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Abstract

Post-traumatic stress disorder (PTSD), characterized by abnormally persistent and distressing
memories, is a chronic debilitating condition in need of new treatment options. Current
treatment guidelines recommend psychotherapy as first line management with only two
drugs, sertraline and paroxetine, approved by U.S. Food and Drug Administration (FDA) for
treatment of PTSD. These drugs have limited efficacy as they only reduce symptoms related
to depression and anxiety without producing permanent remission. PTSD remains a
significant public health problem with high morbidity and mortality requiring major advances
in therapeutics. Early evidence has emerged for the beneficial effects of psychedelics
particularly in combination with psychotherapy for management of PTSD, including psilocybin,
MDMA, LSD, cannabinoids, ayahuasca and ketamine. MDMA and psilocybin reduce barrier to
therapy by increasing trust between therapist and patient, thus allowing for modification of
trauma related memories. Furthermore, research into the memory reconsolidation
mechanisms has allowed for identification of various pharmacological targets to disrupt
abnormally persistent memories. A number of pre-clinical and clinical studies have
investigated novel and re-purposed pharmacological agents to disrupt fear memory in PTSD.
Novel therapeutic approaches like neuropeptide Y, oxytocin, cannabinoids and neuroactive
steroids have also shown potential for PTSD treatment. Here, we focus on the role of fear
memory in the pathophysiology of PTSD and propose that many of these new therapeutic
strategies produce benefits through the effect on fear memory. Evaluation of recent research
findings suggests that while a number of drugs have shown promising results in preclinical
studies and pilot clinical trials, the evidence from large scale clinical trials would be needed

for these drugs to be incorporated in clinical practice.
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1. Introduction

Post-traumatic stress disorder (PTSD) is an acquired mental health condition following
exposure to trauma resulting in lasting changes to behaviour (Kirkpatrick & Heller, 2014).
These changes include core symptoms of intrusive mental imagery, avoidance of reminders,
negative mood and cognition, and hyperarousal of stress reactivity (Kirkpatrick & Heller,
2014). Following trauma emotional memories are formed. In the short term the significant
emotional competent can be extinguished, however, in some people this does not occur, and
a diagnosis of PTSD may be made after one month of exposure to the trauma (Careaga, Girardi,
& Suchecki, 2016). Unlike non-pathological traumatic memories, in patients with PTSD,
memories are much more vivid, easily triggered by matching cues and more distressing
(Ehlers, 2010). PTSD involves both remembering and reacting to a new traumatic event and a
failure to extinguish and reacting to those events, it is a disorder of involving memory

pathology.

The initial association of traumatic events with previously neutral stimuli — for example,
memory of a specific location or smell associated with a traumatic episode — has behavioural
and neural properties predicted by classical (or Pavlovian) fear conditioning (L. Johnson, J.
McGuire, R. Lazarus, & A. A. Palmer, 2012; Yehuda & LeDoux, 2007). Evidence suggests both
classical fear conditioning and PTSD involve amygdala-based associative memory and
prefrontal cortex mediation of extinction of associative fear memories (L. Johnson, et al., 2012;
Nader, Schafe, & LeDoux, 2000). PTSD memory deficits include reduced extinction of fear

memory or overgeneralization of fear response to safe context (Parsons & Ressler, 2013).

Current mainstay treatments for PTSD are psychotherapy with cognitive behavioural therapy,

cognitive processing therapy, prolonged exposure therapy and pharmacotherapy with



selective serotonin reuptake inhibitors (SSRI) (APA, 2017; Phoenix, 2020). Evidence is
accumulating suggesting that alternative pharmacological treatments, most notably
psychedelic drugs, and other non-conventional substances, especially when combined with
psychotherapies, could offer new hope to better and long-term treatment success for PTSD
(Mitchell, et al., 2021; Scheeringa & Weems, 2014; Sessa, 2017; Yatzkar & Klein, 2010).
Current thinking and developments of new pharmacological and therapeutic approaches

amount to a paradigm shift for modern psychiatry.

2. Epidemiology

Data indicates that the overall lifetime risk of exposure to trauma such as physical or sexual
abuse, wars, accidents, torture, natural disaster at least once is high. In a large national survey
of the US, Kessler and colleagues (Kessler, Sonnega, Bromet, Hughes, & Nelson, 1995) found
that most people will be exposed to at least one traumatic event during their lifetime. The
exposure rate to trauma in women is high with data from Resnick and colleagues (Resnick,
Kilpatrick, Dansky, Saunders, & Best, 1993) indicating 70% of women will be exposed to
trauma in their lifetime. Stemming from these high rates of trauma exposure is an overall
PTSD incidence of around 1% in the population (Jacques, et al., 2019; Yehuda, et al., 2015).
This places PTSD on a similar level with other major mental illnesses for example
schizophrenia (1% of population) with different types of occupation, country of residence and
types of trauma exposure affording increased risk (Yehuda, et al., 2015). In military
populations where exposure to combat related trauma is higher, higher rates of PTSD are
reported including chronic PTSD (Yehuda, et al., 2015). Higher rates of PTSD are also reported

in health care workers and refugees. Moreover, PTSD is often associated with comorbidities



like substance abuse, major depressive disorder and other anxiety disorders (Brady, Killeen,
Brewerton, & Lucerini, 2000). It presents a significant financial and emotional burden for
patient, families, and health care systems (Sareen, 2014). In summary, PTSD is a major

neuropsychiatric disorder affecting a large numbers of people.

3. Pathophysiology

Dysregulation of fear memory is central to the development of PTSD (fig 1) (Bergstrom,
McDonald, Dey, Fernandez, & Johnson, 2013; Blechert, Michael, Vriends, Margraf, & Wilhelm,
2007; Debiec & Ledoux, 2004). Most individuals who undergo a traumatic experience recover
from it, while some develop significant psychopathology (Careaga, et al., 2016). Amongst the
mechanisms underlying the development of PTSD are increased encoding, decreased
extinction and overgeneralization of fear memory. Furthermore, alterations in brain circuitry

and neurotransmitters contribute to memory dysfunction observed in PTSD.

Structural and functional abnormalities in brain areas such as the hippocampus, amygdala
and medial prefrontal cortex increase the individual’s vulnerability for developing PTSD
(Bremner, Elzinga, Schmahl, & Vermetten, 2008; Milad, et al., 2009; Shin, Rauch, & Pitman,
2006). Recent genetic studies highlight possible genetic contributions to hyperarousal among
those with PTSD and the identification of chromosomal regions associated with basal ganglia
medium spiny neurons (Gelernter, et al., 2019; Sheerin, Lind, Bountress, Nugent, & Amstadter,
2017). The neural circuits formed by interconnection of neurons from these areas govern
stress response and encode traumatic memories. Alteration in these circuits is postulated to
be associated with higher risk of PTSD, with one area of focus being the hippocampus (Chaaya,

Battle, & Johnson, 2018). Magnetic Resonance Imaging (MRI) studies in PTSD patients have
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revealed reduced hippocampal volume when compared with control subjects (Bremner, et
al., 1995; Gurvits, et al., 1996). Hippocampal volume reduction seen in these patients has
been linked with increased glucocorticoid receptor sensitivity despite low glucocorticoid
levels (Szeszko, Lehrner, & Yehuda, 2018). Additionally, a study has shown that there may be
pre-existing hippocampal volume reduction before the development of PTSD (M. W.
Gilbertson, et al., 2002). In a study with monozygotic twins, the severity of PTSD was inversely
correlated with the hippocampal volume in PTSD patients and patients’ trauma-unexposed
identical co-twins (M. W. Gilbertson, et al., 2002). This suggest that reduced hippocampal
volume was present prior to trauma. When exposed to trauma, these individuals may have
anincreased risk for developing PTSD. The hippocampus is implicated in storage of declarative
memory as well as contextual aspects of fear memory (Fuchs & Gould, 2000). Pre-existing
volume reduction might be responsible for impaired extinction of fear memories which can
account for the inability of these individuals to recover from traumatic experiences (M. W.

Gilbertson, et al., 2002).

Hyperreactivity of the amygdala is a prominent feature consistently shown to be associated
of PTSD (Shin, et al., 2006). Functional MRI studies have shown that PTSD patients have a
hyperresponsive amygdala compared to controls when presented with a stressful reminder
(Shin, et al., 2006). The amygdala is also found to be hyperreactive during fear acquisition in
PTSD patients, suggesting that it may be responsible for enhanced encoding of fear memories
(Bremner, et al., 2005). The acquisition of conditioned fear, known as ‘fear load’, was shown
to be facilitated in individuals with PTSD when compared with control subjects (Norrholm et
al., 2011), supporting the notion of intrinsic enhancement of conditioned fear memory. This
finding is linked to amygdala-dependent physiological processes and neuronal overactivity

within the amygdala (Johnson et al., 2012b, McGuire et al., 2013).



The medial prefrontal cortex (mPFC) has a modulatory control over amygdala and
hippocampus (Shin, et al., 2006). It inhibits fear acquisition and enhances extinction of fear
memories. A reduction of mPFC volume has been reported in PTSD patients, but this
reduction may be secondary to PTSD and not necessarily a pre-existing risk factor (Rauch, et
al., 2003). Furthermore, alteration have been found in neural circuits between the mPFC and
other brain regions, such as the amygdala and hippocampus, which may predispose
individuals to increased encoding of traumatic memories leading to PTSD (Shin, et al., 2004).
Moreover, changes in brain connectivity involving frontoparietal executive control circuits
have recently been reported in PTSD and have been linked to behavioural treatment
responsivity, highlighting the importance of prefrontal cortex and its connectivity in PTSD
(Korgaonkar, et al., 2020). Differences in the functional connectome have been found for
PTSD compared to controls (Breukelaar, Bryant, & Korgaonkar, 2021), including reduced
connectivity between regions part of the default mode and executive control network,
whereas increased connectivity was found between regions involved in emotional and

arousal response such as subcortical and limbic areas.

The medial prefrontal cortex can be divided into a dorsal and ventral part. The dorsal anterior
cingulate cortex (dACC) is involved in emotion processing, such as the appraisal of fearful
situations and expressions of negative emotions. Prelimbic (PL) division of the mPFC in
rodents, homologous to human dACC, was shown to be involved in expression of conditioned
fear (Corcoran & Quirk, 2007). Microstimulation of PL cortex led to increase in conditioned
response whereas its inactivation reduced fear response (Vidal-Gonzalez, Vidal-Gonzalez,
Rauch, & Quirk, 2006). PL cortex modulates expression of fear in rodents by sending
excitatory signals to BLA (Brinley-Reed, Mascagni, & McDonald, 1995). In clinical studies,

greater fMRI activation in the dACC during a cognitive interference task has been found for
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veterans diagnosed with PTSD compared to veterans without PTSD (Lisa M. Shin, et al., 2011).
This greater activity was related to worser symptom severity, which may be the result of
interpreting more situations as fearful due to the overactivity in the dACC. However, in this
twin study, the non-affected co-twin of veterans with PTSD also showed increased activity in
this region, suggesting that this increased activity may be a familial risk factor. Similarly,
alterations have been found during resting state fMRI. Chen et al. (Chen, et al., 2019)
compared patients with PTSD to trauma-exposed controls and healthy controls. Patients with
PTSD had higher functional connectivity between the dACC with regions in the sensorimotor
network in comparison to trauma-exposed and healthy controls, which may be related to
preparing for the fight or flight response. On the other hand, patients with PTSD showed
decreased functional connectivity between the dACC with the bilateral middle frontal gyrus
and inferior frontal gyrus — areas important for response inhibition (Dossi, Delvecchio, Prunas,
Soares, & Brambilla, 2020) — compared to individuals who were also exposed to trauma but
did not develop PTSD. In addition, decreased functional connectivity between the dACC with
the right hippocampus was found for both trauma-exposed groups but was more severe in
the PTSD group. This finding may be related to declarative memory, e.g., difficulties of

remembering specifics about the traumatic event (Acheson, Gresack, & Risbrough, 2012).

The ventral areas of the mPFC are involved in generating an emotional response as well as
the inhibition of conditioned fear (Etkin, Egner, & Kalisch, 2011) and extinction of the fear
response by moderating the response of the amygdala and hippocampus (Alexandra Kredlow,
Fenster, Laurent, Ressler, & Phelps, 2022; Etkin, et al., 2011). The vmPFC regions including the
rostral ACC and orbitofrontal cortex play a role in regulating emotions by inhibiting the
amygdala (Andrewes & Jenkins, 2019), as well as other functions, such as processing

information related to our self and evaluating rewards (Andrewes & Jenkins, 2019). In rodents,
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infralimbic (IL) cortex, homologous to human (vmPFC), has been shown to inhibit conditioned
fear expression (Thompson, et al., 2010). Microstimulation of IL cortex led to reduced fear
response in rats (Vidal-Gonzalez, et al., 2006). IL cortex modulated the fear response by
sending projections to GABAergic interneurons in intercalated cell masses (ITCs) surrounding
BLA ultimately reducing the central amygdala (CeA) output (Ehrlich, et al., 2009). In PTSD
patients, reduced volumes of the rACC in the vmPFC have been linked to more severe
symptoms. Previous studies have shown hypoactivity of the vmPFC and hyperactivity of the
salience network (including the amygdala) in people with PTSD (Koenigs & Grafman, 2009),
together with reduced integrity of the white matter pathway between the vmPFC and
amygdala. These findings have been thought to relate to excessive emotional reactivity to
context associated with the traumatic events and persistence of the conditioned fear
response, reinforcing fear memories. The reduced connectivity between the vmPFC with the
hippocampus (Jin & Maren, 2015b) may relate to the failure of retrieving context-specific
information about fear memories, important for generating a context-appropriate

behavioural response.

To conclude, alterations in brain circuitry involving the mPFC, amygdala and hippocampus,
together with their changes in brain volume and activation may be related to increased
encoding of fear memories in PTSD patients. These changes in brain function highlight the
importance that overactive fear memory plays in the pathophysiology of PTSD. Therefore,

disrupting maladaptive fear memories become a key strategy in the treatment of PTSD.
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Fig. 1. Formation of post-traumatic stress disorder (PTSD) associated memories, typical
outcomes and need for new treatments. PTSD can occur following exposure to a life-
threatening event and emotional memories are formed often including elements of the
contextual location, specific sensory inputs (e.g. sounds, sights and smells) and the
memory of threat to life. Most people exposed to a traumatic event do not develop PTSD
(No PTSD) however after one month some people are diagnosed with PTSD. Current
therapies include behavioural therapies (Behavioural Therapy) as well as
pharmacotherapies (SSRIs/SNRIs). Despite these treatment options some people have
ongoing PTSD and need new treatment options. In this review we focus on recent

developments in pharmacotherapy for PTSD which target emotional memories.
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4. Current treatment approaches

Current treatment guidelines for PTSD list treatments ranging from strongly recommended
to conditionally recommended (as listed by the American Psychological Association; APA,
Phoenix Australia, and Department of Veteran Affairs (VA) USA) (fig 2). Treatment guidelines
take into consideration the evidence for a treatment, the risks along with the potential
benefits, as well as the application of the intervention across treatment settings of patient
subgroups (APA) (Ursano, et al., 2004). Strongly recommended treatments listed are
psychological interventions focused on the trauma, including trauma-focused cognitive
processing therapy, cognitive therapy, cognitive-behavioral therapy (CBT), and prolonged
exposure therapy (VA, APA, Phoenix) (APA, 2017; Card, 2017; Phoenix, 2020). The VA in
addition also recommends Brief Eclectic Psychotherapy (APA, strongly recommended by VA),
Eye movement Desensitization and Reprocessing (EMDR) therapy (APA, Phoenix, strongly
recommended by VA), Narrative Exposure therapy (APA, Phoenix, strongly recommended by
VA), and written narrative exposure. These therapies with components of exposure to
trauma-related stimuli and cognitive restructuring (Watkins, Sprang, & Rothbaum, 2018) are
seen as the first line of treatment for individuals diagnosed with PTSD (VA, Phoenix, APA).
However, when trauma-focused psychotherapy is not readily available or not preferred by
the patient, conditionally recommended treatments are suggested as first-line treatment (VA,
Phoenix). Conditionally recommended treatment approaches are those with weaker evidence
and/or potential for more severe side effects, such as present-centered therapy (Phoenix,
evidence weak according to VA), stress inoculation training (Phoenix, VA) and
pharmacological treatment (VA, APA, Phoenix). The four pharmacological treatments

conditionally recommended for PTSD are selective serotonin reuptake inhibitors (SSRIs)
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sertraline, paroxetine, and fluoxetine, as well as serotonin-norepinephrine reuptake inhibitor

(SNRI) venlafaxine (APA, Phoenix, VA).

