior cingulate cortex, which is associated
with emotional evaluation and threat perception,
shows increased activity in the persistence of PTSD
and plays a role in fear responses.'?>?”! Therefore, the
increase in activity of ACC, particularly the dorsal
anterior cingulate cortex, is a sustaining factor for
PTSD'[28,29]

Additionally, it has been found that the increased
activity of the ACC and amygdala has a positive
correlation with dysregulated inflammatory cytokine
levels.13031

It can be inferred that in PTSD, there is high
activation in regions associated with emotional
experience and expression, while regions
representing emotional regulation show relatively
lower or dysregulated activation. In relation to this
condition, it can be easily inferred that unregulated
emotions also affect memory.
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Hippocampus

The hippocampus, known as the center of
memory, also encompasses emotional memory.B? In
relation to PTSD, it is known that stress can lead to
memory recall issues. In terms of the hippocampus,
this situation results in a decrease in the activity
of neurogenesis, which refers to the formation of
new neurons that can occur throughout life in the
hippocampus.B334

In PTSD, the consequences of this result in
problems with memory and, consequently, learning
difficulties.?>3¢

THE HPA AXIS AND INFLAMMATION IN
POST-TRAUMATIC STRESS DISORDER

The hypothalamic-pituitary-adrenal axis is a
system that is affected in its functioning during stress.
As mentioned above, this system is a physiological
stress mechanism and is thought to explain the
symptoms of PTSD.E”)

The effect of stress in this axis begins with the
production of corticotropin-releasing hormone (CRH).
Following the arrival of CRH at the anterior pituitary,
the secretion of adrenocorticotropic hormone
begins. Meanwhile, the arrival of CRH at the adrenal
gland alters the balance of glucocorticoid hormones.
The continuity of this cycle results in an increase
in the amount of glucocorticoids, which leads to
inflammation. %3 However, as mentioned above, the
level of cortisol, a glucocorticoid, decreases in this
context.1>>6!

The decrease in cortisol levels may indirectly
contribute to inflammation because cortisol can
reduce SNS activity. Since increased SNS activity
can lead to inflammation, cortisol typically has
a protective effect; however, due to low cortisol
levels in PTSD, inflammation cannot be effectively
suppressed. The increase in SNS activity begins with
the release of catecholamines from the SNS region
stimulated by the secretion of CRH in the HPA axis.

Among these catecholamines, norepinephrine can
lead to an increase in the levels of pro-inflammatory
cytokines, making the rise in SNS activity a potential
cause of inflammation. This is due to the increased
stimulation of the P2-adrenergic receptor, which
mediates the release of norepinephrine during
heightened HPA activation associated with stress.
As a result, the levels of pro-inflammatory cytokines
such as IL-1B and IL-6 in macrophages increase.””
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There is research indicating that inflammation is
also elevated in other psychiatric disorders that may
be associated with stress.! 42

In summary, elevated levels of CRH under stress
can increase inflammation both through the SNS
pathway and by affecting the HPA axis, thereby
contributing to heightened inflammation.24% In other
words, these two mechanisms are closely related to
each other

FINDINGS FROM NEUROIMAGING
STUDIES IN POST-TRAUMATIC STRESS
DISORDER

In PTSD, the amygdala, hippocampus, and
prefrontal cortex, which normally play a coordinated
role in effectively coping with fearful and threatening
stimuli, are involved in learning and managing fear.
Fear learning occurs through classical conditioning. In
this process, the unconditional stimulus, which is the
fear-inducing stimulus, directly reaches the amygdala
and elicits the feeling of fear.*!

On the other hand, there is a phenomenon that
explains the avoidance behavior towards trauma
reminders, such as environments and sounds, which
is one of the symptoms of PTSD. The environmental
context conditioned to the fear-inducing stimulus
in the hippocampus, along with external stimuli
like sounds, is recorded in declarative memory for
retrieval and use when necessary. At this point, it
appears that there are strong connections between
the amygdala and hippocampus in the context of fear
conditioning in PTSD.“2-46]

The prefrontal cortex (PFC) also participates in
this cycle, as there is a cognitive background for
behaviors related to the expectation of threat and
danger. Within this loop, the amygdala activates the
ANS following stimulation by the fearful stimulus, and
from this point, it reflects on the physiological stress
cycle.!

