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Abstract

New approaches to the neurobiology of posttraumatic stress disorder (PTSD) are needed to
address the reported crisis in PTSD drug development. These new approaches may require the
field to move beyond a narrow fear-based perspective, as fear-based medications have not yet
demonstrated compelling efficacy. Antidepressants, particularly recent rapid-acting
antidepressants, exert complex effects on brain function and structure that build on novel aspects
of the biology of PTSD, including a role for stress-related synaptic dysconnectivity in the
neurobiology and treatment of PTSD. Here, we integrate this perspective within a broader
framework, i.e., a dual pathology model of (1) stress-related synaptic loss arising from amino acid-
based pathology, and (2) stress-related synaptic gain related to monoamine-based pathology. Then,
we summarize the standard and experimental (e.g., ketamine) pharmacotherapeutic options for
PTSD, and discuss their putative mechanism of action and clinical efficacy.

1. Introduction

Posttraumatic stress disorder (PTSD) is a debilitating, and often chronic, psychiatric disorder
that develops following exposure to severe trauma. PTSD is associated with intrusive
memories, distressing dreams, dissociative reactions, avoidance of trauma-related stimuli,
negative cognition and mood, increased arousal and irritability, and clinically significant
distress and impairment in functioning. It is estimated that 70% of the world population have
been exposed to trauma and that approximately 6% of trauma-exposed individuals develop
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PTSD (1). The prevalence is even higher in select populations with high trauma exposure.
For example, the prevalence of PTSD is close to 25% in combat-exposed Veterans (2). Yet,
unfortunately, to date the neurobiology of the disorder is not fully understood and available
treatment options are limited, with only two FDA approved medications — both of which are
slow-acting antidepressants (SAAD) (3).

Perhaps the greatest advancement in understanding the neurobiology of PTSD has been in
the field of fear regulation. PTSD was found to be associated with deficits in fear extinction,
increased generalization of fear, and a negative bias of viewing threat from neutral stimuli
and feeling danger in a safe environment. These fear conditioning disturbances are believed
to underlie many of the symptoms of PTSD and to correlate with some of the biological
abnormalities identified in patients with PTSD (4-6). However, the mechanisms through
which trauma induces fear dysregulation and extinction deficits are not entirely clear. In
addition, to date, the drug development of fear-based pharmacotherapeutic approaches (e.g.
d-cycloserine or propranolol) has been challenging (7-9), raising concerns whether narrowly
targeting fear memory is the optimal path for drug development. Moreover, the only PTSD
drugs with reproducible efficacy are antidepressants. These drugs are believed to target the
reversal of trauma- and stress-induced synaptic dysconnectivity and have shown efficacy
across a number of stress-related disorders with no known prominent fear dysregulation (10—
13).

Convergent evidence implicates stress in the pathophysiology of trauma-related impairment
in fear extinction (4; 14). Moreover, accumulating literature increasingly implicates
glutamate dysregulation and synaptic loss in the pathophysiology and treatment of PTSD
(11; 12). Together, these findings have led to the proposition of a synaptic connectivity
model of PTSD based on impairment in stress response, resulting in sustained threat
paradigm and chronic stress pathology (CSP) (11-13). The synaptic dysconnectivity model
provides a framework for investigating and understanding the biological predispositions,
pathophysiology, and treatment of PTSD (Fig. 1). In the current review, we present a
synaptic and a network-based models of PTSD, describe a “vicious cycle” of chronic stress
pathology, and propose a dual pathology model associating (1) the stress-related synaptic
loss in the prefrontal cortex and hippocampus with amino acid-based pathology, and (2) the
stress-related synaptic gain in the nucleus accumbens, and presumably the basolateral
amygdala, with monoamine-based pathology. Then, we summarize the standard and
experimental (e.g., ketamine) pharmacotherapeutic options for PTSD, and discuss their
putative mechanism of action and clinical efficacy.