[ Strongly Recommended ]

p—— Cognitive processing therapy

fr——— Cognitive therapy

Cognitive-behavioral therapy

Prolonged exposure therapy

Strongly Recommended
(VA only)

e Brief eclectic psychotherapy

Eye movement desensitization
and reprocessing
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Written narrative exposure

[ Conditionally Recommended ]
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Stress-inoculation training

Pharmacotherapy

SSRI (sertraline, paroxetine,
fluoxetine)

SNRI {venlafaxine)

Fig. 2. Treatment recommendations for PTSD by APA, Phoenix and VA. Psychotherapies
like cognitive processing therapy, cognitive therapy, cognitive-behavioral therapy, and
prolonged exposure therapy are strongly recommended by all the PTSD treatment
guidelines, while present-centered therapy, stress inoculation training and

pharmacological treatment are recommended as second line treatments.
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With regard to treatment efficacy, several meta-analyses (Coventry, et al., 2020; Karatzias, et
al., 2019; Lewis, Roberts, Andrew, Starling, & Bisson, 2020; Turrini, et al., 2019) have shown
the effectiveness of trauma-focused cognitive therapies and EMDR for reducing PTSD
symptoms, with sustained effects at several months post follow-up (Mavranezouli, et al.,
2020). In addition, Coventry et al. (2020) also found interpersonal therapy (based on two
studies) to be as effective in reducing PTSD symptoms (related to emotional dysregulation)
and depressive and anxiety symptoms and improving sleep quality. There is less agreement
with regard to non-trauma focused interventions, however. Some have found non-trauma
focused interventions to be not effective (small and non-significant effect) (Coventry, et al.,
2020) whereas others found some support for an effect (Lewis, et al., 2020), e.g., non-trauma
focused CBT. In addition, several studies have examined the effectiveness of pharmacological
interventions in comparison to usual care and/or psychological interventions. SSRIs sertraline,
paroxetine, and fluoxetine as well as SNRI venlafaxine have been found to be effective in
reducing PTSD symptoms (Friedman & Bernardy, 2017; Hoskins, et al., 2015; Huang, et al.,
2020). When compared to psychological interventions, pharmacological interventions with
SSRIs (Mavranezouli, et al., 2020), antipsychotics (Coventry, et al., 2020) and prazosin
(Coventry, et al., 2020) showed a smaller effect compared to psychological interventions in
reducing PTSD symptoms (Coventry, et al., 2020; Mavranezouli, et al., 2020). In addition, SSRIs
appear to be mostly effective for treating symptoms related to mood but not as much for
specific PTSD symptoms (Alexander, 2012; Bryant, 2019). Nevertheless, despite a smaller
effect, the clinical importance of pharmacological interventions should not be
underestimated (Cipriani, et al., 2018), in particular for individuals who have no access to, are

not willing to undertake or are not ready (yet) for psychological interventions.
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Both psychological and pharmacological interventions come with several limitations. First, the
efficacy rate for psychological and pharmacological interventions shows that not all
individuals with PTSD benefit (as much) from a treatment. For example, 41-95% of individuals
lost their PTSD diagnosis after prolonged exposure therapy (Watkins, et al., 2018), 30-97%
after cognitive processing therapy (Watkins, et al., 2018), and 61-82.4% after CBT. As
described by Berger et al. (2009), approximately 60% of individuals experience a reduction in
PTSD symptoms after SSRI treatment and 20-30% lost their diagnosis. Likewise, 78% of those
treated with venlafaxine showed reductions in symptoms, and 40.4% lost their diagnosis after
treatment (Berger, et al., 2009). Also, the drop-out rate and risk of relapse are of concern. For
example, drop-outs for sertraline and paroxetine were higher than placebo (Cipriani, et al.,
2018). Similarly, the more effective trauma-focused psychological interventions have also
shown higher dropout rates in comparison to non-trauma focused interventions, with
approximately one third of individuals dropping out of treatment, with a large proportion
(16%) of patients dropping out prior to attending the first treatment session and the majority
dropping out within their first half of treatment (Gutner, Gallagher, Baker, Sloan, & Resick,
2016). In addition, not all patient groups benefit equally from the interventions. For example,
it has been found that sertraline (SSRI) is not as effective in males than in females (John H.
Krystal, et al., 2017), and appears to be not (or not as) effective in combat veterans (John H.
Krystal, et al., 2017). Likewise, psychotherapy has found to be not as effective in military

populations (Haagen, Smid, Knipscheer, & Kleber, 2015).

Treatment guidelines may benefit from considering individual differences. On average,
individuals with moderate levels of PTSD symptom severity showed better treatment
response than those with low or high severity levels as examined in a military population

(Haagen, et al., 2015). It has also been proposed that individuals with PTSD may benefit from
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different treatments depending on their clinical profile (Friedman, 2016; Friedman &
Bernardy, 2017). For example, Friedman proposes that individuals with PTSD dysphoria type
may respond better to SSRIs and SNRIs in comparison to those with dissociative symptoms
(Friedman & Bernardy, 2017). Further, individuals with PTSD often have comorbidities,
including cardiovascular, respiratory, gastrointestinal, inflammatory and autoimmune disease
(Neigh & Ali, 2016), as well as psychiatric conditions. Approximately 59% of men and 44% of
women diagnosed with PTSD meet the criteria for three or more other psychiatric conditions,
such as major depressive disorder, anxiety disorder and substance use disorder (Brady, et al.,
2000). These comorbidities along with their treatment may interfere with treatments for
PTSD. Variability in treatment efficacy may also relate to the timing of the treatment since
exposure to the trauma. Some studies have shown reduced treatment response for those
with longer time between the trauma and treatment (cognitive therapy) (Ehlers, et al., 2013),
whereas another study showed an increased treatment response (SSRI) for those with longer
time since the trauma (Nghr, et al., 2021). Understanding the factors contributing to
treatment success is vital for the exploration of new treatments and more detailed guidelines

for current approved treatments.

Current treatment approaches have been expanded on with the aim to improve treatment
success. For example, combining treatments such as SSRI and mirtazapine (Schneier, et al.,
2015) has shown better outcomes than SSRI combined with placebo, i.e., greater remission
rate and reduced depressive symptoms. Likewise, combining pharmacological with
psychological interventions has been explored. For example, combining SSRI with prolonged
exposure therapy (Rauch, et al., 2019). However, no additional improvements were found for
the group with the combined intervention, compared to SSRI or prolonged exposure therapy

alone. The option of SSRI after non-responsiveness to CBT, or vice versa (Friedman & Bernardy,
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2017) has also been explored, whereas others have examined whether pharmacological
treatment before CBT intervention can enhance psychological interventions, but results have
been mixed. These findings have confirmed the need for novel strategies, including better-

targeted pharmacological treatment.

5. Psychedelics and substance assisted psychotherapy

Fueling what could be considered as a paradigm shift for modern psychiatric, evidence is
accumulating suggesting that alternative pharmacological treatments, most notably
psychedelic drugs and other non-conventional substances, could hold significant therapeutic
benefits in mental health disorders. A renaissance of research into compounds such as
psilocybin, lysergic acid diethylamide (LSD), cannabinoids, ketamine and 3,4-
methylenedioxymethamphetamine (MDMA), most notably into their application to assist
with psychotherapy for mental health conditions, including PTSD, has begun to unlock their
distinct potential. However, their use is still limited by considerable legal obstacles and lack
of social acceptance, problems that are exacerbated by near absent funding for research into
their medical use. Despite these limitations, recent clinical trials support the application of
psychedelic drugs for the treatment of anxiety (Griffiths, et al., 2016), depression (Davis, et
al., 2021) and PTSD (Mithoefer, et al., 2019). There are different classes of drugs that share
the ability to induce profounds alterations in consciousness as well as significant somatic,
perceptual, cognitive and emotional changes, and do so via diverse neuropharmacological
mechanisms of action that need to be considered (Garcia-Romeu, Kersgaard, & Addy, 2016).
These include classic psychedelics, such as LSD, psilocybin and dimethyltryptamine (DMT),
which are partial or full agonists at serotonergic 5-HT2A  receptors,

empathogens/entactogens, such as MDMA, whose main mechanism of action is to increase
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release and/or block the reuptake of monoamines, and dissociative drugs, such as ketamine,

which are mainly antagonists at the NMDA receptor (fig 3).

Ketamine
Antagonist at NMDA MDMA
Indirectly stimulates AMPA ~..._ Blocks SERT, NET, DAT
" Blocks VMAT2
Agonist at 5SHT1A, SHT2A

Cannabis 8
Agonist at CB1, CB2

LSD _ Psilocybin

Agonist at SHT1A, SHT2C, D1, D4 Agonist at 5SHT2A, S5HT1A, 5HT2C

Partial agonist at SHT2A, 5HT2B,

D2 Ayahuasca/DMT

Agonist at 5SHT2A
Agonist at D1, TAAR1, 01

Fig. 3. Schematic diagram depicting the main actions of Psilocybin, LSD, Ketamine,
cannabis, Ayahuasca, and MDMA at different synaptic receptors. Psychedelics like
psilocybin, ayahuasca and LSD act mainly by agonism at 5SHT2A receptors. MDMA acts at
both pre and post synaptic sites to stimulate monoaminergic neurotransmission. Ketamine
mainly acts as NMDA antagonist but also stimulates synaptic plasticity by agonism at AMPA
receptors. Cannabis mainly acts as agonist at CB1 receptors. Abbreviation: LSD, Lysergic
acid diethylamide; MDMA, 3,4-methylenedioxymethamphetamine; DMT-
Dimethyltryptamine); SERT, Serotonin transporter; NET, Norepinephrine transporter; DAT,

Dopamine transporter; VMAT, Vesicular monoamine transporter; NMDA, N-methyl-D-

5.1 Psilocybin

Psilocybin (4-phosphoryloxy-N,N-dimethyltryptamine) is a prodrug that is metabolized in the
liver into the 5-HT2A, 5-HT1A and 5-HT2C receptor agonist, psilocin. As a classic tryptamine-

related drug, psilocybin induces strong perceptual alterations and a wide range of subjective
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and neurophysiological effects. Psilocybin seems to have the ability to modulate bottom-up
emotional reactivity, with effects that include reduced sensitivity to aversive stimulation and
positively modulation of affect (Carhart-Harris, et al.,, 2012; Kraehenmann, et al., 2015).
Psilocybin has been shown to reduce avoidance and increase acceptance and connectedness
(Watts, Day, Krzanowski, Nutt, & Carhart-Harris, 2017) which may reduce PTSD patient’s
resistance to trauma focused psychological interventions. Other broader mental health
benefits which may contribute the therapeutic actions of psilocybin include increase in
emotional empathy (Pokorny, Preller, Kometer, Dziobek, & Vollenweider, 2017) and
insightfulness (Kometer, Pokorny, Seifritz, & Volleinweider, 2015). Psilocybin induced a
mystical-type experience (Griffiths, et al., 2011) which may mediate its improvement in
patients with depression (Roseman, Nutt, & Carhart-Harris, 2017) and reduction of
depression and anxiety in patients with life threatening cancer (Ross, et al., 2016). To what

extent this would contribute to its therapeutic action in PTSD is not fully known.

There is evidence that psilocybin elicits changes in default mode network (DMN) connectivity
(Smigielski, Scheidegger, Kometer, & Vollenweider, 2019), disruption of which, through
developmental trauma, has been linked to the pathogenesis of PTSD (Daniels, Frewen,
McKinnon, & Lanius, 2011). DMN is composed of aspects of medial prefrontal cortex (mPFC),
posterior cingulate cortex, precuneus, medial temporal lobe, and medial and lateral parietal
cortices (Buckner, Andrews-Hanna, & Schacter, 2008). Research suggests that long term
trauma is associated with disruption in DMN connectivity (Akiki, et al., 2018) and contributes
to PTSD symptoms such as hyperarousal and depersonalization/derealization (Tursich, et al.,
2015). Moreover, whilst the amygdala is not normally linked with the DMN state, patients
with PTSD experiencing hyperarousal and hypervigilance exhibit alterations in DMN

functional connectivity that include the amygdala (Akiki, Averill, & Abdallah, 2017; Sripada, et
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al., 2012). In a clinical study in 19 patients with depression, psilocybin administration was
associated with reduced amygdala blood flow and increased connectivity in DMN network
(Carhart-Harris, et al., 2017). In another study on 23 healthy human volunteer, psilocybin
increased connectivity in sensory regions like bilateral occipital cortex, right superior
temporal gyrus, precuneus and the left postcentral gyrus (Preller, et al., 2020). Thus, the
ability of psilocybin to regulate DMN activity could provide a top-down mechanism for the

modulation of negative affect in PTSD.

Psilocybin has been shown to increase neural plasticity by increasing neurogenesis,
spinogenesis, and synaptogenesis in both in vivo and vitro models (Ly, et al., 2018). The
increase in synaptic plasticity may enhance memory extinction as low dose of psilocybin
increased hippocampal neurogenesis and facilitated extinction of cued fear conditioning in
mice (Catlow, Song, Paredes, Kirstein, & Sanchez-Ramos, 2013). Moreover, increase in
synaptic plasticity may reverse the stress induced changes in prefrontal cortex and contribute
to the antidepressant action of psilocybin in PTSD (Arnsten, 2009). Further, psilocybin
decreased (Kraehenmann, et al., 2015) the amygdala hyperreactivity seen in patients with
PTSD (Francati, Vermetten, & Bremner, 2007). Although current studies are very limited in
scope, these preliminary observations support the potential application of psilocybin in the

treatment of PTSD.

5.2LSD

LSD is a semi-synthetic product of lysergic acid that exhibits complex pharmacology including
agonism at serotonergic systems, particularly at 5-HT,a receptors, as well as actions at
dopaminergic and adrenergic receptor sites (Halberstadt, 2015; Passie, Halpern, Stichtenoth,
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Emrich, & Hintzen, 2008; Titeler, Lyon, & Glennon, 1988). LSD increased neuroplasticity in in
vivo and in vitro preclinical models (Ly, et al., 2018) as well as increased blood plasma BDNF
levels in humans (Hutten, et al., 2021). Whether this enhanced neuroplasticity contributes to
increase fear extinction in LSD assisted psychotherapy need to be evaluated in PTSD patients.
The predominant effects induced by LSD include visual hallucinations, audiovisual synesthesia,
altered sensorimotor gating, positively experienced derealisation and MDMA-like
empathogenic effects that could prove useful in clinical settings (Schmid, et al., 2015). Despite
promising research in the 1950s and 1960s examining the efficacy of LSD in the treatment of
a myriad of conditions, including addictive disorders (Smart, Storm, Baker, & Solursh, 1966)
and cancer-related anxiety (Grof, Goodman, Richards, & Kurland, 1973), clinical research into
the therapeutic applications of LSD virtually dried up in the ensuing years. In more recent
times, however, additional studies have again yielded encouraging results, with a double-
blind, randomised, active placebo-controlled pilot study evaluating the effects of LSD-assisted
psychotherapy in 12 patients with anxiety associated with life-threatening diseases. The
results showed reductions in both state and trait anxiety at the 2-month follow-up (Gasser,
et al., 2014). At the 12-month follow-up, these authors reported enhanced perceived quality
of life in such patients and a persistent decrease in anxiety measures which may have been
facilitated by better access to, and confrontation of, the patient’s emotions and
understanding of their personal situation (Gasser, Kirchner, & Passie, 2015). Although no
studies have investigated the potential of LSD for the treatment of PTSD, recent studies
warrant further investigation into such potential. Mueller et al. (2017) used fMRI to measure
the brain activity in response to fearful stimuli in 20 healthy individuals after taking 100
micrograms of LSD. LSD administration led to reduced reactivity of the left amygdala and the

right medial prefrontal cortex relative to placebo during the presentation of fearful faces

22



(Mueller, et al., 2017). Further, a recent study suggested that a low dose of LSD increased
amygdala connectivity with the right angular gyrus, right middle frontal gyrus, and cerebellum,
with this increase in amygdala-middle frontal gyrus connectivity strength being positively
correlated with positive mood after taking the drug (Bershad, et al., 2020). These data suggest
that LSD has the ability to dampen amygdala reactivity and alter corticolimbic connectivity,

which could facilitate improved emotional regulation in PTSD.