In PTSD, the amygdala’s excessive activity explains
the heightened feelings of fear and reactions, as well
as sensitivity to reminder stimuli.748

Functional Connections Between the
Amygdala, Hippocampus, and Prefrontal Cortex
in PTSD

Post-traumatic stress disorder is associated with
fearlearning, which leadstoadecreasein hippocampal
activity. Although hippocampal activity is involved in
the functioning of declarative memory related to fear
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of objects or situations, other declarative memory
activities also decline."=*"

It has been found that patients with PTSD
exhibit reduced activation in both the right and left
hippocampus during recall tests.*? On the other hand,
fear conditioning is also associated with the joint
functioning of the amygdala and hippocampus.®#2

The prefrontal cortex contributes to PTSD through
the different functions of its three distinct regions.
The vmPFC is a region that helps regulate emotions
mediated by the amygdala. In patients with PTSD,
however, the activity of the vmPFC is reduced. As
a result, emotional regulation in the amygdala may
become more challenging for individuals with PTSD."3!
The other two regions are the dorsolateral prefrontal
cortex (dIPFC) and the dorsomedial prefrontal cortex
(dmPFC). The dmPFC is heavily involved in fear
acquisition and acquired fear responses. Therefore,
it may exhibit high activity during the fear-learning
phase in patients with PTSD.5**! It is believed that the
dmPFC is inversely related to behavioral tendencies
that lead to emotional expectations in PTSD.

There are also structural changes in the brain
caused by PTSD. First, there is a negative correlation
between reduced hippocampal volume and PTSD
symptoms. This correlation is consistent with the
decreased neurogenesis activity in the hippocampus
associated with PTSD. Similarly, there is neuronal
loss in the amygdala in patients with PTSD. Both
regions show lower volumes in individuals with PTSD.
These changes in the amygdala and hippocampus are
believed to be a result of stress.>”-3

For the prefrontal cortex, particularly in dIPFC and
dmPFC, a reduction in gray matter volume indicative
of neuronal loss has been observed. Considering the
functions of these regions can help explain the failures
in learning processes and emotional regulation seen
in patients with PTSD. Additionally, structural changes
have been noted in the connections between the
vmPFC and amygdala, as well as between the dIPFC
and dmPFC. Neuroimaging findings have revealed
alterations in white matter volume in the uncinate
fasciculus, the connection bundle between the
vmPFC and amygdala, in individuals with PTSD. This
situation may disrupt the PFC's role in regulating
emotions in the amygdala.”" In line with this finding,
patients with PTSD exhibit low vmPFC activation in
conjunction with high amygdala activation. Another
link between the vmPFC and dmPFC highlights
the connection between emotional regulation and
learning. One of the disrupted structures in PTSD is
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the cingulum bundle that forms this connection. In
summary, the damage to the connections in these
areas impairs both emotional regulation and learning
activities. All of these factors may help explain some
of the symptoms of PTSD.®*®% Finally, the severity of
PTSD symptoms and whether they onset in childhood
or adulthood can differentiate the structural and
functional conditions of these regions. %"

NEUROTRANSMITTERS IN
POST-TRAUMATIC STRESS DISORDER

The brain regions and circuits mentioned
involve various neurotransmitters. One of these
neurotransmitters, triggered by stress through the
stimulation of the adrenal gland in the HPA axis
in relation to PTSD, is glutamate. Under normal
circumstances, glutamate strengthens brain
connections and contributes to learning and memory
activities. However, the continuous activation of
the HPA axis due to post-traumatic stress leads to
an excessive increase in glutamate levels.’® This
condition has been found to lead to oxidative stress.

Another catecholamine neurotransmitter is
epinephrine, which is released during the processes
of the HPA axis and the SNS. Epinephrine causes
an increase in heart rate, respiration, and attention
levels, putting the body in a state of arousal. The
heightened arousal in PTSD patients also explains
the symptoms of PTSD. Similarly, norepinephrine,
which has a similar effect, is continuously released
as a result of SNS activation due to PTSD symptoms,
contributing to the state of hypervigilance observed
in individuals with PTSD.®

Serotonin (5-HT;5-hydroxytryptamine) is a
neurotransmitter released to compensate for
traumatic stress and has a calming effect on the
individual. Due to the chronic stress induced by PTSD,
depletion of 5-HT may occur during the course of the
disorder. As a result, individuals suffering from PTSD
are no longer able to experience relief following
traumatic stress.[6870

Therefore, it can be said that this contributes to
the progression of the disorder. Finally, the change in
dopamine in PTSD occurs in the mesocortical region,
one of the three areas where dopamine is projected.
The stress induced by PTSD leads to elevated
levels of dopamine in the medial prefrontal cortex.
Considering the effects of dopamine, this appears
consistent with symptoms such as hypervigilance and
persistent rumination about the traumatic event.”"
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POTENTIAL THERAPEUTIC MECHANISMS
FOR POST-TRAUMATIC STRESS DISORDER

The function of the endocannabinoid (eCB) system
is linked to the HPA axis, which is related to traumatic
stress. This system plays a role in mitigating the effects
of excessive stress in PTSD and can potentially prevent
the hyperactivity of the HPA axis, thereby reducing
outcomes associated with HPA hyperactivity, such as
inflammation and glutamate excess.’?