2. Neurobiology of PTSD

2.a. Stress Response

Life threatening traumatic events, associated with PTSD psychopathology, typically induce a
prolonged stress response, whether the stressor was acute (e.g., mass shooting) or chronic
(e.g., combat). Thus, while transient (minutes to hours) stress responses may enhance
plasticity, improve cognition, and promote resilience (15-17), traumatic stressors are often
associated with chronic (days to weeks) stress responses that are detrimental to the brain and
are often accompanied with behavioral disturbances (18; 19). In animals, stress-related
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synaptic loss and the associated behavioral changes are evident within days to weeks of
traumatic stress, and are reversible typically within 2—4 weeks after the stress (18; 20). In
humans, most trauma-exposed individuals transiently experience symptoms associated with
PTSD. However, individuals still symptomatic 4 weeks after the trauma may have lasting
illness (1; 21).

The propensity to exhibit lasting stress responses is complex and reflects genetics, history of
environmental exposures, stage of life, and features of the traumatic stress and post-
traumatic social context (21). Psychopathology risk increases in proportion to the severity of
the stressor. Inescapable, uncontrollable, unpredictable, repeated, and severe stressors pose
an increased probability to initiate a sustained threat paradigm leading to chronic stress
responses with subsequent biological and behavioral abnormalities (17; 18; 20; 22).
Similarly, biopsychosocial vulnerabilities (e.g., female sex, history of early life stress, or
predisposing neuronal disturbances) represent an increased risk for fear-related disturbances
leading to sustained threat paradigm and prolonged stress responses following severe
traumatic events (21; 23; 24).

This complexity contributes to variability in the reported rates of PTSD. On average, fewer
than 10% of individuals exposed to extreme stress develop PTSD. But the PTSD rate is 20%
following assaultive violence and up to 50% in rape victims (25). Among refugees, PTSD
rates range from 4 to 86%, with higher rates associated with the severity of the trauma
exposure (26). Among tattooed Auschwitz Holocaust survivors, 80% suffered intrusive
recollections, 90% experienced recurrent nightmares, and 100% endured sleep disturbances
(27). Together, the data suggest that, despite the level of resiliency of an individual,
increasing the magnitude of the traumatic load would eventually precipitate
psychopathology. Thus, the variability in posttraumatic outcomes could be due to an
individualized threshold at which a person develops a prolonged stress response and
subsequent psychopathology. In this context, resiliency could be conceptualized as not only
whether a trauma victim would suffer from PTSD symptoms, but rather expressed as
reduced PTSD severity, reduced duration of PTSD symptoms, or reduced impact of PTSD
symptoms on overall quality of life (i.e., less disability, less disruption of social
relationships, and less development of comorbid diagnoses such as addiction).

2.b. Synaptic Model of Chronic Stress Pathology (CSP)

Extreme stressors, particularly when repeated, induce neuronal remodeling associated with
regional reductions and increases in synaptic density. In animal studies, the CSP reduction in
synaptic connectivity has been mostly demonstrated in the prefrontal cortex (PFC) and the
hippocampus, while the increases in synaptic connectivity were most evident in the nucleus
accumbens (NAc) and the basolateral amygdala (18; 28).

In the PFC and hippocampus, prolonged stress responses have been associated with
disruption in glucocorticoid signaling, increased neuroinflammation, reduced brain derived
neurotrophic factor (BDNF), and astrocytic deficits along with reduced uptake of
synaptically-released glutamate, leading to increased extracellular glutamate and
excitotoxicity (10; 29-31). Particularly, prolonged stress response maintains a paradoxical
increase in extracellular glutamate despite a considerable reduction in glutamate
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neurotransmission, N-methyl-D-aspartate receptors (NMDARS), and a-amino-3-hydroxy-5-
methyl-4-isoxazloepropionic acid receptors (AMPARs) (19; 32; 33). These molecular
changes precipitate neuronal atrophy consistent with reduced dendritic length and
arborization, and reduction in synaptic density and neurotransmission strength. In preclinical
studies, this synaptic loss and hypoconnectivity is directly associated with behavioral
abnormalities, including mood and anxiety dysregulation (18; 34). Moreover, these CSP
behavioral disturbances are normalized following the reversal of the synaptic deficit, by both
SAAD and rapid-acting antidepressants (RAAD; e.g. ketamine) (29; 35).