5.3 Ayahuasca

Ayahuasca is a hallucinogenic decoction that has been used for millennia both socially and as
ceremonial spiritual medicine in several Amazonian regions. Ayahuasca is traditionally
prepared using two plants referred to as Banisteriopsis caapi, which contains monoamine
oxidase inhibitors, and Psychotria viridis, which contains its main hallucinogenic-inducing
ingredient, N,N-dimethyltryptamine (DMT). DMT is a high affinity serotonergic agonist, with
actions at multiple 5-HT receptor sites including what appears to be its primary target, the 5-
HT,a receptor (Keiser, et al., 2009). However, DMT also exerts agonist effects at the trace
amine-associated receptor 1 (TAAR1) (Burchett & Hicks, 2006) and the sigma-1 receptor
(Carbonaro & Gatch, 2016). Experimental data in rats revealed that chronic, intermittent, low
doses of DMT produced an antidepressant-like phenotype and enhanced fear extinction
learning, whilst having no effect on cued or contextual fear memory (Cameron, Benson,
DeFelice, Fiehn, & Olson, 2019). DMT has been shown to enhance plasticity by increasing
dendritic arbor complexity, promote dendritic spine growth, and stimulate synapse formation
(Ly, et al., 2018). This enhanced neuroplasticity in prefrontal cortex may reduce symptoms of

depression in PTSD patients. Specific evidence supporting the beneficial effects ayahuasca
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and DMT in the treatment of trauma-related conditions in humans has shown promise. A
recent retrospective survey of a clinical population of U.S. Special Operations Forces Veterans
who completed a specific psychedelic treatment program involving ibogaine (a psychoactive
indole alkaloid which is extracted from the Tabernanthe iboga rainforest shrub)- and DMT-
assisted psychotherapy over three days, indicated large reductions in retrospective report of
suicidal ideation, cognitive impairment, and symptoms of PTSD and anxiety (Davis, Averill,
Sepeda, Barsuglia, & Amoroso, 2020). Although the study was based on self-reports and
lacked randomisation and blinding and therefore the results can only be considered as
preliminary, this research clearly warrants further investigation. Ayahuasca administration
increased mindfulness-related capacities such as reduction in judgmental processing of
experiences and in inner reactivity (Soler, et al., 2016). Further, ayahuasca increased
psychological flexibility by enhancing creative divergent thinking and reducing convergent
thinking, which may facilitate psychotherapeutic interventions in PTSD (Kuypers, et al., 2016).
Ayahuasca consumption was associated with increased introspection, the ability to process
unconscious psychological material, and emotional catharsis (Loizaga-Velder, 2013) which has
been proposed to reduce avoidance to psychotherapeutic interventions and increased
extinction of conditioned fear memory (Luciano, et al.,, 2013). It has been argued that
ayahuasca/DMT exposure may facilitate retrieval and destabilisation of traumatic memories
that would otherwise be repressed. In turn, the reprocessing of such traumatic events
through drug-induced mystical experiences may contribute to the update of the memory,
which would be subsequently loaded and stored with new affective significance, thus
triggering emotional stabilisation (Inserra, 2018). This hypothesis, which requires further

investigation, suggests that ayahuasca/DMT, and potentially other psychedelic drugs, may
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exert neuropharmacological actions that align with the principles of memory consolidation

and reconsolidation theory (Yehuda and LeDoux, 2007; Johnson et al, 2009).

5.4 Cannabis

Another psychoactive substance of interest as a candidate for the treatment of PTSD is A°-
tetra-hydrocannabinol (THC), the cannabinoid primarily responsible for the effects of
cannabis. Cannabis sativa (cannabis) is among the oldest of cultivated plants known to
mankind for its medicinal properties and significant role in the religious and ceremonial
activities of many cultures. The CB1 receptor, a G-protein coupled receptor, is the primary
target of THC in the nervous system. Downregulation of the CB1 receptor has been associated
with exposure to chronic stress (Morena, Patel, Bains, & Hill, 2016) and several lines of
evidence suggest that activation of the CB1 receptor modulates fear memories in humans and
experimental animals and could therefore provide relief for the symptoms of PTSD. Indeed,
experimental models have shown that CB1 receptor activation modulates the reconsolidation
of fear memory traces. THC, alone and combined with cannabidiol, disrupted the
reconsolidation of a contextual fear memory in rats, resulting in reduced long-term
conditioned freezing expression (Stern, et al., 2015). Moreover, infusions of the CB1 agonist,
WIN55212-2, into the amygdala after memory reactivation blocked reconsolidation of fear
memory, with this effect being blocked by AM251, a specific CB1 receptor antagonist (Lin,

Mao, & Gean, 2006).
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A possible additional role of the CB1 receptor is to facilitate fear extinction processes.
Injections of WIN55212-2 into the nucleus accumbens (Korem, Lange, Hillard, & Akirav, 2017),
of CP55940 into the retrospenial cortex (Sachser, Crestani, Quillfeldt, Mello, & de Oliveira
Alvares, 2015), and of cannabidiol into the infralimbic cortex (Do Monte, Souza, Bitencourt,
Kroon, & Takahashi, 2013), all facilitated fear extinction in rodents whereas administration of
CB1 antagonist rimonabant disrupted extinction learning in mice (Niyuhire, et al., 2007).
Similarly, in humans, exposure to THC and other related cannabinoids produced effects that
are consistent with an effective modulation of fear and trauma-related memories. Rabinak et
al. (2013) used a randomised, double-blind, placebo-controlled study involving a Pavlovian
fear extinction paradigm to test the effects of oral dronabinol (synthetic THC), showing that
dronabinol prevented the recovery of fear when tested 24 h after extinction (Rabinak, et al.,

2013). Similarly, administration of D9-tetrahydrocannabinol (THC) in PTSD patients enhanced

extinction of memories induced by Pavlovian fear learning paradigm. PTSD patients who
received THC showed significantly lower skin conductance response when exposed to
conditioned stimulus (Rabinak, et al., 2018). An open labelled study on 150 PTSD patients
showed that patients using dispensary obtained cannabis were 2.57 times more likely to no
longer meet DSM-5 criteria for PTSD at the end one year study period compared to patients

who did not use cannabis (Bonn-Miller, et al., 2020).

Further, fMRI studies have demonstrated reduced activation of the amygdala in response to
social threats following treatment with THC (Phan, et al., 2008). It is important to note that
neuroimaging studies have also revealed differences in the density of CB1 receptors and

anandamide signalling in PTSD patients (Hauer, et al., 2013; Neumeister, et al., 2013) and,
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critically, that cannabinoids can indeed reduce the symptomatology of PTSD, including overall
symptom severity, sleep quality, treatment-resistant nightmares, and hyperarousal
symptoms (Fraser, 2009; Greer, Grob, & Halberstadt, 2014; Roitman, Mechoulam, Cooper-
Kazaz, & Shalev, 2014). The subtype of cannabinoid receptors CB2 has been linked to
neuroinflammation which is another mechanism interfering with fear memory extinction.
This has been discussed in subsequent sections. Taken together, data from both animal and

human studies strongly support the candidacy of cannabinoids for the treatment of PTSD.

5.5 Ketamine

Ketamine, an N-methyl-D-aspartate-receptor receptor antagonist, is commonly used as
anaesthetic. Recent evidence suggests that ketamine can have a rapid and robust
antidepressant effect in patients with treatment-resistant depression (Fond, et al., 2014;
Wilkinson, et al., 2018). Intranasal esketamine was recently (March 5, 2019) approved by the

FDA for treatment-resistant depression.

There has been a significant increase in effort globally on the development of ketamine for
PTSD treatment. It has been studied as both monotherapy and in combination with
psychotherapy. In a randomised double blind clinical trial, a single 1V infusion of ketamine
significantly reduced the symptoms of PTSD after 24 hours when compared with IV
midazolam (Feder, et al., 2014). As with depression single dose administration of ketamine
lead to short-term improvement. However, in an open label trial, repeated infusion of IV
ketamine (six doses over 12 days) rapidly improved the symptoms of PTSD, and the effect was
maintained up to 41 days (Albott, et al., 2018). When combined with a mindfulness-based
cognitive therapy, single IV infusion of 0.5 mg/kg ketamine produced a significantly more
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sustained response in reduction of CAPS-IV PTSD symptoms compared to therapy alone in
patients with refractory PTSD (Pradhan, et al., 2017). Patients were asked to recall the
traumatic memories which was followed by ketamine infusion. Mindfulness exercise was
practiced during the infusion to enhance trauma memory extinction and incorporate calming

memories through reconsolidation.

The mechanisms by which ketamine benefits PTSD patients are still being explored. One
possible explanation is the disruption of trauma associated memory. Like disorders of
addiction (Lee, Milton, & Everitt, 2006a) PTSD could be thought of a disorder of memory.
Experimental data in human subjects suggest that individuals with PTSD have an exaggerated
acquisition of conditioned fear, known as ‘fear load’, compared to control subjects (S. D.
Norrholm, et al., 2011), suggesting an intrinsic facilitation of conditioned fear memory. This
increased fear encoding is linked to amygdala-dependent physiological processes and
neuronal overactivity within the amygdala (L. R. Johnson, J. McGuire, R. Lazarus, & A. A.
Palmer, 2012; McGuire, et al., 2013). Ketamine was shown to rapidly increase synaptic and
neuronal plasticity (Ly, et al., 2018) and increase extinction of fear memory by increasing
mTORC1 signalling in rats (Girgenti, Ghosal, LoPresto, Taylor, & Duman, 2017). Ketamine
rapidly reversed the decrease in synaptic proteins expression, spine number and excitatory
postsynaptic currents in layer V pyramidal neurons in the prefrontal cortex caused by chronic
unpredictable stress in rats (Li, et al., 2011). It has been proposed that PTSD might be a
synaptic disconnection syndrome and ketamine may work in PTSD by restoring synaptic
connectivity (J. H. Krystal, et al., 2017). Furthermore, evidence suggests retrieval of a long-
term memory can cause reactivation of memory trace and induce a state of instability
requiring restabilization through reconsolidation (Nader, Schafe, & Le Doux, 2000;

Przybyslawski, Roullet, & Sara, 1999). Research in our lab and others have shown that
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pharmacological treatments can impair the reconsolidation of emotional memories when
given in conjunction with the recall of events related to a trauma (Bergstrom, et al., 2013;
Duclot, Perez-Taboada, Wright, & Kabbaj, 2016; Parsons & Ressler, 2013; Ratano, Everitt, &
Milton, 2014). Moreover, fear memory reconsolidation has been shown to depend upon
NMDA receptor activation. In preclinical studies, systemic injection of ketamine has been
shown to disrupt contextual fear memory reconsolidation (Duclot, et al., 2016). Similarly in
addiction models, intraperitoneal administration of ketamine, after re-exposure to a drug-
paired context, disrupted reconsolidation of appetitive memory (Zhai, et al., 2008). Thus,
addition of ketamine in subanesthetic dosage to trauma-focused psychotherapy has been
proposed to offer a long term solution for PTSD by virtue of its action on trauma related

memories (Veen, Jacobs, Philippens, & Vermetten, 2018).

At a behavioural level, psychoactive effects of ketamine especially when given in combination
with psychotherapy may explain its benefits in PTSD patients. Ketamine can cause
hallucinations and sensory distortions to change concept of self and attitude towards self and
others (Krupitsky & Grinenko, 1997). This may lead to an increase in capacity to process
emotions during therapy. The recall of traumatic experience during therapy sessions could be
challenging for PTSD patients. The difficulty with reexperiencing of trauma may lead to
reduced efficacy or treatment dropout for some PTSD patients. Addition of ketamine to

psychotherapy may be able to increase the receptivity of patients to face these challenges.

Dissociative symptoms are the most frequently observed side effects with ketamine; however,
these may be contributing to the effect of ketamine particularly when ketamine is used in
combination with psychotherapy (Krupitsky & Grinenko, 1997; Pradhan, et al., 2017). Other

side effects like transient increase in anxiety and increase in blood pressure and heart rate
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(Feder, et al., 2014) are short lived and can be managed with supportive treatment and

therefore require ketamine to be administered strictly under clinical supervision.

5.6 MDMA

3-4 methylenedioxymethamphetamine (MDMA) is a methamphetamine like synthetic
compound first developed as a haemostatic agent. It was used as an adjunct to therapy in
1970s due to its psychoactive properties. However, after widespread abuse as a party drug,
US DEA placed it under schedule 1 of controlled substance act and its therapeutic use declined.
In the last two decades there has been a resurgence in interest to develop MDMA as aid to
psychotherapy. A recent systematic review of clinical trials of MDMA assisted psychotherapy
has shown moderate evidence for its use in treatment resistant PTSD (Varker, Watson, Gibson,
Forbes, & O’Donnell, 2020). Due to such promising results, US FDA has given breakthrough

therapy designation to MDMA-assisted psychotherapy.

Unlike ketamine, MDMA has been exclusively studied in conjunction with therapy. The first
study after 2000 was conducted in six women with chronic PTSD secondary to sexual assault
(Bouso, Doblin, Farré, Alcazar, & Gémez-Jarabo, 2008). Although this study could not reach
its desirable sample size, it showed that a low dose of MDMA (50 or 75 mg) combined with
psychotherapy sessions was physically and psychologically safe in PTSD patients. A
randomized placebo-controlled trial comparing two sessions of psychotherapy with MDMA
(125 mg plus 62.5 mg optional booster) or placebo showed significant reduction in CAPS
scores from baseline in MDMA group (Mithoefer, Wagner, Mithoefer, Jerome, & Doblin,
2011). In MDMA group 10 of 12(83%) responded to treatment compared to 2 of 8 (25%) in
placebo group. A further analysis showed that this treatment effect was maintained over 3.5
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years (Mithoefer, et al., 2013). In another RCT, 26 veterans and first-responders with PTSD
underwent two sessions of psychotherapy with three different doses of MDMA [30 mg (7), 75
mg (7) or 125 mg (12)] (Mithoefer, et al., 2018). Patients in the 75 mg and 125 mg groups
showed significant reduction in PTSD symptom severity compared to patients in the 30 mg
group. When patients in the 30 mg and 75 mg groups were administered 100-125 MG MDMA
in combination with three therapy sessions, the group that received 30 mg MDMA showed
significant reduction in PTSD symptom severity. These effects were maintained during the 12
months follow-up period. A pooled analysis of six RCTs with 105 patients showed that patients
in MDMA group had significant reduction in PTSD symptom severity compared to the control
group (Mithoefer, et al., 2019). Recently, Mitchell and colleagues’ (2021) conducted a phase
3 randomized clinical trial to test efficacy and safety of MDMA-assisted therapy (n=46)
compared to placebo with therapy (n=44) in chronic PTSD patients. In MDMA-assisted
therapy group, 67% patients no longer met the diagnostic criteria for PTSD whereas on 32%
responded in placebo group at the end of treatment period. MDMA-assisted therapy also

reduced symptoms of depression in PTSD patients (Mitchell, et al., 2021).
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Fig. 4. Therapeutic rationale for the use of psychedelics assisted psychotherapy in PTSD.
This figure illustrates four mechanisms through which MDMA can enhance
psychotherapy.

The neurobiological mechanisms of MDMA involve increase in the level of serotonin in
synapse. Serotonin has been found to reduce fear response during the recall of traumatic
memories and thus increase the effectiveness of psychotherapy by increasing patients’
openness to the intervention (Sessa, 2017) (fig 4). MDMA is also short acting compared to
other psychedelics and does not interfere with cognitive and perceptual abilities of patients
which helps in retaining the memories of therapy experience (Sessa, 2017). Apart from its
indirect impact on trauma memory modification through increase in acceptance of therapy,
MDMA also affects memory directly. MDMA has been shown to enhance fear memory
extinction through activation of 5HT2A receptors in mice (Young, et al., 2017). Furthermore,

it has been proposed that MDMA might be acting through modulation of memory
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reconsolidation during the therapy session (Feduccia & Mithoefer, 2018). PTSD is associated
with increased amygdala reactivity and reduced activation of prefrontal cortex (Dahlgren, et
al., 2018; Francati, et al., 2007). MDMA administration attenuated the increased amygdala
reactivity and enhanced the activation of frontal cortex (Carhart-Harris, et al., 2015; Gamma,
Buck, Berthold, Liechti, & Vollenweider, 2000). A pooled analysis of eight studies in healthy
human subjects showed that MDMA administration significantly increased plasma oxytocin
levels (Vizeli & Liechti, 2018) which may mediate its prosocial effects (Thompson, Callaghan,

Hunt, Cornish, & McGregor, 2007).

The use of MDMA in psychotherapeutic settings has not been associated with serious adverse
events. In phase 3 clinical trial, MDMA was associated mild to moderate side effects which
included muscle tightness, decreased appetite, nausea, hyperhidrosis and feeling cold
(Mitchell, et al., 2021). With respect to cardiovascular safety, MDMA caused a transient
increase in blood pressure and heart rate. MDMA also cause a slight increase in anxiety in

some patients however this could be managed by therapist support (Mithoefer, et al., 2018).

6. Fear memory reconsolidation

The reinvigoration of research into memory reconsolidation from the late 1990s and 2000s
(Nader, Schafe, & Le Doux, 2000; Przybyslawski & Sara, 1997), which has identified theoretical
and practical strategies for the modification memories, has raised hope for the development
of new treatments that target pathological memories in PTSD. Memory reconsolidation
hypothesis states that remembering an event can trigger the associated memory trace to
transfer from a stable into a destabilized state. Once destabilized, the trace can be altered

pharmacologically before its restabilization through memory reconsolidation (Przybyslawski,
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et al., 1999). In the past couple of decades, a number of preclinical and clinical studies have
demonstrated the potential of drugs to disrupt fear memory reconsolidation (Kelly, Laroche,
& Davis, 2003; Ratano, et al., 2014; Walker, Brakefield, Hobson, & Stickgold, 2003; Walsh, Das,

Saladin, & Kamboj, 2018).

Recent evidence suggests that memory is a dynamic process, involving both increases in
strength of memory and updating of its content with new experiences (Fig 5) (Nader, Schafe,
& LeDoux, 2000; Przybyslawski & Sara, 1997). Retrieval of a long term memory can cause
reactivation of the memory trace, and this reactivation involves destabilizing the memory
whereby new protein synthesis is required in order to restabilize the memory through
reconsolidation (Nader, Schafe, & Le Doux, 2000; Przybyslawski, et al., 1999). One explanation
for memory reconsolidation is that it likely evolved to allow the incorporation of new
information into long-term memory. The exploitation of the reconsolidation process could
have enormous implications for treatment of anxiety associated disorders as it may allow for
the disruption of the old, well-established maladaptive memories that contribute to the

persistence of fear memory related disorders (Debiec & Ledoux, 2004).
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Fig. 5. Schematic model of memory re-storage and its inhibition by potential PTSD drugs
during reconsolidation phase.