OneofthereceptorsintheeCBsystem,cannabinoid
receptor type 1 (CB1), is a heteroreceptor and thus
can influence the release of other neurotransmitters.
However, like many other systems, the eCB system is
also disrupted in patients with PTSD. The idea of its
potential therapeutic role in PTSD comes from studies
suggesting that nightmares and sleep disturbances
related to trauma are associated with dysfunction
in the eCB system. These studies specifically show
that activation of CB1 receptors alleviates sleep and
nightmare issues in PTSD patients./’37"

Another treatment option is ketamine, a substance
that acts as a glutamate receptor antagonist, which
may alleviate PTSD symptoms. As mentioned earlier,
due to the hyperactivity of the HPA axis, glutamate
levels increase, leading to oxidative stress. Ketamine,
by acting as a glutamate antagonist, can inhibit the
excessive release of glutamate.”®

Like ketamine, the hormone oxytocin, which has
the potential to inhibit HPA axis activation, could
also be considered as a treatment option. Oxytocin
alleviates learned fear responses that contribute
to the development of PTSD, meaning it helps
reduce amygdala activity. Intranasal administration
of oxytocin has been found to reduce excessive
amygdala activation in individuals with PTSD, thereby
alleviating symptoms.””

Potential Therapeutic Effects of Brain-Derived
Neurotrophic Factor

Another potential option that could modify
fear learning, which plays a crucial role in the
development of PTSD, and induces extinction is
related to the presence of brain-derived neurotrophic
factor (BDNF), a protein found in the nervous system.
Brain-derived neurotrophic factor plays a crucial role
in the development, survival, and neurogenesis of
the nervous system. Additionally, it plays a role in
learning.l’879

Brain-derived neurotrophic factor, with this
characteristic, also contributes to the activity of the
prefrontal cortex, hippocampus, amygdala, and ACC,
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all of which are associated with PTSD. Therefore,
it is a protein structure that may offer potential
for PTSD treatment. Specifically, the receptor for
BDNF, tropomyosin-related kinase B (TrkB), plays a
crucial role. The function of TrkB in the hippocampus
and BDNF levels is important in fear learning. A
decrease in BDNF protein levels and TrkB signaling
in the hippocampus may lead to memory problems
and reduced neurogenesis in individuals with PTSD.
Additionally, increasing BDNF connections and using
TrkB agonists may help with fear extinction learning
by supporting vmPFC activity.%#"

In conclusion, PTSD is characterized by issues in
learning, memory, emotional response, regulation,
and sleep disturbances. It affects the structural
and functional properties of regions such as the
hippocampus, amygdala, and PFC. Many systems
associated with these regions are also directly or
indirectly impacted. Among these systems, the
HPA axis notably influences neurotransmitter
balance and can also increase inflammation. The
levels of neurotransmitters such as dopamine, 5-HT,
glutamate, and epinephrine change. The SNS, which
participates in the stress response alongside the HPA
axis, similarly contributes to the cycle by promoting
inflammation. Dysregulation of HRV also contributes
to SNS dysfunction, creating a vicious cycle. These
factors can be considered components of the
physiological stress cycle in PTSD. On the other hand,
PTSD is also associated with psychological stress and
trauma learning. The hippocampus, amygdala, and
PFC play significant roles in acquiring fear responses
to trauma. Brain-derived neurotrophic factor, which
is involved in learning, also contributes to the activity
of these regions. However, when PTSD develops,
the reduced activity of the PFC and the emergence
of learning and memory issues in the hippocampus
lead to decreased BDNF levels. Conversely, increasing
BDNF levels may help reverse issues related to fear
acquisition and memory difficulties in PTSD. Excessive
glutamate, resulting from HPA axis hyperactivity, has
been suggested to contribute to the formation of
psychological stress. This condition may be mitigated
by ketamine agonists. Another form of psychological
stress involves amygdala hyperactivity, and in this
case, oxytocin administration could be a viable
option. The eCB system activity may help prevent HPA
axis overactivity and the disruption of homeostasis.
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