In the amygdala, CSP is associated with functional and structural changes consistent with
reduced synaptic connectivity in the medial amygdala, but increased BDNF and synaptic
connectivity in the basolateral amygdala (36—38). Notably, a single stressor is sufficient to
upregulate BDNF in the basolateral amygdala, which is evident 1 day post-stress and lasts
for at least 10 days (38). The single stressor also gradually increases basolateral amygdala
synaptogenesis over the 10-day period, which is paralleled by a gradual increase in anxiety-
like behavior (39). Similarly, a single large dose of corticosterone induces sustained anxiety-
like behavior and increased basolateral amygdala hypertrophy, lasting more than 10 days
(40). Moreover, after withholding the stressor, hippocampal/PFC synaptic loss,
downregulation of BDNF, and related behavioral disturbances recover within 2—4 weeks,
while the basolateral amygdala synaptic hyperconnectivity, upregulation of BDNF, and
related anxiety-like behavior are not reversible within the same time period (38; 41-43). In
the NAc, CSP is also associated with neuronal hypertrophy, including increased BDNF,
dendritic length and branching, and synaptic density and strength (44-52). Similarly, the
NAc hypertrophy is associated with behavioral impairment and is reversed by both SAAD
and RAAD (28; 53; 54).

2.c. Dual Pathology Model: Amino Acid-Based vs. Monoamine-Based Pathology

A major challenge in PTSD, depression, and anxiety research is apparent “contradictory”
biological findings across human studies. This is best exemplified in the reports of reduced
hippocampal volume in some, but not all PTSD cohorts (55; 56). Similarly, increased
amygdala volume was found in some, but not all PTSD patients (57; 58). Together, these
seemingly contradictory findings raise the question whether trauma and stress
psychopathology is associated with two distinct underlying pathophysiological processes,
one related to synaptic loss and another related to synaptic gain.

Indeed, as described earlier, the synaptic model of CSP provides abundant evidence
associating localized synaptic loss with Amino Acid-Based Pathology (ABP), consistent
with glutamate dysregulation and excitotoxicity. Conversely, synaptic gain — particularly in
the NAc — is associated with Monoamine-Based Pathology (MBP), consistent with
disruption in catecholamine (i.e., adrenaline, noradrenaline, and dopamine) signaling (Fig.
1). Integrating these preclinical data along with accumulating clinical evidence, we recently
described a dual pathology model proposing trauma and stress pathology is independently
associated with both ABP and MBP (59). However, the characteristic of the stressor and the
individual biopsychosocial predispositions may differentially lead to prominent amino acid
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disruption and synaptic loss (i.e., ABP) or monoamine dysregulation and synaptic gain (i.e.,
MBP) (59).

In the dual pathology model, ABP would be more closely associated with prominent
glutamate dysregulation and synaptic loss, as evident by treatment resistance to
monoaminergic drugs, alterations in glutamate and GABA markers and signaling, and gross
structural correlates of synaptic loss on magnetic resonance imaging (MRI) (59-61). In
contrast, MBP would be more closely associated with monoamine dysregulation and
synaptic gain, as evident by enhanced response to monoaminergic drugs, signs of autonomic
dysregulation, and gray matter hypertrophy [reviewed in (29; 59)}]. Consistent with this
model, animal studies have shown that the type and magnitude of a stressor determine the
extent and nature of the dopaminergic response in the NAc (62; 63), and its related
behavioral pathology (50; 64). Moreover, it has been also shown that only a subgroup of
animals develops MBP NAc hypertrophy and related behavioral disturbances (65).
Therefore, the stressor characteristics, along with individual predisposition, may dictate the
pattern of biological injury (i.e., MBP vs. ABP) and related behavioral abnormalities (e.g.,
PTSD or depression). For example, certain stressors, such as single prolonged stress, are
more likely to recapitulate key symptoms of PTSD (66; 67). Comparably, differing brain
regions may have variable response to a unique stress, for example, brief uncontrollable
stress was found to induce synaptic loss in the infralimbic (medial PFC, involved in
extinction), but not prelimbic area (dorsal PFC, involved in fear acquisition) (68).