Molecular mechanisms for fear memory reconsolidation involve protein synthesis through
activation of receptors and intracellular signalling mechanisms (fig 6). Fear memory
reconsolidation requires activation of various receptors followed by activation of protein
kinases and transcription factors and ultimately protein synthesis. The two most studied
receptors in this context are the beta-adrenergic (Debiec & Ledoux, 2004; Huang, Zhu, Zhou,
Liu, & Ma, 2017; Przybyslawski, et al., 1999) and NMDA receptors (Lee, Milton, & Everitt,
2006b), although other receptors such as glucocorticoids (Nikzad, Vafaei, Rashidy-Pour, &
Haghighi, 2011), GABA (Espejo, Ortiz, Martijena, & Molina, 2017), cannabinoid CB1 (Ratano,

et al., 2014) and serotonin (Schmidt, et al., 2017) receptors have also been implicated.

Receptor activation leads to phosphorylation of various protein kinases such as extracellular
signal-related kinase (ERK/MAPK) (Cestari, Costanzi, Castellano, & Rossi-Arnaud, 2006),
protein kinase A (PKA) (Tronson, Wiseman, Olausson, & Taylor, 2006) and mammalian target
of rapamycin (mTOR) (Blundell, Kouser, & Powell, 2008). In turn, protein kinases produce
downstream activation of transcription factors such as cAMP response element binding (CREB)

protein (Tronson, et al., 2012), NF-kB (de la Fuente, Freudenthal, & Romano, 2011), and Zinc

35



D cycloserine

/
NN/I’DAR NR2B : : NMDA R+ MK 801 B-AR<— Propranolol mGIuR
T I B
. AC
Ifenprodil / C;H Clr . cAMP .Q ATP / \
la 1a N ] PI3K "
AMKII
C PKC~— 1y «— PKA /
/’ y mTOR Synaptic
FIBEEEET - Proteasome MEK Rapamycin l Remodelling
Inhibitors
I p70S6K
Memory
Scaffolding Reconsolidation
Protein

Degradation

) CREB >
l Mh 812 9Zif cle Q Protein | Protein
\ Memory

Svnthesis Synthesis
{esmbilization Zif268 mRNA/ ' j Inhibitors

Fig. 6. Molecular mechanisms of memory destabilization/reconsolidation and potential drug
targets for PTSD. Molecular pathways (black arrows), pharmacological inhibition (red arrows),

pharmacological stimulation (green arrow).

Finger Transcription Factor (Zif 268) (Lee & Hynds, 2013). Transcription of these genes leads
to protein synthesis required for fear memory reconsolidation (Nader, Schafe, & Le Doux,
2000). Delineation of molecular mechanisms has helped to identify various targets to disrupt
the restabilization of fear memory and hence alter the reconsolidation process. Current
evidence for drugs acting on these pharmacological targets to disrupt memory

reconsolidation has been described below (Table 1 and 2).

6.1 B Adrenergic Receptors (B-AR)

Hyperactivity of sympathetic nervous system is one of the characteristic symptoms of PTSD

(Strawn & Geracioti, 2008). PTSD patients have increased cerebrospinal fluid (CSF)
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noradrenaline level compared with healthy subjects (Geracioti, et al., 2001). Noradrenergic
neurons in the locus coeruleus (LC) projecting to the amygdala, prefrontal cortex,
hippocampus, hypothalamus and thalamus, mediate sympathetic response to stress
(Berridge, Schmeichel, & Espana, 2012). Increased input from LC neurons to the amygdala
appears to be responsible for enhanced encoding of traumatic memories in PTSD patients

(Giustino & Maren, 2018).

Noradrenaline is the main catecholamine neurotransmitter involved in autonomic nervous
system response to stress and the beta sub-receptors (B-ARs) play a key role in increasing
strength of memories caused by activation of sympathetic nervous system during traumatic
event (J. L. McGaugh, 2013). The B-AR antagonist, propranolol, has been shown to
consistently block fear memories in various animal models, including passive avoidance,
contextual fear and auditory fear conditioning(Debiec & Ledoux, 2004; Przybyslawski, et al.,
1999; Taherian, et al., 2014). Propranolol disrupted both recent (1 day) and old memories (36
days) as well as weak (2 foot shock) and relatively strong (5 foot shock) memories (Debiec &
Ledoux, 2004; Taherian, et al.,, 2014). Moreover, amnesia caused by propranolol was
maintained 16 days after the injection (Debiec & Ledoux, 2004). However, in another study
propranolol disrupted both cued and contextual fear conditioning but had no effect on
reconsolidation of inhibitory avoidance memory (Muravieva & Alberini, 2010). To account for
this differential effect, the researchers suggested that the amygdala could play a key role in
storage of fear conditioning memories but only modulate the strength of avoidance memory.
These findings suggest that propranolol might have a limited effect on the reconsolidation of

certain types of fear memories, such as inhibitory avoidance.
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Propranolol has been the most commonly used drug for clinical studies using memory
reconsolidation protocols in both healthy human volunteers and PTSD patients (Brunet, et al.,
2008; Brunet, et al., 2018; Kindt, Soeter, & Vervliet, 2009; Schwabe, Nader, Wolf, Beaudry, &
Pruessner, 2012). Because of its relative safety and extensive testing for cardiovascular
indications, it was the first drug to be tested for memory reconsolidation therapy. In healthy
human volunteers, propranolol erased the expression of fear memory while leaving the
declarative memory about the association of cue and aversive stimulus intact (Kindt, et al.,
2009) and this effect persisted even at one month follow up (Soeter & Kindt, 2010). Moreover,
disruption of reconsolidation by propranolol prevented the generalization of fear, which is a
key feature observed in PTSD (Soeter & Kindt, 2011). These results suggest that we can target
a specific emotional memory while avoiding generalized amnestic effects on other important

memories.

Emotionally arousing stimuli activate the noradrenergic system and hence have a higher
chance of being stored in long term memory. The enhance encoding of traumatic memories
can often lead to psychopathologies like PTSD (James L. McGaugh, 2013). Propranolol was
effective in disrupting reconsolidation of memories enhanced by noradrenergic stimulation
(Soeter & Kindt, 2012). It disrupted emotional memory more than a neutral memory
(Schwabe, Nader, & Pruessner, 2013) and was associated with significantly higher activity in
the amygdala and hippocampus during recall (Schwabe, et al., 2012), suggesting that these

brain areas are involved in its effect on reconsolidation.

In a randomized double-blind study involving PTSD patients, propranolol reduced
physiological responding monitored using heart rate, skin conductance, and left corrugator

electromyogram during script driven recall compared to placebo (Brunet, et al., 2008). In
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another randomized clinical trial, propranolol significantly reduced the PTSD symptoms when
compared with placebo, evaluated using the Clinician-Administered PTSD Scale (CAPS) and
the patient-rated PTSD Checklist-Specific (PCL-S) (Brunet, et al., 2018). In a pilot fMRI study
on patients with PTSD, propranolol given prior to traumatic memory reactivation elicited
decreased activation of amygdala and thalamus following the presentation of a threatening

stimuli (Mahabir, Tucholka, Shin, Etienne, & Brunet, 2015).

However, the efficacy of propranolol has not been straightforward in all the studies.
Importantly, propranolol administered with memory reactivation did not improve symptoms
in PTSD patients (Roullet, et al., 2021; Wood, et al., 2015). Propranolol did not prevent the
return of the fear response after re-exposure to threatening stimuli in healthy female
volunteers (Thome, et al., 2016). It failed to disrupt reconsolidation when the strength of the
conditioned stimuli (CS) was enhanced (Spring, et al., 2015) or if the memory was reactivated
seven days after the initial encoding (Tollenaar, Elzinga, Spinhoven, & Everaerd, 2009b).
Propranolol was less effective in disrupting memories in individuals with high trait anxiety
(Soeter & Kindt, 2013) and when no new information was presented during retrieval, and it
only disrupted the memory when the outcome of the retrieval cue was not fully predictable
(Sevenster, Beckers, & Kindt, 2012a). These data suggest that certain boundary conditions
must be met before the memory can be disrupted using propranolol. Moreover, it has been
proposed that memory may not enter a labile state if no new information is presented at the
time of retrieval (Sevenster, et al., 2012a). More work is needed to elucidate how much
influence the boundary conditions such as age and strength of memory and the predictability
of the information during retrieval, have on the effects of propranolol on memory

reconsolidation.
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6.2 NMDA Receptors

Exposure to trauma activates glutamatergic neurons (Chambers, et al., 1999; Hegoburu,
Parrot, Ferreira, & Mouly, 2014). Glutamate mediates synaptic plasticity by stimulating NMDA
receptors in the brain (Bailey, Cordell, Sobin, & Neumeister, 2013; Blair, Schafe, Bauer,
Rodrigues, & LeDoux, 2001). Evidence has shown that increased glutamate input to the
amygdala contributes to the enhanced encoding of traumatic memories seen in PTSD (Arco

& Mora, 2009; Lee & Kim, 1998).

Blockade of NMDAR has been consistently shown to disrupt fear memory reconsolidation.
The NMDAR antagonist, MK-801, disrupted the reconsolidation of contextual fear, inhibitory
avoidance, auditory fear memory and conditioned food aversion (Charlier & Tirelli, 2011;
Einarsson & Nader, 2012; Flint, Noble, & Ulmen, 2013; Lee, et al., 2006b; Nikitin, Solntseva,
Kozyrev, Nikitin, & Shevelkin, 2018). Moreover, post-reactivation inhalation of Xenon
impaired both contextual and cued fear memory reconsolidation, which was ascribe to
antagonism of NMDARs in the hippocampus and amygdala by Xenon (Meloni, Gillis,
Manoukian, & Kaufman, 2014). Similarly, Duclot and collaborators showed that NMDAR
antagonist, ketamine, disrupted contextual fear reconsolidation (Duclot, et al., 2016). In a
pilot clinical study, ketamine was recently shown to reduce harmful drinking by disrupting the
reconsolidation of appetitive memories (Das, et al., 2019). It would be interesting to see if
ketamine has similar effects on fear memory reconsolidation in PTSD patients. Some
researchers have proposed using subanaesthetic dose of ketamine to disrupt fear memories

in PTSD patients (Veen, et al., 2018). However, it should be noted that ketamine is associated
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with side effects such as hallucinations, psychosis, and delirium, which might limit its clinical

application.

Evidence suggests that NMDA N2A receptor subtype is required for restabilization of fear
memory. Intra-BLA administration of NMDA N2A antagonist NVP-AAMO77 before
reactivation of memory reduced the freezing on test day while it did not affect the amnesia
caused by anisomycin suggesting it did not have an effect on memory destabilization but
disrupted the restabilization of reconsolidating memory (Milton, et al., 2013). Furthermore,
administration of NMDA N2A antagonist TCN-201 in nucleus reuniens of thalamus after
memory reactivation disrupted the reconsolidation of fear memory (Troyner & Bertoglio,
2021). This suggests that nonselective NMDA receptor antagonists disrupt fear memory

reconsolidation mainly through their action on NMDA N2A receptors.

6.3 Glucocorticoid Receptors

The hypothalamic-pituitary-adrenal (HPA) axis is a major component of neuroendocrine
response to stress (Prager & Johnson, 2009). In patients with PTSD, some evidence suggests
there may be dysregulation of the HPA axis in mediating the stress response (Aerni, et al.,
2004; Yehuda, 2006; Yehuda, McFarlane, & Shalev, 1998). Studies carried out in emergency
room immediately after trauma exposure suggest that those who have low levels of cortisol
in their blood at the time of the traumatic event are more likely to develop PTSD as compared
to those who do not (Yehuda, et al., 1998). The downregulation of corticotropin-releasing

hormone (CRH) receptor leading to decrease in adrenocorticotropin (ACTH) release from the
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pituitary gland might contribute to hypocortisolism seen in PTSD patients (Yehuda, 2006).
Indeed, administration of cortisol has been shown to reduce symptoms in patients with PTSD
(Aerni, et al., 2004). However, the relationship between cortisol levels and PTSD is still poorly
understood as other studies have found increased plasma and urinary cortisol in PTSD

patients (Delahanty, Nugent, Christopher, & Walsh, 2005; Inslicht, et al., 2006).

The uncertainty surrounding the underlying pathophysiology of PTSD is also reflected in
different preclinical studies in which both an agonist and an antagonist at glucocorticoid
receptor were shown to disrupt fear memory reconsolidation. Injection of GR antagonist,
RU486, in the basolateral nucleus of amygdala impaired the reconsolidation of auditory fear
memory (Jin, Lu, Yang, Ma, & Li, 2007) and the blockade of GR with systemic and intra-
hippocampal injections of RU38486 impaired reconsolidation of memory in an inhibitory
avoidance task (Nikzad, et al., 2011). In contrast, other studies have shown that postretrieval
activation of GR with corticosterone impairs contextual fear memory (Abrari, Rashidy-Pour,

Semnanian, & Fathollahi, 2008; Cai, Blundell, Han, Greene, & Powell, 2006).

In clinical studies, cortisol, but not propranolol, given before the memory reactivation
impaired the subsequent recall of both emotional and neutral information (Tollenaar, Elzinga,
Spinhoven, & Everaerd, 2009a). However, subsequent studies showed that cortisol did not
have any effect on fear memory reconsolidation in women (Meir Drexler, Merz, Hamacher-
Dang, & Wolf, 2016) and even enhanced traumatic memories in men (Drexler, Merz,
Hamacher-Dang, Tegenthoff, & Wolf, 2015). The conflicting findings of agonist and antagonist
at glucocorticoid receptors seen in reconsolidation research are similar to previous research
on memory consolidation (Conrad, et al., 2004; Roozendaal, 2002). Various explanations have

been offered for these discrepancies. For example, in study by Cai et al., the amnesia caused
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by corticosterone was not permanent, that is, it was amenable to reinstatement (Cai, et al.,
2006). This suggests that corticosterone may increase extinction of fear memory rather than
impair memory reconsolidation. Another explanation is that stress caused by drug infusion
might increase cortisol levels and act as a confounding factor (Meir Drexler & Wolf, 2017).
Differences in treatment effects seen in clinical studies for men versus women have been
related to alternating levels of sex hormones in women depending on different phases of the
menstrual cycle or oral contraceptive use, both of which are known to affect fear memory

(Meir Drexler & Wolf, 2017; Milad, et al., 2006).

6.4 GABA Receptors

GABAergic neurons form the main inhibitory pathways in the brain. y-Aminobutyric acid
(GABA) inhibits noradrenergic signalling involved in the stress response. SPECT and PET
studies in patients with PTSD have shown decreased binding of ligands to GABAA receptors
in hippocampus, thalamus and cortex (Bremner, et al., 2000; Geuze, et al., 2008). These
findings suggests that decreased GABAA receptor affinity may be responsible for reduced

inhibitory control in PTSD patients.

In a series of studies, Bustos and colleagues explored the role of the GABA agonist, midazolam,
on fear memory reconsolidation (Bustos, Giachero, Maldonado, & Molina, 2010; Bustos,
Maldonado, & Molina, 2006, 2009). Midazolam was able to disrupt reconsolidation of fear
memory (Bustos, et al., 2006), however, a higher dose of midazolam was needed to disrupt
older memories characteristic in patients with PTSD (Bustos, et al., 2009). Researchers also
found that combining D-cycloserine with midazolam labilized previously resistant memory in
stressed animals making it susceptible to the effect of midazolam (Bustos, et al., 2010; Espejo,
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Ortiz, Martijena, & Molina, 2016). A similar study exploring the role of D-cycloserine and
midazolam on contextual fear memory reconsolidation in ethanol withdrawn rats did not
yield positive results (Ortiz, Giachero, Espejo, Molina, & Martijena, 2015). However, this
finding could have been due to decreased expression of the al GABAA-R subunit in
basolateral amygdala following ethanol consumption/withdrawal (Ortiz, et al., 2015). Overall,
these results suggest that GABA receptors could be important drug targets for future clinical

studies.

6.5 Serotonin Receptors

Serotonin (5-Hydroxytriptamine, 5-HT) is recognized as an important neuromodulator of
learning and memory processes (Ogren, et al., 2008) in addition to being a strong regulator
of mood. The role of 5-HT in learning and memory is complex and depends on the receptor
targeted. This complexity is linked to the large family of 5-HT receptors (Hoyer, Hannon, &
Martin, 2002) and the interactions of 5-HT with other neurotransmitter systems. Acute
tryptophan depletion, which reduces brain 5-HT, has been shown to impair memory

consolidation (Mendelsohn, Riedel, & Sambeth, 2009).