The dual pathology model was proposed initially for major depressive disorder (MDD) (29;
59; 61). However, various lines of evidence also support the applicability of this model for
PTSD. First, traumatic stress may trigger either PTSD and/or depression, as well as increase
the risk of several other stress-related disorders (69). Second, the preclinical CSP literature
summarized earlier clearly implicates both ABP and MBP in PTSD. Third, in addition to the
extensive human evidence relating synaptic loss and ABP to PTSD (70-75), there is strong
evidence of catecholamine dysregulation and MBP in patients with PTSD (76-78) — where
increases in catecholamine are believed to simultaneously weaken dorsolateral PFC (dIPFC)
synaptic connectivity and strengthen neuronal activity in the amygdala and striatum (which
includes the NAc) (50-52; 79). Notably, the “viscous cycle” of chronic stress pathology
(Fig. 1) suggests that initial MBP behavioral disturbances further exacerbate the stress
magnitude, which could eventually lead to ABP and synaptic loss. Thus, the discrepancy in
the amygdala findings in PTSD (i.e., both hypertrophy and hypotrophy) may also reflect the
time course of the disorder, with chronic suffering from severe PTSD leading to more
prominent ABP and synaptic loss. This hypothesized time course effect of an MBP to ABP
switch is supported by the fact that compiled data of multiple cohorts or meta-analyses often
succeed in demonstrating the ABP-related biomarkers (e.g., gray matter deficits), but fails to
show statistically significant structural evidence of synaptic gain (80-83).

Finally, considering the noticeable role of chronic stress pathology across many psychiatric
disorders, the dual pathology model presented is unlikely to be limited to depression and
PTSD, but rather common to several psychiatric disorders, including generalized anxiety
disorder (GAD), obsessive compulsive disorder (OCD), panic disorder, and bipolar
depression (60; 84-92). Together, the presented models hypothesize that CSP, and related
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synaptic dysconnectivity (Fig. 1), are common across many psychiatric disorders. Most
importantly, targeting synaptic connectivity is a convergent pathway across antidepressants —
a class of medications that has shown efficacy in alleviating symptoms of major depression,
PTSD, GAD, OCD, panic disorder, bipolar depression, and other disorders with a
considerable chronic stress component. Therefore, while the synaptic pathology described
by ABP and MBP is not specific to PTSD, it is increasingly evident that targeting these
synaptic disturbances is essential for successful pharmacological treatment (e.g., both
traditional and rapid acting antidepressants — drugs that show efficacy in PTSD Treatment —
are believed to exert their effects by affecting neuroplasticity and synaptic restructuring (18;
29; 30; 93)). Moreover, there is well replicated evidence that markers of MBP (e.g., lack
gray matter deficits) predicts better response to monoaminergic antidepressants, with some
studies associating ABP biomarkers (e.g., smaller hippocampal volume) with enhanced
response to amino acid-based antidepressants (e.g., ketamine or riluzole) (60; 94).

2.d. Network-Based Model of PTSD

Trauma-related structural and functional synaptic dysconnectivity has been demonstrated in
animals and in humans within brain regions critical to anxiety, mood, and fear regulation
(95). Thus, the question is raised how the pattern of CSP synaptic dysconnectivity may
dictate the prominent clinical presentation, being it PTSD, depression, or another stress-
related psychopathology.

In the PTSD literature, early models presented an elegant circuit-based hypothesis supported
by a wealth of neuroimaging studies (95). It is believed that reduced hippocampal, but
increased amygdala, synaptic connectivity might be predisposing factors that are
exacerbated by the index traumatic event to induce disruption in fear memory function (96;
97). This pattern of synaptic dysconnectivity would favor striatal-dependent “habitual” over
hippocampal-dependent “cognitive” memory (98-100). In patients with PTSD, it is thought
that the heightened fear and arousal are correlates of underlying hyperactivity in the
amygdala and dorsal anterior cingulate, putatively due to loss of top-down control from a
hypoactive PFC, as well as due to fear extinction deficits driven by dysfunction in the medial
PFC and hippocampus (95; 101).

Recently, a more comprehensive model — known as the triple network model - has been
proposed (102; 103). Similar to the synaptic model of CSP, the triple network model is not
specific to PTSD, but rather to a broad range of psychopathological presentations (102).
This network-based model extends the circuit-based hypothesis in PTSD by incorporating
the wide disruption in three large-scale intrinsic connectivity networks, that are the default
mode network, the central executive network, and the salience network (Fig. 2) (104). The
default mode network spatially spans important regions in the posterior cingulate cortex,
medial PFC, and medial temporal lobe including the hippocampus (105). It is known to
engage in self-referential, introspective processes, and autobiographical memory. Consistent
with its function, it is most active at rest, and hypoactive during goal-oriented tasks. In
individuals with PTSD, the default mode is known to be hypoactive and weakly
interconnected (106; 107), which is thought to parallel symptoms of dissociation, avoidance,
and intrusiveness (102; 103).

Annu Rev Pharmacol Toxicol. Author manuscript; available in PMC 2020 January 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Abdallah et al. Page 7

The central executive network, which is anchored primarily in the dIPFC, is known to
engage in goal- directed behavior and top-down regulation of emotions. Here, evidence of
dysconnectivity in PTSD is thought to mirror a loss of modulation over fear/threat-detection
circuits, and deficits in cognition and executive function. In line with this hypothesis,
enhanced connectivity between the central executive network and default mode network was
found in individuals who respond to exposure therapy, suggesting a compensatory role (108;
109). The salience network, has important nodes in the insula, dorsal anterior cingulate
cortex, and possibly the amygdala. The salience network is implicated to the response to
subjective salience and arbitrates between central executive network (task-positive) and
default mode network (task-negative) accordingly (103; 110). Dysconnectivity in the
salience network is thought to impair this arbitration function, resulting in a low threshold
for saliency and a hypervigilant state (107; 111). In summary, by extending the fronto-limbic
fear circuitry model, the triple network model may better account for the varying
endophenotypes in PTSD, as well as the symptomology of common comorbidities (102;
103). In addition, it provides a construct for better understanding of the interplay between
the pattern of microstructural synaptic disturbances and the complexity of clinical
psychopathological presentations.

3. Pharmacotherapy of PTSD
3.a. Complexity of PTSD symptomatology

PTSD is distinctive among psychiatric disorders because by definition it depends on a type
of environmental exposure. Moreover, in adults, the PTSD diagnosis has higher test-retest
reliability compared to most psychiatric disorders (112). While these characteristics foretell
reproducible neurobiological and pharmacotherapeutic studies, the complexity of PTSD
symptomatology and high comorbidity considerably hindered the consistency of most
biological findings in PTSD, including the clinical efficacy of standard and investigational
medications. In fact, the constellation of PTSD symptoms appears to recapitulate core
symptomatology of most psychiatric disorders including anxiety, depression, addictive,
impulsive, obsessive-compulsive (e.g., intrusive thoughts), and dissociative/psychotic
disorders. Furthermore, the presence of “pure” PTSD in the absence of psychiatric
comorbidities is often the exception rather than the rule (112). Together, this complexity has
resulted in a pattern of PTSD drugs showing promise in early clinical trials, then later fail to
show consistent efficacy in replication and/or larger trials (113; 114). Moreover, the efficacy
of many of the most commonly prescribed medications for PTSD has never been tested
adequately (e.g., trazodone, quetiapine, mirtazapine, gabapentin, etc.). This state of affairs
has been described as a crisis requiring a national commitment to PTSD pharmacotherapy
research (3).

Currently, PTSD focused psychotherapies are considered first line of treatment, with
pharmacotherapy as first or second line in some guidelines (115). Here, we present a list of
standard and investigational drugs that were studied in PTSD. Of these, only paroxetine and
sertraline — both are serotonin reuptake inhibitors — are FDA approved for PTSD treatment.
In addition, to date, meta-analyses have overall only supported the clinical efficacy of few
drugs — all of which are antidepressants, which underscores the prospect of developing drugs
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that target trauma- and stress-related pathology (e.g., ketamine targeting synaptic
dysconnectivity) compared to PTSD specific abnormalities (e.g., D-cycloserine or
propranolol targeting fear circuitry).