Recently, the role of 5-HT in memory reconsolidation has also been examined, with direction
and effectiveness of modulation depending on the receptor subtype being targeted.
Serotonin receptor modulators were shown to disrupt reconsolidation of contextual fear,
object recognition and conditioned food aversion memories (Balaban, Vinarskaya, Zuzina,
lerusalimsky, & Malyshev, 2016; Deryabina, Muranova, Andrianov, & Gainutdinov, 2018;
Morici, et al., 2018; Nikitin, et al., 2018; Schmidt, et al., 2017). A 5-HT5A antagonist and a 5-
HT6 agonist disrupted contextual fear memory reconsolidation while a 5-HT7 antagonist

enhanced it (Schmidt, et al., 2017). In another experiment, depletion of serotonergic neurons
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with the neurotoxin, 5,7-DHT (5,7-dihydroxytryptamine), and nonselective serotonin receptor
blockade with mianserin both prevented the reconsolidation of context memory (Balaban, et
al., 2016). 5-HT2aR antagonist infusions into the mPFC disrupted object recognition memory
(Morici, et al., 2018) whereas intrahippocampal administration of a 5-HT5A antagonist
impaired contextual fear memory in Wistar rats (Schmidt, et al., 2017). Researchers used the
terrestrial snail, Helix locorum, to study the effect of impairment of serotonergic transmission
of memory reconsolidation. Intracoelomic injections of serotonin synthesis blocker, para-
chlorophenylalanine or the 5-HT receptor antagonist, methiothepin, blocked reconsolidation
of contextual fear and conditioned food aversion memories, respectively (Deryabina, et al.,
2018; Nikitin, et al., 2018). These results suggest that although the effect on fear memory
could be receptor specific, the generalised blockade of serotonergic transmission seems to

disrupt memory reconsolidation.

6.6 Endocannabinoid receptors

The endocannabinoid signalling system plays a crucial role in the consolidation of fear
memory (P. Campolongo, et al.,, 2009; Hauer, et al., 2011). Endocannabinoids increase
glucocorticoid mediated consolidation of memory in rat basolateral amygdala (Patrizia
Campolongo, et al., 2009). Moreover, increased CB1 receptor expression in amygdala was

shown to potentiate fear conditioning in rats (P. Campolongo, et al., 2009).

The involvement endocannabinoid system in fear memory reconsolidation is complex with
both agonists and antagonists at endocannabinoid receptors (CB) disrupting fear memory (de
Oliveira Alvares, Pasqualini Genro, Diehl, Molina, & Quillfeldt, 2008; Ratano, et al., 2014). Lin
et al. showed that intra-amygdala administration of CB1 agonists blocked the reconsolidation
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of fear-potentiated startle, while the CB1 antagonist, AM251, prevented this effect in a dose-
dependent manner (Lin, et al., 2006). Similarly, infusion of the CB1 agonist, anandamide, into
the dorsal hippocampus blocked contextual fear memory while AM251 prevented it (de
Oliveira Alvares, et al., 2008). In another study, intra-hippocampal administration of the
cannabinoid agonist, CP55,940, disrupted the reconsolidation of contextual fear memory
(Santana, et al., 2016). In contrast, oral administration of cannabidiol, a non-competitive
antagonist CB1 and CB2 receptors, impaired reconsolidation of fear memory in rats whereas
A9-Tetrahydrocannabinol, a CB1 receptor agonist, did not have any effect in the same study
(Murkar, et al., 2019). In addition, AM251 impaired reconsolidation of auditory fear memory
when administered in rat basolateral amygdala (Ratano, et al., 2014). The difference in route
of administration (Lin, et al., 2006; Murkar, et al., 2019) and dose of the antagonist,
AM251(Lin, et al., 2006; Ratano, et al., 2014), might account for this variation, however more
research is needed to establish the clear role for the endocannabinoid system in fear memory

reconsolidation.

In addition to the neurotransmitter receptor systems discussed above, various intracellular
signalling systems, including various protein kinases and transcription factors, have been

shown to modulate the reconsolidation of fear memories.

6.7 ERK/MAP Kinase

Pharmacological and molecular studies have shown the necessity of ERK/MAPK for
consolidation of memory (Schafe, et al., 2000; Selcher, Atkins, Trzaskos, Paylor, & Sweatt,
1999). Phosphorylation of MAPK following NMDA receptor stimulation leads to activation of
transcription factors like CREB and subsequent protein synthesis essential for synaptic
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plasticity and memory formation (Davis & Laroche, 2006). Previous research from our
laboratory has shown that increased expression of pMAPK in lateral amygdala is associated
with an increase in plasticity for fear memory (Coyner, et al., 2014). Moreover, mice which
showed high fear behaviour had more pMAPK expressing neurons in the lateral amygdala as
compared to mice with low fear behaviour (Coyner, et al., 2014). Using design-based
stereology we showed identical number of neurons in lateral amygdala expressing pMAPK are
involved in fear memory consolidation and reconsolidation which suggest that original fear

memory underwent reconsolidation after reactivation by CS (Bergstrom, et al., 2013).

Various studies have demonstrated the role of MAPK in the reconsolidation of fear memories
(Cestari, et al., 2006; Duvarci, Nader, & LeDoux, 2005; Kelly, et al., 2003). Direct administration
of MEK inhibitors in specific brain areas (intra-BLA, intra-hippocampal) disrupted the
reconsolidation in a model of auditory fear conditioning and inhibitory avoidance (Duvarci, et
al., 2005; Krawczyk, et al., 2015). Furthermore, systemic administration of the MEK inhibitor,
SL327, dose-dependently reduced the reconsolidation of fear memories in C57BL/6 and ERK1
mutant mice (Cestari, et al., 2006). However, despite the early preclinical success of MEK
inhibitors, these compounds have not been tested clinically in PTSD patients. This could be
due to low blood brain barrier penetration of currently approved MEK inhibitors
(Vaidhyanathan, Mittapalli, Sarkaria, & Elmquist, 2014) or apprehension about risk versus

benefit of using anticancer drugs for psychiatric indications (Heinzerling, et al., 2019).

6.8 Protein Kinase A (PKA)

PKAis an important molecular substrate of neuroplasticity. f-AR stimulation increases
cAMP and further activates cAMP-dependent PKA (Lim, et al., 2018). Blockade of PKA

47



disrupted the consolidation of both context and cued fear memory (Schafe, Nadel, Sullivan,
Harris, & LeDoux, 1999) whereas its activation enhanced the memory (Jentsch, Olausson,
Nestler, & Taylor, 2002). Similarly, activation of PKA by intra-amygdala infusion of a PKA
activator increased fear memory expression while PKA inhibitors disrupted the
reconsolidation of fear memory (Tronson, et al., 2006). These findings suggest that both
enhancement and impairment of fear memory reconsolidation can be achieved through

modulation of PKA.

6.9 Mammalian target of rapamycin (mTOR)

The mammalian target of rapamycin (mTOR) kinase mediates synaptic plasticity and memory
storage by regulating protein translation (Hoeffer & Klann, 2010). Modulation of mTOR
pathway has been shown to regulate multiple elements of fear memory in preclinical studies
and in addition has shown treatment efficacy for PTSD. Multiple studies have revealed that
mMTOR inhibitors disrupt the reconsolidation of inhibitory avoidance, contextual fear and
auditory fear memory (Blundell, et al., 2008; Gafford, Parsons, & Helmstetter, 2011; Jobim,
et al., 2012; Mac Callum, Hebert, Adamec, & Blundell, 2014). Rapamycin was most commonly
administered as mTOR inhibitor either intracerebrally (Gafford, et al., 2011; Jobim, et al., 2012)
or through systemic route (Blundell, et al., 2008; Mac Callum, et al.,, 2014). Infusion of
rapamycin in the dorsal hippocampus immediately after reactivation disrupted
reconsolidation of contextual fear memory (Gafford, et al., 2011) while infusions into the BLA
and dorsal hippocampus inhibited reconsolidation of inhibitory avoidance memory (Jobim, et
al., 2012). Systemic administration of rapamycin impaired auditory fear memory

reconsolidation (Mac Callum, et al., 2014) and contextual fear memory (Blundell, et al., 2008).
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However, systemic administration of rapamycin was only able to disrupt reconsolidation of
contextual, but not auditory fear memory which might limit the clinical utility of mTOR

inhibitors in PTSD (Glover, Ressler, & Davis, 2010).

In a double-blind, placebo-controlled pilot study, rapamycin was tested in veterans with PTSD
(Suris, Smith, Powell, & North, 2013). Although there was no overall difference between
groups on PTSD symptoms, data showed that in veterans who had more recent combat
trauma rapamycin significantly improved symptoms as compared to control group (Suris, et
al., 2013). This suggest that recent traumatic memories may be more amenable to disruption

by rapamycin.

6.10 Transcription factors

Amongst the transcription factors, cAMP response element-binding protein (CREB) and
nuclear factor kappa B (NF-kB) inhibit fear memory reconsolidation. Most of the kinases
discussed above act on these transcription factors to induce protein transcription.
Phosphorylation of PKA leads to the activation of downstream CREB. While CREB levels are
increased after reactivation of memory (Han, et al., 2008), its inhibition was shown to impair
auditory fear memory reconsolidation (Tronson, et al., 2012). Intrahippocampal
administration of NF-kB inhibitor disrupted the reconsolidation of inhibitory avoidance
memory (Boccia, et al., 2007) and also contextual fear memory (de la Fuente, et al., 2011). Si
and colleagues (2012) also explored the role of NF-kB in auditory fear memory reconsolidation.
Intra-BLA administration of sulfasalazine, an inhibitor of kB kinase that activates NF-kB and
SN50, a direct inhibitor of the NF-kB DNA-binding complex, impaired auditory fear memory
reconsolidation (Si, et al., 2012). Researchers also found that sodium butyrate, a histone

deacetylase inhibitor, given prior to NF-kB inhibition, prevented the disruption of auditory
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fear memory reconsolidation, suggesting that the interaction between histone deacetylation
and NF-kB in regulating transcription of protein is required for memory storage (Si, et al.,

2012).

6.11 Protein synthesis and protein degradation

Memory formation is associated with a change in synaptic strength which requires new
protein synthesis (Huang, Martin, & Kandel, 2000; Mayford, Siegelbaum, & Kandel, 2012).
Protein synthesis inhibitors have been known to disrupt the consolidation of memory
(Barondes & Cohen, 1966; Flexner, Flexner, & Roberts, 1966; Schafe, et al., 1999). They were
amongst the first class of drugs shown to disrupt fear memory reconsolidation. In a seminal
paper, Nader and colleagues demonstrated that anisomycin, a protein synthesis inhibitor
when given after reactivation of memory in rats was able to disrupt auditory fear memory
(Nader, Schafe, & Le Doux, 2000). Since then protein synthesis inhibitors were shown to
inhibit contextual fear memory and inhibitory avoidance memory reconsolidation (Debiec,
LeDoux, & Nader, 2002; Einarsson & Nader, 2012; Pedroso, et al., 2013). Moreover, even
extinguished memories were susceptible to disruption by protein synthesis inhibitors (Duvarci,

Mamou, & Nader, 2006).

The disruption of fear memory reconsolidation with protein synthesis inhibitors is not always
replicable. For example, anisomycin when injected into the hippocampus either failed to
disrupt memory reconsolidation (Power, Berlau, McGaugh, & Steward, 2006) or the memory
returned after 21 days (Lattal & Abel, 2004). These results highlight the role of boundary
conditions such as adequate labilization of memory, and the dose and route of the drug
administered. Anisomycin when administered into the hippocampus did not inhibit

reconsolidation of inhibitory avoidance memory but in the same study the systemic injection
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of anisomycin was able to (Taubenfeld, Milekic, Monti, & Alberini, 2001). Inhibition of protein
synthesis is an ultimate step underlying the effect of all the previously mentioned drugs on
memory reconsolidation. However, protein synthesis inhibitors like anisomycin are unlikely

to be tested clinically in PTSD patients due to their toxicity.

Recent evidence suggests that apart from protein synthesis, protein degradation which
requires the ubiquitin-proteasome system is involved in fear memory reconsolidation.
Administration of proteasome inhibitor (B lactacystin) which inhibits protein degradation in
amygdala, impaired the consolidation of auditory and contextual fear memories (Jarome,
Werner, Kwapis, & Helmstetter, 2011) and its administration in hippocampus was shown to
inhibit reconsolidation of contextual fear memories (J. Lee, 2010). Furthermore, protein
degradation increased following memory retrieval and administration of inhibitor of protein
degradation with anisomycin after retrieval of auditory and contextual fear memories
prevented the memory disruption caused by anisomycin (Jarome, et al., 2011; S.-H. Lee, et al.,
2008) which suggests the protein degradation controls destabilization of fear memories.
Lastly, it was shown that protein degradation caused by memory retrieval is influenced by
NMDA receptor activity as administration of NMDAR NR2B inhibitor, ifenprodil, following fear
memory retrieval significantly reduced protein degradation in amygdala (Jarome, et al., 2011).
This suggests that both protein synthesis and protein degradation mediate fear memory

reconsolidation and are regulated upstream via NMDA receptor activity.

Table 1: Summary of preclinical studies on pharmacological disruption of memory

reconsolidation
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Molecular | Behavioural | Drug used Mech. of Route of Effect | Reference
Target Paradigm action administrati
on
NMDA Contextual MK801 Antagonist | Systemic + (Charlier &
Receptors fear memory Tirelli, 2011)
Xenon Antagonist | Inhalation + (Meloni, et
al., 2014)
Ketamine Antagonist | Systemic + (Duclot, et
al., 2016)
Auditory fear | MK801 Antagonist | Systemic + (Lee, et al.,
memory 2006b)
Xenon Antagonist | Inhalation + (Meloni, et
al., 2014)
Inhibitory MK801 Antagonist | Systemic + (Flint, et al.,
avoidance 2013)
B Contextual Propranolol Antagonist | Systemic + (Taherian, et
Adrenergic | fear memory al., 2014)
Receptors Propranolol Antagonist | Systemic + (Muravieva
& Alberini,
2010)
Auditory fear | Propranolol Antagonist | Systemic + (Debiec &
memory Ledoux,
2004)
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Propranolol Antagonist | Systemic (Muravieva
& Alberini,
2010)
Inhibitory Propranolol Antagonist | Systemic (Przybyslaws
avoidance ki, et al,
1999)
Propranolol Antagonist | Systemic (Muravieva
& Alberini,
2010)
Glucocortic | Contextual Corticostero | Agonist Systemic (Abrari, et
oids fear memory | ne al., 2008;
Receptors Cai, et al,,
2006)
Auditory fear | RU486 Antagonist | Intra-BLA (Jin, et al.,
memory 2007)
Inhibitory RU38486 Antagonist | Systemic and (Nikzad, et
avoidance Inta- al., 2011)
hippocampal
GABA Contextual Midazolam Antagonist | Systemic (Bustos, et
Receptors fear memory al., 2006,
2009)
DCS+ NR2B Systemic (Bustos, et
Midazolam agonist + al., 2010)
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DCS+ GABA Systemic (Ortiz, et al.,
Midazolam antagonist 2015)
Serotonin Contextual SB-699551 5-HT5A Intra- (Schmidt, et
Receptors fear memory receptor hippocampal al., 2017)
antagonist
WAY-208466 | 5-HT6 Intra-
receptor hippocampal
agonist
Mianserin, Nonselectiv | Intracoelomi (Balaban, et
Methioptin e 5HT | c injection in al., 2016;
receptor snail Nikitin, et al.,
antagonist 2018)
P- S5HT Intracoelomi (Deryabina,
Chlorphenyla | synthesis c injection in et al., 2018)
nine blocker snail
Endocanna | Contextual Anandamide | CB1 agonist | Intra- (de Oliveira
binoid fear memory hippocampal Alvares, et
receptors al., 2008)
CP55,940 CB1 agonist | Intra- (Santana, et
hippocampal al., 2016)
Auditory fear | Anandamide | CB1 agonist | Intra-BLA (Lin, et al.,,
memory 2006)
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AM251 CcB1 Intra-BLA (Ratano, et
antagonist al., 2014)
ERK/MAP Auditory fear | SL327 MEK Systemic (Cestari, et
Kinase memory inhibitor al., 2006)
uo126 MEK Intra-BLA (Duvarci, et
inhibitor al., 2005)
Inhibitory PD098059 MEK Intra- (Krawczyk,
avoidance inhibitor hippocampal et al., 2015)
Protein Auditory fear | Rp-cAMPS Inhibitor Intra-BLA (Tronson, et
Kinase A memory al., 2006)
mTOR Contextual Rapamycin Inhibitor Systemic (Blundell, et
fear memory al., 2008)
Rapamycin Inhibitor Systemic (Glover, et
al., 2010)
Rapamycin Inhibitor Intra- (Gafford, et
hippocampal al., 2011)
Auditory fear | Rapamycin Inhibitor Systemic (Mac Callum,
memory et al., 2014)
Rapamycin Inhibitor Systemic (Glover, et
al., 2010)
Inhibitory Rapamycin Inhibitor Intra-BLA (Jobim, et
avoidance and al., 2012)
Intra-
hippocampal
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Transcripti | Contextual NF-kB decoy | NF-kB Intra- (de la
on factor fear memory | oligonucleoti | inhibitor hippocampal Fuente, et
de al., 2011)
Auditory fear | SN50 NF-kB Intra-BLA (Si, et al,
memory inhibitor 2012)
HSV-mCREB | Viral vector | Intra-BLA (Tronson, et
to block al., 2012)
CREB
Inhibitory NF-kB decoy | NF-kB Intra- (Boccia, et
avoidance oligonucleoti | inhibitor hippocampal al., 2007)
de
Protein Contextual Anisomycin Inhibitor Intra- (Debiec, et
synthesis fear memory hippocampal al., 2002)
Anisomycin Inhibitor Intra-ACC (Einarsson &
infusions Nader, 2012)
Auditory fear | Anisomycin Inhibitor Intra-BLA (Nader,
memory Schafe, & Le
Doux, 2000)
Anisomycin Inhibitor Intra-BLA (Duvarci, et
al., 2006)
Inhibitory Cycloheximid | Inhibitor Intra-BLA (Pedroso, et
avoidance e al., 2013)
Anisomycin Inhibitor Intra- (Power, et
hippocampal al., 2006)
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Table 2: Summary of clinical studies on pharmacological disruption of memory