3.b. Traditional Drugs: Slow-Acting Antidepressants

In the 1950s, it was serendipitously discovered that iproniazid and imipramine have
antidepressant effects, drugs that were being developed to treat tuberculosis and
schizophrenia, respectively. Subsequently, other antidepressants that possess a common
mechanism of increasing synaptic serotonin have been developed. Among these drugs are
the serotonin reuptake inhibitors, the tricyclic antidepressants (e.g., imipramine), and
monoamine oxidase inhibitors (e.g., iproniazid). These traditional drugs are SAAD requiring
weeks to months to achieve full therapeutic benefit. SAAD have shown efficacy in several
depressive, anxiety, and trauma-related disorders. The mechanisms through which SAAD
exert their therapeutic effects are not fully known. The drug’s /n vitro pharmacodynamics of
increasing synaptic serotonin, combined with laboratory studies associating serotonin
depletion with depressive symptoms, have resulted in the rise of the “serotonin deficiency”
hypothesis of depression (116). However, several lines of evidence have questioned this
model, including the discrepancy between the acute increase in serotonin and the delayed
therapeutic response following treatment with SAAD (117). More recently, accumulating
evidence in animal models have shown that repeated, but not acute, treatment with SAAD
reverses the depressive-like behavior by increasing BDNF in brain structures known to have
stress-related synaptic loss (30; 118). Consistent with the synaptic model of CSP, the
neurotrophic hypothesis of SAAD provides putative explanation for the delayed onset of
treatment response, as well as for the efficacy of SAAD in several psychiatric disorders with
a prominent stress-related pathology.

In PTSD, the highest evidence of clinical efficacy is mostly for trials investigating
paroxetine, sertraline, and venlafaxine (119). Other SAAD have shown efficacy in some
meta-analyses, but these SAAD were investigated mostly in small samples clinical trials
(120). Although some SAAD are more effective than placebo in reducing PTSD symptoms,
the effect size of these drugs is often small, with high treatment resistance in certain
population — e.g., in Veterans (120-122).

3.c. Novel Drugs: Rapid-Acting Antidepressants

In the late 1990s, a study exploring the role of NMDARSs in the pathology of depression
unexpectedly found RAAD effects following infusion of a single subanesthetic dose of
ketamine (123). This finding has since been replicated in several studies and other RAAD
are being developed. Ketamine is typically administered intravenously over 40 minutes, with
the antidepressant effects evident within few hours and lasting for approximately two weeks
following single infusion. These effects are maintained by repeated 2—3 times per week
administration in short-term studies (124; 125). Ketamine is believed to exert its RAAD
effects by inducing a transient surge in post-synaptic glutamate activation, leading to
upregulation of BDNF and increased synaptic formation (126). In animals, it was shown that
ketamine reverses the stress-related synaptic loss/gain within 24h of administration (54;
127). Supportive evidence, paralleling the preclinical findings, have been reported in humans
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suggesting a rapid structural and functional reversal of synaptic dysconnectivity within 24h
of treatment of depressed patients (59; 128; 129). Consistent with the synaptic model of
CSP, ketamine’s therapeutic effects extend beyond depression and have been suggested in
several stress-related disorders (130-133), particularly in tre2ating suicidal ideations (134;
135).

In PTSD, a pilot randomized controlled trial showed moderate to large effect size in
reducing PTSD symptoms following administration of a single infusion of ketamine
compared to an active placebo control (136). Other retrospective or case report studies have
supported the potential utility of subanesthetic doses of ketamine in treating PTSD (124;
137). However, it remains to be seen whether these early reports would be replicated in
future confirmatory randomized controlled trials (c/inicaltrials.gov/ct2/show/
NCT02655692). In addition, ketamine induces transient perceptual disturbances during
infusion and is used as a recreational drug. Thus, the safety and efficacy of repeated
ketamine administration would need to be confirmed prior to adopting it as standard
treatment.

3.d. Other Drugs

In addition to SAAD and RAAD, several drugs have been tested in PTSD. Unfortunately,
many of these drugs have failed to show reproducible therapeutic benefit. Despite the failure
in confirmatory clinical trials and/or in meta-analyses, several of these drugs continue to be
frequently used as augmentation in treating PTSD, particularly second-generation
antipsychotics (e.g., risperidone), prazosin, and benzodiazepines. Risperidone is the most
studied antipsychotic in PTSD, with early promising result, yet failed in a large confirmatory
augmentation randomized controlled trial (113). Prazosin, an a1-adrenoreceptor antagonist,
showed early promise in treating PTSD, particularly sleep-related symptoms. However,
several studies have failed to reproduce these effects and a recent large randomized
controlled trial has shown no differences between prazosin and placebo in treating overall
PTSD or sleep-related symptoms (114). Benzodiazepine failed to show therapeutic effects in
PTSD, with evidence that they may worsen symptoms or increase risk of developing PTSD
(138). Other drugs that have been tested with limited to no evidence to support their use,
include: topiramate, buproprion, divaloproex, NK1R antagonists, and ganaxolone (120;
121).

3.e. PTSD Prevention

Hydrocortisone and B-adrenergic receptor blockers (e.g., propranolol) are the main
pharmacological approaches investigated to prevent the development of PTSD following
trauma. Based on evidence of low cortisol in patient with PTSD (139), it was suggested that
administering hydrocortisone shortly after the traumatic event may reduce the risk of
developing PTSD. Similarly, preclinical evidence has shown that propranolol can block
consolidation of traumatic memory, which raised the possibility that administering
propranolol shortly after the trauma may reduce the risk of PTSD. To date, randomized
controlled trials found no preventive effects following propranolol administration post
trauma exposure, although these were mostly small trials with varied administration regimen
and timing (8; 9). Conversely, there is preliminary evidence to suggest that hydrocortisone
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may have beneficial effects in reducing PTSD risk (8; 9). Other pharmacological preventive
approaches that were reported, but which currently have no strong evidence to support their
use, include serotonin reuptake inhibitors, temazepam, gabapentin, albuterol, morphine, and
oxytocin (9; 140; 141).

3.f. Psychotherapy Augmentation

Preclinical studies have shown that the partial NMDAR agonist D-cycloserine facilitates the
excitation of fear (142). Considering the hypothesized extinction failure in PTSD, several
studies have investigated whether administration of D-cycloserine would augment the
therapeutic effect of fear exposure in psychotherapy for PTSD. To date, the results have been
mixed, with some studies showing beneficial effects, while others showing worsening of
symptoms (7; 11). It has been suggested that pretreatment with D-cycloserine might
indiscriminately enhance the consolidation of memory, leading to improvement if the patient
successfully achieved extinction during the fear exposure session or to inadvertently enhance
reconsolidation of trauma memory and worsening of symptoms if the exposure session was
unsuccessful (143). A recent small randomized controlled trial suggested beneficial effects
combining propranolol with trauma reactivation, a pilot finding that awaits replication (144).
Another approach for PTSD psychotherapy augmentation is the administration of 3,4-
methylenedioxy-methamphetamine (MDMA), a recreational drug known as “ecstasy”,
which induces transient serotonin and norepinephrine release (145; 146). MDMA is
currently in phase 3 trials and has received an FDA breakthrough designation, which
facilitates the approval of the drug if the randomized controlled trial results were
confirmatory. Considering the addiction liability of the drug, strong evidence of safety and
therapeutic benefit would be required.