reconsolidation

following treatment
e Reduced fear

generalization

Molecular | Study Sample | Treatment Effect | Remarks Reference
Target Participants | Size
(n)
B Healthy 20 Propranolol + e Reduced eyeblink | (Kindt, et al.,
Adrenergic | volunteers 40 mg startle reflex | 2009)
Receptors following treatment
Healthy male 26 Propranolol - e No effect on of | (Tollenaar, et
volunteers 80 mg emotional and | al., 2009a)
neutral memory
Healthy 20 Propranolol + e Reduced eyeblink | (Soeter &
volunteers 40 mg startle reflex | Kindt, 2010)
following treatment
e Effect maintained
after 1 month
e No change in
declarative memory
Healthy 20 Propranolol + e Reduced eyeblink | (Soeter &
volunteers 40 mg startle reflex | Kindt, 2011)
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Healthy 20 Yohimibine e Reduced eyeblink | (Soeter &
volunteers 20 mg startle reflex | Kindt, 2012)
before following treatment
acquisition,
Propranolol
40 mg
Healthy 12 Propranolol e Reduced recall of | (Schwabe, et
volunteers 40 mg emotional stimuli | al., 2012)
compared to neutral
stimuli
e |Increased activity in
amygdala and
hippocampus
Healthy 18 Propranolol e No effect on | (Sevenster,
volunteers 40 mg memory without | etal., 2012a)
prediction error
during retrieval
e Reduced memory
recall if prediction
error during retrieval
Healthy 12 Propranolol e Reduced recall of | (Schwabe, et
volunteers 40 mg emotional stimuli | al., 2013)

compared to neutral

stimuli
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Healthy 24 Propranolol No effect on skin | (Spring, et
volunteers 40 mg conductance rate | al., 2015)
following recall of
negative stimuli
Healthy 20 Propranolol No effect on skin | (Thome, et
female 40 mg conductance  rate | al., 2016)
volunteers following recall of
negative stimuli
Chronic PTSD 9 Propranolol Reduced physiologic | (Brunet, et
patients 60 mg responses  during | al., 2008)
mental imagery of
personal traumatic
events
Chronic PTSD 7 Propranolol Reduction in CAPS | (Mahabir, et
patients 1mg/kg score and IES-R score | al., 2015)
pre Vs.
posttreatment
Reduced activation
of amygdala and
thalamus
Chronic PTSD 30 Propranolol Reduced CAPS and | (Brunet, et
patients 1mg/kg PCL-S score when | al., 2018)
compared with
placebo
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Veterans 10 Propranolol No effect on IES-R | (Wood, etal.,,
with PTSD 1 mg/kg and CAPS score | 2015)
when compared
with placebo
Chronic PTSD 33 Propranolol No effect PCL-S score | (Roullet, et
patients 1 mg/kg when compared | al., 2021)
with placebo
Glucocortic | Healthy male 26 Cortisol Reduced recall of | (Tollenaar, et
oid volunteers 35mg emotional and | al., 2009a)
Receptors neutral memory
Healthy male 14 Cortisol Cortisol  enhanced | (Drexler, et
volunteers 30 mg reconsolidation  of | al., 2015)
the reactivated
memory
Healthy 26 Cortisol No effect on | (Meir
female 30 mg reconsolidation  of | Drexler, et
volunteers the reactivated | al., 2016)
memory
mTOR Veterans 27 Rapamycin No effect on CAPS | (Suris, et al,,
with PTSD 15 mg and PCL score when | 2013)

compared with

placebo
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7. Fear memory destabilization following recall

One of the important functions of fear memory is to help the animal avoid situations or
behaviour that resulted in harm in the past (Dickinson, 2012; Zentall, 2013). However, long
term memories need to be updated to maintain their significance in the face of changing
environment. Memory reconsolidation is proposed to be an important mechanism
responsible for integration of new information in the original memory trace (De Oliveira
Alvares, et al.,, 2013; J. L. Lee, 2010). Recall of memory results in plastic labile state
(destabilization) which allows for incorporation of new information in the long-term memory
through reconsolidation (Lee, Nader, & Schiller, 2017). However, in the absence of new
information at the time of recall, memory does not enter in an active labile state (Bustos, et
al., 2009; Exton-McGuinness, Lee, & Reichelt, 2015; Pedreira, Pérez-Cuesta, & Maldonado,

2004; Sevenster, et al., 2012a; Sinclair & Barense, 2018).

Recent research suggests that a mismatch between what happens at the time of recall from
what is expected (prediction error) is required for memory destabilization (Popik, Amorim,
Amaral, & De Oliveira Alvares, 2020; Sevenster, Beckers, & Kindt, 2013). Both preclinical and
clinical studies have shown that the reconsolidation interventions failed in the absence of
prediction error while the incorporation of prediction error at the time of memory retrieval
resulted in successful disruption of memory by drugs inhibiting reconsolidation (Bustos, et al.,
2009; Exton-McGuinness, et al., 2015; Pedreira, et al.,, 2004; Sevenster, Beckers, & Kindt,
2012b; Sinclair & Barense, 2018). Dopaminergic projection from ventral tegmental area (VTA)
have been proposed to mediate prediction error signalling (Exton-McGuinness, et al., 2015).

Dopaminergic system plays a key role in expectation of outcome (Schultz, Dayan, & Montague,
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1997) and administration dopamine D2 receptor antagonist sulpiride in VTA prevents the
appetitive memory destabilization (Reichelt, Exton-McGuinness, & Lee, 2013). However, the
role dopamine in fear memory destabilization is still not clearly understood. Blockade of
memory destabilization with intra-BLA administration of D1 receptor antagonist SCH-23390
did not affect retrieval-extinction induced attenuation of cued fear memory in rats (Cahill,
Wood, Everitt, & Milton, 2019). This suggests that D1 receptors signalling in amygdala is not
sufficient condition for memory destabilization as D1 receptor agonist SKF38393 alone did
not have an impact but mediated the effect of nootropic nefiracetam on memory
destabilization (Flavell & Lee, 2019b). The role of dopaminergic system in fear memory

destabilization needs to be explored further.

Molecular mechanisms of memory destabilization involve activation of NMDA NR2B
receptors (Milton, et al., 2013). Einarrson and Nader explored the role of NMDAR N2B in
anterior cingulate cortex (ACC) on reconsolidation of contextual fear memory. NMDAR N2B
antagonist RO25-6981 administration in ACC impaired contextual fear memory (Einarsson &
Nader, 2012). Similarly, administration of the NMDA N2B antagonist, ifenprodil, blocked the
amnesia caused by the protein synthesis inhibitor, anisomycin, suggesting that ifenprodil
prevented the destabilization of memory required for anisomycin to have an effect (Mamou,
Gamache, & Nader, 2006). Conversely, administration of D-cycloserine, a partial agonist at

the NMDA receptor, increased the labilization of old traumatic memories (Bustos, et al., 2010).

Activation of L-type voltage-gated calcium channels and GluAl-containing AMPA receptor
which results in increased entry of calcium intracellularly have also been shown to be involved
in memory destabilization. Administration of nimodipine, a L-type voltage-gated calcium

channel blocker, prior to reactivation of memory resulted in failure of memory updating
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(Suzuki, Mukawa, Tsukagoshi, Frankland, & Kida, 2008). Similarly, blockade of GluA1l-
containing AMPA receptor in hippocampus prevented the fear memory update (Torquatto,
Menegolla, Popik, Casagrande, & de Oliveira Alvares, 2019). Increased calcium entry by
activation of these receptors activate protein kinase CAMKII and ubiquitin-proteasome
system (UPS) which results in synaptic scaffolding protein degradation and memory
destabilization (Jarome, et al.,, 2011; S. H. Lee, et al.,, 2008). Inhibition of CAMKII by
myristoylated autocamtide-2 related inhibitory peptide and UPS by B lactacystin prevents
destabilization of memory and blocks the effect of protein synthesis inhibitor anisomycin on
memory reconsolidation (Jarome, Ferrara, Kwapis, & Helmstetter, 2016; Jarome, et al., 2011;

S. H. Lee, et al., 2008).

The translational applicability of reconsolidation interventions is sometimes limited because
traumatic memories that lead to PTSD may be too old or strong to be destabilized (Nader,
Schafe, & LeDoux, 2000). These potential ‘boundary conditions’ interfere with labilization of
memory. However, interventions that results in memory destabilization have shown promise
to overcome these boundary conditions. D-cycloserine administered prior to reactivation
rendered long-term fear memory vulnerable to post-reactivation reconsolidation blockade
with the GABA agonist, midazolam (Bustos, et al., 2010). Similarly, D-cycloserine also
attenuated the stress-induced resistance to the fear memory labilization and enabled the
disruption of strong fear memory by midazolam (Espejo, et al., 2016). Old traumatic memories
between three to forty years have shown resistance to reconsolidation intervention in
previous clinical trials (Suris, et al., 2013). The incorporation of prediction error and NMDA
N2B receptor agonists to destabilize the strong and old traumatic memory needs to be

explored further in clinical studies in PTSD patients.
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8. Fear memory extinction

Pharmacological interventions targeting fear memory extinction have been primarily used as
adjunct to psychotherapies like prolonged exposure therapy (Carpenter, Pinaire, & Hofmann,
2019; Litz, et al., 2012; Singewald, Schmuckermair, Whittle, Holmes, & Ressler, 2015).
Prolonged exposure therapy which works by enhancing extinction is one of the first line
treatments for PTSD (APA, 2017; Card, 2017; Phoenix, 2020). However, it requires multiple
sessions for full beneficial effect and is associated with significant dropout rates. Therefore,
any drug which can reduce the duration of exposure therapy and enhance its efficacy will
have significant impact on reduction of PTSD morbidity. We have discussed above how the
pharmacological targeting of memory reconsolidation can disrupt fear memory; however,
memory can also be modified by another means i.e. by enhancing extinction (Bouton, 1993).
In this section we will briefly discuss key molecular mechanisms and neural circuits involved
in fear memory extinction and recent landmark studies on pharmacological interventions to
enhance memory extinction in PTSD patients. Effects of Cannabis, MDMA, ketamine,
psilocybin, D-cycloserine, neuropeptide Y and oxytocin on fear memory extinction in PTSD
have been described elsewhere in this review (see section 3 and 9). Some of the other key
pharmacological interventions used to enhance fear memory extinction in PTSD include SSRls,
L-DOPA, yohimbine, cannabinoids, and glucocorticoids are discussed here. In this section we

first discuss extinction mechanism and then pharmacological modulation of extinction.

Fear memory undergoes extinction if multiple presentations of previously learned CS are not
followed by similar outcome (Merlo, Milton, Goozée, Theobald, & Everitt, 2014). This leads to
reduction in response to stimuli which previously reminded the person of trauma (Quirk &

Mueller, 2008). Evidence suggests that extinction involves new learning that CS is not

64



followed by US and therefore it is more than just forgetting (Bouton, 2004; Dunsmoor, Niv,
Daw, & Phelps, 2015; Maren & Quirk, 2004). This is supported by the fact that extinguished
memories recover spontaneously with passage of time or after the reminder to the original

traumatic incidence (Bouton, Westbrook, Corcoran, & Maren, 2006; Rescorla, 2004).

The molecular mechanisms of fear memory extinction are similar in many ways to those
involved in memory reconsolidation. Like reconsolidation, NMDA receptor activation is critical
for memory extinction (Kwapis, Jarome, Lee, Gilmartin, & Helmstetter, 2014). Stimulation of
B-adrenergic receptors by noradrenaline is known to potentiate fear memory extinction
(Berlau & McGaugh, 2006; Mueller, Porter, & Quirk, 2008), while their inhibition by
propranolol impairs it (Mueller, et al., 2008). In contrast to B-adrenergic receptors,
administration of GABA-A agonist impairs fear memory extinction (Hart, Harris, & Westbrook,
2009), while GABA-A antagonists facilitates it (Berlau & McGaugh, 2006). Endocannabinoid
system also plays a key role in fear memory extinction where administration of CB1 receptor
agonists facilitates memory extinction (de Oliveira Alvares, et al., 2008; Segev, et al., 2018),
while injection of CB1 receptor antagonists or CB1 knockout mice show impairment in
memory extinction (Marsicano, et al., 2002; Varvel, Anum, & Lichtman, 2005). Similar to fear
memory reconsolidation, extinction also requires activation of intracellular signalling like
ERK/MAPK (Herry, Trifilieff, Micheau, Liithi, & Mons, 2006) and other intracellular pathways
(Kritman & Maroun, 2013) leading to protein synthesis and further synaptic remodelling (Lai,

Franke, & Gan, 2012).

It is important to understand the neural circuits involved in fear memory extinction as this
allows for better targeting of pharmacological interventions aimed to enhance fear memory

extinction in PTSD patients. Rodent studies with brain lesion and pharmacological or
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optogenetic manipulations has allowed us to understand the key role discrete brain regions
like BLA, mPFC, hippocampus, nucleus reuniens and their interconnections play in fear
memory extinctions. Due to its involvement in fear learning it is long known that BLA is
involved in fear memory extinction (Maren, Aharonov, Stote, & Fanselow, 1996; Zimmerman
& Maren, 2010); however, it has been shown recently that distinct population of BLA neurons
mediate fear conditioning and fear extinction (Herry, et al., 2008). While the neurons
involved in fear conditioning project from BLA to prelimbic (PL) subregion of mPFC, the
neurons mediating fear extinction project for BLA to infralimbic (IL) subregion of mPFC (Senn,
et al.,, 2014). The optogenetic activation of BLA-IL pathway neurons has been shown to
facilitate fear memory extinction (Senn, et al., 2014) while lesion to infralimbic cortex
impaired extinction (Bravo-Rivera, Roman-Ortiz, Brignoni-Perez, Sotres-Bayon, & Quirk, 2014;
Do-Monte, Manzano-Nieves, Quifiones-Laracuente, Ramos-Medina, & Quirk, 2015). Thus, a

co-ordinated activity between BLA and mPFC is required for fear memory extinction.

Recently, it was also shown that the role of prelimbic cortex is not restricted to fear learning
but activation of intra-cortical glutamatergic projections from PL to IL subregion of mPFC
facilitates fear memory extinction (Marek, Xu, Sullivan, & Sah, 2018). Future studies are
needed to elucidate a more nuanced understanding of role of mPFCin fear memory extinction
is required. Apart from their role in reward memories, projections from BLA to nucleus
accumbens has also been demonstrated to be involved in fear memory extinction (Correia,
McGrath, Lee, Graybiel, & Goosens, 2016). Furthermore, hippocampus plays a key role in
extinction of context dependent fear memories (Kubie, Levy, & Fenton, 2020). Wang et al.
(Wang, Yuan, Keinath, Alvarez, & Muzzio, 2015) have shown that there is a remapping of place
cells in dorsal hippocampus during extinction of contextual fear memories. Recently, it was

shown that fear memory extinction requires the suppression of a specific population of
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neurons recruited during fear memory acquisition and activation of different subset of
neurons in dorsal hippocampus (Lacagnina, et al., 2019). Furthermore, projections from
ventral hippocampus to BLA and IL subregion of mPFC play a key role in extinction of fear
memories (Jin & Maren, 2015a; Vasquez, et al., 2019). Lastly, nucleus reuniens in thalamus
and its connections with hippocampus and mPFC are known to regulate the contextual
information of fear memory extinction (Varela, Kumar, Yang, & Wilson, 2014). Thus,
extinction of fear memory is often context dependent and therefore susceptible for recovery
if the CS is presented in the different context from the extinction training and thus needs to

be addressed to improve outcomes for treatments targeting extinction.

Selective serotonin reuptake inhibitors (SSRIs) are the preferred pharmacological treatment
in PTSD. Their mechanism of action in PTSD has traditionally been thought to be their
antidepressant action; however, evidence suggests that SSRIs also have an effect on memory
extinction. Chronic administration of fluoxetine before (Deschaux, Spennato, Moreau, &
Garcia, 2011) and after (Deschaux, et al., 2013) extinction in rats prevented the return of
extinguished fear memory when exposed to reminder of stressful event. Combination of
fluoxetine administration and extinction training in mice produced a more enduring loss of
conditioned fear memory compared to fluoxetine or extinction training alone (Karpova, et al.,
2011). Fluoxetine increases the synaptic plasticity and cause the memory to become more
malleable to extinction induced synaptic remodelling (Karpova, et al., 2011). This suggests
that combining pharmacotherapy with exposure therapy can have synergistic effect mediated

by their action on memory extinction.

Yohimbine, an a-2 adrenergic receptor antagonist, acts by enhancing the release of

norepinephrine in amygdala, hippocampus and prefrontal cortex (Cain, Blouin, & Barad, 2004).
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Yohimbine has been demonstrated to enhance fear memory extinction in rodents (Cain, et
al., 2004; Holmes & Quirk, 2010). Importantly, a recent randomized placebo-controlled trial
in PTSD patients has shown that combining yohimbine with prolonged exposure therapy led
significantly reduced trauma induced heart rate reactivity and rapid improvement in

depression but not PTSD symptoms (Tuerk, et al., 2018).

Recent research has highlighted the critical role of dopaminergic system in fear memory
extinction. Dopamine neurons from ventral tegmental area (VTA) project to amygdala and
mPFC mediate the effect of drugs acting on dopaminergic system on fear memory extinction
(Lee, Lee, & Kim, 2017; Weele, Siciliano, & Tye, 2019). Systemic administration of L-DOPA, a
dopamine precursor, after contextual fear memory extinction training enhanced the
retention of fear extinction and made the memory context independent (Haaker, et al., 2013).
Similarly, L-dopa administration rescued deficient fear extinction in 12951/SvimJ mice, which
show impaired fear extinction (Whittle, et al., 2016). Systemic administration of dopamine
D1/5 receptors agonist SKF 81297 facilitated both cued and contextual fear memory
extinction (Abraham et al., 2016) (Abraham, Neve, & Lattal, 2016). In a clinical study on 45
male participants, enhancing dopaminergic activity by administration of L-DOPA during
extinction consolidation increased the vmPFC activity and improved retrieval of extinction
memory retrieval (Gerlicher, Tlscher, & Kalisch, 2018); however, further study showed that
this extinction enhancement was dependant on successful extinction learning (Gerlicher,
Tlscher, & Kalisch, 2019). Importantly, administration of L-DOPA in a randomized placebo
controlled clinical trial boosted the reactivation of amygdala extinction encodings and
reduced reinstatement of conditioned fear memory but did not improve extinction recall in
women with PTSD (Cisler, et al., 2020). Future research could explore the effect of

combination of L-DOPA with prolonged exposure therapy in patients with PTSD.
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Glucocorticoids apart from their anti-inflammatory action have been shown to enhance fear
memory. Corticosterone administration after extinction training was shown to facilitated
extinction in BALB/C mice (Brinks, de Kloet, & Oitzl, 2009). In rats, administration
dexamethasone, a glucocorticoid agonist enhanced while, metyrapone, glucocorticoid
synthesis inhibitor disrupted the extinction of fear memory (Yang, Chao, Ro, Wo, & Lu, 2007).
Combination of subthreshold dose of DCS and dexamethasone enhanced extinction
synergistically (Yang, et al., 2007). Importantly, hydrocortisone, a synthetic form of cortisol,
enhanced extinction learning in PTSD patients. Patients in hydrocortisone group showed
significantly lower differential skin conductance response (SCR) compared to placebo (Inslicht,
et al., 2021). This suggests that glucocorticoid could be acting in PTSD by facilitation of fear
memory extinction. In summary, drugs like DCS, Yohimbine and L-DOPA could be used in
combination with prolonged exposure therapy to facilitate fear memory extinction or
enhancement of memory extinction could contribute to the effect of SSRIs, cannabinoids, and

glucocorticoids in PTSD.

9. Fear memory generalization

Memory generalization occurs when experience of fear associated with a specific traumatic
event is transferred to safe event resembling the original trauma (American Psychiatric
Association & Association, 2013). Unlike healthy individuals who can discriminate between
the current non-threatening situation from previous traumatic event and respond accordingly,
patients with PTSD show hyperarousal to the situations resembling even remotely to the
original traumatic event (Kaczkurkin, et al., 2017). Recent evidence suggests that besides

strong fear encoding (Orr, et al., 2000) and impaired fear memory extinction (Jovanovic &
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Ressler, 2010), overgeneralization of fear is an important mechanism responsible for PTSD
(Dymond, Dunsmoor, Vervliet, Roche, & Hermans, 2015). Fear overgeneralization increases
the number of cues in the patient’s environment that remind them of initial trauma thus

contribution to significantly to the morbidity of PTSD (Dunsmoor & Paz, 2015).

Hippocampus plays a key role in discrimination between two different sensory stimuli by
pattern separation (McTighe, Mar, Romberg, Bussey, & Saksida, 2009; Talpos, McTighe, Dias,
Saksida, & Bussey, 2010), apart from its involvement in contextual fear memory consolidation
and reconsolidation (Debiec, et al., 2002; Gafford, et al., 2011). Fear memory generalisation
could be mediated by impairment in hippocampus mediated pattern separation to
discriminate between two different contexts (Kheirbek, Klemenhagen, Sahay, & Hen, 2012).
In a study by McHugh et al. (McHugh, et al., 2007), mice which lacked the essential subunit of
the NMDAR NR1 in dentate gyrus granule cells of hippocampus could not discriminate
between two similar contexts despite performing normally in contextual fear conditioning. It
is suggested that reduction in hippocampal volume seen in PTSD patients may underlie their
vulnerability to overgeneralization of fear response (Mark W Gilbertson, et al., 2002; Levy-

Gigi, Szabo, Richter-Levin, & Kéri, 2015).

A reduction in mPFC inputs to BLA which is thought to be responsible for impaired fear
memory extinction in PTSD (Seth D Norrholm, et al., 2011), has also been suggested to be
responsible for fear memory generalization (Lopresto, Schipper, & Homberg, 2016). In a study
by Likhtik et al. (Likhtik, Stujenske, Topiwala, Harris, & Gordon, 2014), mice which showed
good discrimination between averseness and safety had increased number of theta
oscillations between the mPFC and BLA. In another study by Sangha et al. (Sangha, et al.,

2009), mice which lacked 65 kDa isoform of glutamic acid decarboxylase responsible for
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increase in GABA levels, showed increased theta frequency synchronicity between
hippocampus and amygdala and increased fear generalization and impaired extinction.
Increased theta frequency synchronization between hippocampus and amygdala has also
been observed in fear memory consolidation (Seidenbecher, Laxmi, Stork, & Pape, 2003) and
reconsolidation (Narayanan, Seidenbecher, Sangha, Stork, & Pape, 2007). This suggests that
fear memory generalization share common neural mechanisms with fear memory

consolidation, reconsolidation, and extinction.

Fear memory generalization is susceptible to pharmacological interventions. Pedraza et.al.
(Pedraza, et al., 2016)showed that strong footshock training (4 x 1.0 mA) in contextual fear
conditioning led to more fear generalization compared to low intensity footshock training
(4x0.4mA) and this could be prevented by administration of metyrapone (cortisol
steroidogenesis blocker) or propranolol (B-adrenergic antagonist). This suggests that highly
stressful events can lead to fear memory generalization mediated by increased glucocorticoid
and noradrenaline system activation caused by such situations. In another study,
administration of a2-adrenoceptor antagonist yohimbine immediately after contextual fear
conditioning led to more generalized fear memory which were also resistant to
reconsolidation intervention by a2-adrenoceptor agonist clonidine or phytocannabinoid
cannabidiol (Gazarini, Stern, Piornedo, Takahashi, & Bertoglio, 2015). However, this
resistance to reconsolidation disruption by clonidine and cannabidiol in generalised fear
memories was overcome by administration of NMDA agonist D-cycloserine before retrieval
to increase memory labilization (Gazarini, et al., 2015). Further, chronic administration of SSRI
fluoxetine was shown to reduce fear memory generalization and increase memory precision
by remodelling of dendritic spines in hippocampus (Pedraza, et al., 2019). Subanaesthetic

dose of ketamine reduced fear memory generalization mice (Asim, et al.,, 2020).
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Administration of NMDA N2B antagonist ifenprodil or BDNF receptor TrkB antagonist ANA-12
in infralimbic cortex reversed this effect which suggests that ketamine prevented fear
memory generalization via the action on GIuN2B-BDNF Signalling (Asim, et al., 2020). These
studies suggest that fear memory overgeneralization could be targeted therapeutically in
PTSD patients. Moreover, pharmacological intervention to prevent fear memory

overgeneralization could increase the effectiveness of current PTSD treatment.

10. Fear memory modification protocols

Given that there is some overlap with respect to underlying neural mechanisms, procedures
to test pharmacological interventions and interpretation of finding with respect to fear
memory reconsolidation, extinction, and generalization, we have described below the typical
protocols to evaluate the effect of pharmacological interventions on each of the memory

processes.

Pavlovian fear conditioning is the most commonly used behavioural paradigm study the effect
of drugs on fear memory in PTSD (Bergstrom, et al., 2013; Blundell, et al., 2008; Bustos, et al.,
2006; Davis, 1992; Debiec & Ledoux, 2004; Jacques, et al., 2019; Nader, Schafe, & Le Doux,
2000). In this model a neutral conditioned stimulus (CS) such as tone, light or context is paired
with aversive unconditional stimulus (US) such as foot shock. This results in formation of
associative fear memory so that presentation of CS leads to behaviour linked to memory of
US. In contextual fear conditioning the memory storage requires hippocampus and amygdala
whereas cued fear conditioning is mediated only by amygdala and do not involve
hippocampal activity. The testing of retrieval of fear memory presenting CS without the US.

Percentage freezing is the most commonly used behaviour response as a measure of fear.

72



10.1 Fear memory reconsolidation protocol

To evaluate the effect of drugs on fear memory reconsolidation using cued fear conditioning
paradigm, the experimental procedure is carried out in 2 different chambers. Rodents are
trained in conditioning chamber A wherein a single conditioned stimulus (CS; tone) is paired
with an unconditioned stimulus (US; footshock) (Bergstrom, et al., 2013; Nader, Schafe, & Le
Doux, 2000). Twenty-four hours following training, rodents are re-exposed to CS in a different
Chamber B. Chamber B has a different flooring, appearance, and scent to reactivate only the
cued fear memory. Study drugs are administered immediately after the memory reactivation.
Memory is tested 24 hrs later by presenting CS without the US in chamber B. Freezing
behaviour (defined as complete lack of movement, except for respiration) is measured as a
marker for fear and recorded with camera. Percentage of time mice spent freezing when
presented with the CS is used as the dependent measure and can be analysed manually or

with software.

The test whether the fear memory disruptionis specifically due to blockade of reconsolidation,
in a separate group of animals, a similar protocol to that is described above is followed except

study drugs are administered on day 2 without the reactivation of memory.

Several factors affect when the study drug should be administered with memory reactivation.
It has been observed that memory is most susceptible to disruption 1 — 2 hours after
reactivation (Nader, Schafe, & Le Doux, 2000; Przybyslawski, et al., 1999). To achieve the peak
concentration of the drug at this time several factors including route of administration,
pharmacokinetics and drug site of action need to be considered. For example, it has been
shown that propranolol which has the tmax (time required to reach maximum plasma

concentration) of 1-2 hour disrupted the fear memory if given 1 hour after the memory
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reactivation and but had no effect if given 2 hours after memory reactivation (Kindt & Soeter,
2018). Similarly, agonists of NMDA receptors such as D-cycloserine needs to be given before
memory reactivation to increase memory labilization as administration after reactivation will
enhance extinction and interfere with amnestic effect of drug on reconsolidation and NMDAR
antagonists like MK801 should be adminstered after memory reactivation as administration

before reactivation can lead to failure of memory labilization (Lee, et al., 2006b).

10.2 Fear memory destabilization protocol

Animals are trained wherein a single conditioned stimulus (CS; 30 sec tone) is paired with an
unconditioned stimulus (US; foot shock) in chamber A. Twenty-four hours after the training,
effect of study drugs on memory destabilization in the context of reconsolidation is tested by
administration of the D cycloserine (NMDA NR2B agonist) before memory reactivation to
destabilize the memory. One hour after the D-cycloserine injection rodents will undergo
reactivation session wherein they are exposed to the CS without the US in chamber B (Bustos,
et al., 2010). Alternatively, memory could be destabilized by introduction of temporal
prediction error for example by re-exposing the animals to a 60 sec tone CS instead of 30 sec
without the US (Flavell & Lee, 2019a) at the time of memory reactivation. Immediately after
memory reactivation, a blocker of memory reconsolidation like anisomycin, midazolam or
another drug is administered. Animals could be divided in three groups (Group 1: Vehicle
control, Group 2: memory reconsolidation blocker, Group 3: D-cycloserine + memory
reconsolidation blocker). Twenty-four hours after the reactivation session memory is tested
by presenting CS without the US in chamber B. Freezing time is recorded using camera and
can be analyzed manually or with software. To test whether boundary conditions like strength

and age of memory affect memory destabilization, memory strength could be increased
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during conditioning by increasing the number of tone-foot shock pairings or memory

reactivation could be done 28 days after initial training.

10.3 Fear memory extinction protocol

Fear condition in fear extinction experiments is done similar to training in fear memory
reconsolidation. Animals are habituated to conditioning chamber A following which they are
subjected to a mild shock paired with a tone. The tone is played for 30 seconds the shock is
delivered during last second of the tone. Study drugs are administered 2.5 hours before the
extinction session on day 2. Twenty-four hours after training, rodents are placed in different
chamber B and exposed to 10 CS (tone) presentations without the US (foot shock) (Merlo, et
al., 2014). On day 3, animals are placed in chamber B and a single CS is presented. Freezing

behaviour is recorded and percentage freezing time is taken as measure of fear memory.

Evidence suggests that reconsolidation and extinction are two distinct processes in which fear
memory transitions from maintenance to inhibition with increase in extent of retrieval (Suzuki,
et al., 2004). To delineate the fate of memory from reconsolidation to extinction, Merlo et.al
(Merlo, et al., 2014) tested the effect of 1, 4, 7 and 10 CS presentation during memory
reactivation on day 2. Animals showed significantly increased freezing in groups which
received 1 and 4 CS compared to 7 and 10 CS. This transition from reconsolidation to
extinction was associated with increase in calcineurin levels in BLA from 1 to 10 CS group with
significantly higher levels in 10 CS group compared to other groups while ERK/MAPK levels
remained equal between groups. This suggests that gradually increasing extent of retrieval
leads to transition from reconsolidation to extinction and the two distinct processes are
mediated by change in concentration of calcineurin which regulates key proteins involved in

synaptic transmission and neuronal excitability in BLA. This transition from reconsolidation to
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extinction also changes the effect of pharmacological interventions on fear memory. NMDAR
NR2B agonist D-cycloserine administered with 1 CS presentation resulted in increase in
freezing while when given with 10 CS led to reduced freezing on test day. In contrast, NMDAR
antagonist MK801 given with 1 CS presentation reduced freezing but when administered with
10 CS increased freezing (Lee, et al., 2006b; Merlo, et al., 2014). Thus, modulation of NMDA
receptors can have different effect on fear memory depending on extent of memory

reactivation and whether they are affecting reconsolidation or extinction.

10.4 Fear memory generalization protocol

The experimental procedure to test the effect of drugs on fear memory generalization using
cued fear conditioning paradigm is carried out in 2 different chambers. On day 1, animals are
habituated to chamber A and 5 presentations of two different tones (eg. CS+ a continuous
sound at 1 kHz; and CS- 5 kHz clicks) (Asim, et al., 2020). Immediately after habituation, fear
conditioning is done in which one of the two sounds (CS+) is paired with strong foot shock
(1.2 mA for 1 s). Study drugs are administered 22 hours after conditioning. Two hours after
study drug administration, fear memory is tested by playing 5 presentations of CS+ and CS-
each. Freezing levels for the 2 tones are recorded separately by measuring average freezing
levels of all CS+ and CS- presentations. The ratio of average freezing response to CS— to the

average freezing response to CS+ is taken as a measure of fear memory generalization.

11. Other pharmacological interventions and drug targets

11.1 D-cycloserine (DCS)
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D-cycloserine (DCS) is an antibiotic and approved for use in tuberculosis. DCS and has been
studied extensively as an adjunct with exposure therapy for treatment of generalised anxiety
disorder, obsessive compulsive disorder, and phobia (Norberg, Krystal, & Tolin, 2008). DCS is
a full agonist at NMDA GIuN2C receptor and a partial agonist at NMDA GIuN2A, GIuN2B, and
GluN2D receptors (Sheinin, Shavit, & Benveniste, 2001). NMDA receptors are critical for
formation of memory and fear memory extinction. The distribution of the different NMDA
receptor subtypes in the CNS contributes to formation of fear responses and results in fear
extinction. Blockade of NMDA receptors in animal models impairs memory extinction,
whereas their stimulation leads to enhancement of memory extinction (Dalton, Wu, Wang,
Floresco, & Phillips, 2012; Ogden, Khatri, Traynelis, & Heldt, 2014). DCS has been shown to
increase fear extinction consistently in number of animal studies (Ledgerwood, Richardson,
& Cranney, 2003, 2004; Walker, Ressler, Lu, & Davis, 2002). Similarly, DCS has been shown to
enhance fear extinction when combined with exposure therapy for in patients with phobia
and panic disorder (Davis, 2011). Furthermore, stimulation of NMDA GIuN2B receptors with
DCS has been shown to increase labilization of memory during reconsolidation making it more

prone to disruption. This raises the possibility of potential use of DCS in PTSD.