4. Conclusions

Psychiatric illnesses are often conceptualized as entities with complex interaction between
biological, psychological, and social components. Notably, chronic stress — as predisposing,
triggering, or perpetuating factor — is a major component of most psychiatric disorders.
Moreover, biomarkers suggestive of stress-related synaptic dysconnectivity (e.g., gray matter
deficits) were reported across most severe psychiatric disorders. Furthermore,
antidepressants, that are believed to exert their clinical benefit through the reversal of stress-
related synaptic dysconnectivity, have shown clinical efficacy in several psychiatric
disorders. Together, this converging evidence strongly suggests CSP is a common
pathophysiological process across multiple disorders. In recent years, clinical neuroscience
research has begun to unravel the unique dysconnectivity patterns through which CSP
contribute to distinct clinical presentations, including PTSD — highlighting a triple network
model of psychopathology. Finally, although pharmacotherapeutic options to alleviate PTSD
are available, these drugs have minimal (e.g., serotonin reuptake inhibitors) or inconsistent
efficacy (e.g., prazosin or risperidone). While SAAD have minimal effects on synaptic
remodeling and PTSD symptoms, RAAD exert strong synaptic remodeling and pilot
evidence suggest high efficacy in alleviating PTSD. It remains to be seen whether the initial
promise of these novel drugs would eventually translate into robust and effective
pharmacological treatment for millions of individuals suffering from PTSD.
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Figure 1. The “vicious cycle” of chronic stress pathology: A synaptic model of posttraumatic

stress disorder (PTSD).

It is believed that traumatic stress interacts with predisposing factors to precipitate chronic
stress pathology, consistent with localized synaptic loss and/or gain, leading to behavioral
disruptions, which further exacerbate the chronic stress pathology. Abbreviations: FKBP5 =
FK506-binding protein 5; SNP = single nucleotide polymorphism; BDNF = brain derived
neurotrophic factor; HPC = hippocampus; PFC = prefrontal cortex; AG = amygdala; dACC
= dorsal anterior cingulate; NAc = nucleus accumbens; dIPFC = dorsolateral PFC; VTA =
ventral tegmental area; HPA = hypothalamic-pituitary axis; Glu = glutamate; The figure was
adapted with permission from the Emerge Research Program (emerge.care).

Annu Rev Pharmacol Toxicol. Author manuscript; available in PMC 2020 January 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Abdallah et al.

Page 20

Top-down regulation

= )

(Central Executive Network
1 Activity & Connectivity

« Loss of top-down requlation
+ (ognitive deficits

" Salience Network
1 Activity & Connectivity

» Heightened threat-detection
+Impaired modulation

Default Mode Network

1 Activity & Connectivity
«Dissociation  « Avoidance  « Intrusive thoughts

Figure 2. A network-based model of posttraumatic stress disorder (PTSD).
The figure depicts the cortical representations of the salience network (SN; orange and

yellow), central executive network (CEN; red), and default mode network (DMN; green).
PTSD has been associated with hyperactive SN leading to heightened threat-detection and
impaired modulation of the CEN and DMN. In turn, CEN and DMN deficits are associated
with disruption in top-control, as well as several PTSD related symptomatology. The figure
was adapted with permission from the Emerge Research Program (emerge.care).
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Table 1.
Drugs commonly used to treat PTSD.

List of commonly used pharmacological agents in the treatment of PTSD, their putative mechanism of action,
and their clinical therapeutic aims. * indicates FDA approval for PTSD.

Medication class Commonly used agents  Putative mechanism Therapeutic aim
Antidepressants  Paroxetine*; Serotonin reuptake inhibition Overall symptoms (115;
(slow-acting)  Sertraline*; 120; 121)
fluoxetine
Venlafaxine Serotonin-norepinephrine reuptake inhibition Overall symptoms (115;
120; 121);

possibly less effective for
hyperarousal symptoms

(147)

Mirtazapine Serotonin 5-HT, and 5- HT3 and adrenoreceptor ~ Overall symptoms (115;

a, antagonism 20)
Desipramine Norepinephrine reuptake inhibition Overall symptoms (115;

20)
Phenelzine Monoamine oxidase inhibition Overall symptoms (115;

120)
Antipsychotics  Risperidone; Dopamine D, and serotonin 5-HT, antagonism Primarily used for sleep

(second-generation)  quetiapine symptoms with

questionable evidence of
efficacy (113); may
possibly improve other
symptoms (121; 148)

Anxiolytics or sedative-hypnotics  Prazosin as-adrenoreceptor Primarily used for sleep
antagonism symptoms with
inconsistent evidence of
efficacy (114; 149); may
possibly improve other
symptoms (150)

Alprazolam; GABA receptor agonism No evidence of efficacy;
clonazepam possible worsening of
symptoms (138)
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