The evidence for use of DCS assisted therapy in PTSD is variable. In a pilot randomized placebo
controlled clinical trial conducted on 11 chronic PTSD patients, DCS was similar to placebo in
reducing PTSD symptoms when used as an adjunct to psychotropic medications (Heresco-
Levy, et al., 2002). Similarly, in a clinical trial comparing DCS with placebo in 76 chronic
combat-related PTSD patients, DCS did not influence the frequency or severity of PTSD
symptoms (Attari, Rajabi, & Maracy, 2014). However, DCS decreased intensity of avoidance
and numbing symptoms. De Kliene et al (2012) compared DCS augmented exposure therapy

with placebo plus exposure therapy in PTSD patients. The effect of DCS on CAPS score was
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comparable to placebo, but it did show stronger treatment response and a greater reduction
on PTSD symptoms in patients with severe PTSD (de Kleine, Hendriks, Kusters, Broekman, &
van Minnen, 2012). In contrast, in a randomized clinical trial (RCT) in veterans with combat
related PTSD, there was significantly less reduction in PTSD symptoms in DCS plus exposure
therapy group compared to placebo plus exposure therapy (Litz, et al., 2012). However,
Difede et al (2014) showed DCS combined with virtual reality exposure therapy significantly
reduced CAPS scores post treatment and at six months follow up compared to placebo (Difede,
et al., 2014). These findings could not be replicated in Iraq and Afghanistan war veterans with
PTSD where DCS with virtual reality exposure therapy showed similar effects compared to
placebo with virtual reality exposure therapy (Rothbaum, et al., 2014). Similarly, in children
with PTSD, DCS combined with CBT showed no benefit over placebo with CBT in reducing
PTSD symptoms (Scheeringa & Weems, 2014). Peskin et al (2019) showed reduction in
posttraumatic and depressive symptoms with virtual reality exposure therapy which was
strengthened by DCS (Peskin, et al., 2019). Differences in the methodology with respect to
amount and timing of DCS administration may have produced inconsistent results (de Kleine,

et al,, 2012; Litz, et al., 2012).

In view of the mixed results observed in clinical trials, many factors in clinical trial design need
to be addressed before DCS assisted therapy could be incorporated in PTSD treatment. The
dose and the treatment regimen of DCS, type of psychotherapy, number of therapy sessions
and pharmacokinetic parameters to optimize the level of DCS in CSF at the time of therapy

need to be addressed in future clinical trials.

11.2 Neuropeptide Y (NPY)
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Neuropeptide Y (NPY), a 36 amino-acid neuropeptide, is the most abundant peptide in the
human brain. It is highly expressed in amygdala, hippocampus, hypothalamus, and cortex and
involved in regulation of many systems relevant to pathophysiology of PTSD including
regulation of anxiety and stress, fear learning and memory, and control of sympathetic
activity (Adrian, et al., 1983; Eaton, Sallee, & Sah, 2007; Redrobe, Dumont, St-Pierre, &

Quirion, 1999; Zukowska-Grojec, 1995).

Regulation of anxiety and stress is perhaps the most important mechanism through which
NPY is beneficial in PTSD. NPY knockout mice show exaggerated anxiogenic response (Bannon,
et al., 2000) while overexpression of NPY produce anxiolytic response in rodent models of
anxiety (Primeaux, Wilson, Cusick, York, & Wilson, 2005). Similarly, administration of NPY or
NPY receptor agonist produced an anti-anxiety effect in rodents (Kask, et al., 2002). NPY
injection in amygdala increased long-term resilience to stress-induced reductions in social
responses in rats (Sajdyk, et al., 2008). In humans, high levels of plasma NPY is shown to
increase resilience to extreme psychological stress in military survival training soldiers
(Morgan, et al., 2000) whereas low CSF NPY levels have been observed in patients with PTSD

(Sah, Ekhator, Jefferson-Wilson, Horn, & Geracioti, 2014).

In addition to its role in regulation of anxiety and stress, NPY is also involved in fear
conditioning and extinction. Intracerebroventricular administration of NPY reduced context
and cued freezing in mice (Karlsson, Holmes, Heilig, & Crawley, 2005) while administration of
NPY in hippocampus attenuated trauma associated fear memory (Cohen, et al., 2012).
Similarly, reduced level of NPY was associated with increased fear reinstatement in chronic

variable stress in rats (McGuire, Herman, Horn, Sallee, & Sah, 2010). In humans, reduced CSF
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NPY levels significantly correlated with increased PTSD symptoms and more specifically with

presence of intrusive traumatic memory (Sah, et al., 2014).

Only one clinical trial has examined the efficacy of NPY in individuals with PTSD till date. In a
randomized and crossover dose-ranging study of NPY to evaluate its safety and anxiolytic
efficacy in 26 PTSD patients, intranasal administration of NPY was well tolerated up to the
highest dose of 9.6 mg (Sayed, et al., 2017). Moreover, higher doses of NPY showed more
reduction in anxiety compared to placebo on Beck Anxiety Inventory score although the effect
was not statistically significant. Results from the study show that NPY could be developed for
treatment of PTSD however, clinical trials with larger sample size and incorporating specific

measures for PTSD (CAPS, PCL) are needed.

11.3 Oxytocin

The neuropeptide oxytocin is a promising candidate albeit with modest evidence in the
treatment of PTSD. Unlike its obstetrics use where it is administered intravenously to induce
labour, intranasal oxytocin has been studied in psychiatry for anxiety, depression and PTSD
(De Cagna, et al., 2019). Oxytocin is known to enhance the prosocial behaviour and reduce
avoidance to recall of traumatic memories during psychotherapeutic session thus improving
the therapeutic alliance and allowing for modification of those memories. It is postulated that
prosocial effects of MDMA are mediated through release of oxytocin (Dumont, et al., 2009).
Administration of single dose of oxytocin to PTSD patients reduced anxiety, irritability and
intensity of intrusive thoughts while improving mood and desire for social interaction
(Yatzkar & Klein, 2010). Oxytocin has been shown to increase fear extinction by modulation
of central amygdala output in rats (Roozendaal, et al., 1992; Viviani, et al., 2011). Furthermore,
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intranasal oxytocin facilitated fear extinction in human volunteer (Acheson, et al., 2013;
Eckstein, et al., 2015). Thus, intranasal oxytocin could also be developed as adjunctive
treatment to psychotherapy such as prolonged exposure therapy which is based on fear

extinction (OIff, Langeland, Witteveen, & Denys, 2010).

In a RCT on 35 female PTSD patients, a single dose of oxytocin significantly reduced responses
to Script-Driven Imagery and attenuated PTSD symptoms compared to placebo (Sack, et al.,
2017). In another study on 37 police personnel with PTSD, intranasal oxytocin reduced
subjective anxiety and nervousness in PTSD patients (Koch, et al., 2016). Flanagan and
colleagues conducted a RCT to evaluate eight sessions of prolonged exposure therapy with
oxytocin or placebo in PTSD patients (Flanagan, Sippel, Wahlquist, Moran-Santa Maria, & Back,
2018). Their results suggest that oxytocin lowered PTSD and depression symptoms and
increased working alliance compared to placebo, however these differences did not reach
statistical significance. These preliminary findings suggests that oxytocin could be potentially
developed for treatment of PTSD, however, several issues with respect to sample size, dosing,
psychotherapy selection, clinical assessment, and follow-up need to be addressed in

scientifically designed RCTs.

11.4 Neuroactive steroids

Recent evidence suggests that neuroactive steroids could play an important role in
pathophysiology and treatment of PTSD. They are involved in stress adaptation through
modulation of neuronal signalling. Stress leads to increased synthesis of neuroactive steroid
like allopregnanolone which reduce neuronal excitability by acting on GABAa receptors (Purdy,
Morrow, Moore, & Paul, 1991). However, severe stress and prolonged isolation were both
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associated with reduction in allopregnanolone levels and increase in fear conditioning,
resistance to extinction, anxiety and depression in rodents (Dong, et al., 2001; Zhang, et al.,
2014). Mice deficient in allopregnanolone showed slow extinction and spontaneous recovery
of fear after extinction as compared to mice with normal allopregnanolone levels (Pibiri,
Nelson, Guidotti, Costa, & Pinna, 2008). Whereas administration of allopregnanolone was
shown to have anxiolytic, antidepressant, and neurotrophic properties and enhance fear
memory extinction(Dong, et al., 2001; Eser, Baghai, Schiile, Nothdurfter, & Rupprecht, 2008;

Pinna & Rasmusson, 2014).

Studies have shown that serum allopregnanolone levels are significantly lower in PTSD
patients compared to control population (Rasmusson, 2016; Rasmusson, et al., 2006). Low
CSF allopregnanolone in women with PTSD was associated with PTSD re-experiencing and
depressive symptoms (Rasmusson, 2016). Furthermore, exogenous administration of
ganxolone, a synthetic form of allopregnanolone, facilitated fear extinction and prevented
spontaneous recover of fear (Pinna & Rasmusson, 2014). In a clinical trial, administration of
pregnanolone, a precursor of allopregnanolone, reduced PTSD symptoms in patients with
mild traumatic brain injury (NCT00623506). Clinical trials to evaluate the efficacy of

pregnanolone in individuals with PTSD are underway (NCT03799562).

11.5 Neuroinflammation

A growing body of evidence has demonstrated the critical role played by immune system in
pathophysiology of PTSD. Several basic and clinical studies have explored the mechanisms by
which increased inflammation contributes to the development of PTSD. Studies in animals
have shown that chronic stress such as seen in many PTSD patients is associated with increase
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in inflammation possibly through dysregulation of hypothalamic—pituitary—adrenal (HPA) axis
and activation of sympathetic nervous system (Daskalakis, et al., 2016; Hendrickson & Raskind,
2016). Increased secretion of corticotropin-releasing hormone (CRH) following stress leads to
activation of sympathetic nervous system and release of norepinephrine which in turn may
lead to increased production inflammatory cytokines such as IL-1 and IL-6 (Bierhaus, et al.,
2003). Activation of microglia in the brain following stress leads to increased IL-6, TNF-a, and
IL-18 which modulate synaptic plasticity and learning and memory processes (Levin &
Godukhin, 2017; Réus, et al., 2015). Increased neuroinflammation has been shown to impair
fear memory extinction and thus leading to persistence of fear memory (Quifiones,
Maldonado, Velazquez, & Porter, 2016; Young, et al., 2018; Yu, et al., 2017). In clinical studies,
increased inflammation was associated with greater activation of amygdala when presented
with threatening stimuli (Inagaki, Muscatell, Irwin, Cole, & Eisenberger, 2012; Swartz, Prather,

& Hariri, 2017).

Recent evidence suggests a link between inflammatory pathophysiology and miRNA
deregulation (Gupta, Guleria, & Szabo, 2021). Increased blood levels of proinflammatory
cytokines were associated with reduced expression of miRNAs in veteran with PTSD (Zhou, et
al., 2014). Furthermore, preclinical and clinical evidence suggests increased levels of
glucocorticoid receptors (GR) - FKBP5 proteins complex which prevents GR phosphorylation
in PTSD (Li, et al., 2020). A peptide which blocks the glucocorticoid receptors (GR) - FKBP5 was
shown to reduce freezing time and in GR phosphorylation in fear conditioned mice (Li, et al.,

2020).

PTSD patients have significantly higher risk of being diagnosed with comorbidities which

involve dysregulation of immune system like ischemic heart disease, autoimmune diseases,

83



and metabolic syndrome (Edmondson, Kronish, Shaffer, Falzon, & Burg, 2013; Mellon,
Gautam, Hammamieh, Jett, & Wolkowitz, 2018; O'Donovan, et al., 2015). Multiple studies
have shown that PTSD patients have significantly higher presence of proinflammatory
markers like IL-6, IL-1B, TNF-a and C-reactive protein in their blood compared to healthy
controls (de Oliveira, et al., 2018; Imai, et al., 2018; Lindqvist, et al., 2017; Passos, et al., 2015).
In line with this, several studies have explored the therapeutic potential of targeting
neuroinflammation as well as the possibility of proinflammatory markers as diagnostic and

prognostic biomarkers for PTSD (Aerni, et al., 2004; Lee, et al., 2016; Quifiones, et al., 2016).
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Several drugs with anti-inflammatory properties have been investigated for their therapeutic

potential in PTSD (fig 7). Systemic administration of ibuprofen, a non-steroidal anti-
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Fig. 7. Drugs targeting neuroinflammation mechanism in PTSD. PTSD is associated with
dysregulation of HPA axis and activation of sympathetic nervous system leading to
increased release of pro-inflammatory cytokines. Increased cytokines in the periphery
cross the blood brain barrier and cause microglia activation and further
neuroinflammation. This may lead to greater activation of amygdala and impairment of
fear memory extinction in PTSD. NSAID, candesartan and cortisol act by reducing immune
cell activation and release of cytokines. Solid line indicates stimulation, dotted line
indicates inhibition. Abbreviations: CRH, Corticotrophin-releasing hormone; ACTH,
adrenocorticotropic hormone; NE, norepinephrine; AM, Adrenal medulla; AC, Adrenal

cortex; IL-1, Interleukin-1; IL-6, Interleukin-6; TNF-a, Tumour necrosis factor-a.
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inflammatory drug (NSAID) which act by inhibiting cyclooxygenase 2 (COX-2), was shown to
reduce cytokine levels and reduce anxiety in rat model of PTSD (Lee, et al., 2016). Candesartan,
an angiotensin receptor blocker, attenuated impaired fear extinction caused by
lipopolysaccharide induced immune activation (Quifiones, et al., 2016). Studies have shown
that angiotensin-converting enzyme (ACE) inhibitors and angiotensin receptor blockers (ARBs)
have distinct anti-inflammatory properties apart from their antihypertensive action (Clancy,
Koblar, & Golledge, 2014; Kortekaas, et al., 2014). In humans, a cross-sectional study has
shown the correlation between the use of ACE inhibitors and ARBs and reduced PTSD
symptoms in highly traumatized civilian medical population (Khoury, et al., 2012). SSRls,
which are the only approved drugs for PTSD, are postulated to have anti-inflammatory
properties (Gatecki, Mossakowska-Wéjcik, & Talarowska, 2018; Walker, 2013). However, the
extent to which the anti-inflammatory action contributes to their therapeutic effect in PTSD
is still unknown. Finally, the strong anti-inflammatory effect might contribute to the action of
glucocorticoids in PTSD apart from their effect on memory reconsolidation discussed earlier.
In a pilot study, low dose cortisol treatment orally for one month reduced PTSD symptom
severity (Aerni, et al., 2004). A single dose of hydrocortisone in individuals with full or

subsyndromal PTSD enhanced fear extinction learning (Inslicht, et al., 2021).

Evidence suggests that beneficial effects of drugs acting on endocannabinoid signalling in
PTSD (Cameron, Watson, & Robinson, 2014; Fraser, 2009; Jetly, Heber, Fraser, & Boisvert,
2015) are partly mediated by their actions on neuroinflammation. Cannabinoid CB2 receptor
is the target site for modulation of the neuroinflammatory responses (Turcotte, Blanchet,
Laviolette, & Flamand, 2016). CB2 receptor stimulation leads to suppression of inflammatory
processes by inhibiting release of pro-inflammatory cytokines (such as TNF-a, IL-1b, and IL-6),

reduced expression of adhesion molecules inhibition of leukocyte migration, decreased
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oxidative stress and suppressing NFkB-mediated gene transcription (Boorman, Zajkowska,
Ahmed, Pariante, & Zunszain, 2016; Chiurchiu, Leuti, & Maccarrone, 2015; McCoy, 2016; Rom
& Persidsky, 2013) and release cytokines on activation (Atwood & Mackie, 2010). Microglial
CB2 receptor activation also promoted release of anti-inflammatory cytokines (Lin, et al.,
2017; Mecha, et al.,, 2015). Zoppi S et al (Zoppi, et al.,, 2014) have reported that
endocannabinoid signalling at CB2 receptors limits the neuroinflammatory responses caused
due to exposure to stress. CB2 receptor activation appears to be an additional mechanism by

which cannabinoids offer protection in PTSD.

12. Conclusion

An extensive range of pharmacological targets and drugs affecting them have been explored
to address the core pathophysiology of PTSD. These developments are a result of our
continued struggle to find definitive solutions for PTSD given the limitations of current
medical and behavioural approaches (Watts, et al., 2013). Considering the fact that the
current pharmacological treatments like SSRIs and SNRIs focus mainly on elevation of
patient’s mood rather than treating underlying pathophysiology, new treatments which

target pathological recurrence of traumatic memories are needed.

The renaissance in research on psychedelics and their combination with psychotherapy has
shown much promise. Diverse mechanisms for their therapeutic benefits have been proposed
from reducing the barriers to psychotherapy to direct impact on fear memory. MDMA and

psilocybin were used mostly in combination with therapy while ketamine showed rapid
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benefits as monotherapy. It is important that more data is generated to evaluate the efficacy
and safety of psychedelics and to develop standardized protocols for the therapeutic settings

in which these drugs are administered.

Identification of molecular mechanisms of reconsolidation led to development of
pharmacological strategies to disrupt the fear memories. Despite robust evidence from
animal studies, clinical trials for pharmacological intervention in PTSD have yielded mixed
results. While receptor modulation with propranolol and cortisol have not unequivocally
produced positive results, it would be of interest to see if inhibiting intracellular mechanisms
using drugs such as MEK inhibitors can improve the treatment outcomes. Despite increasing
interest in research targeting reconsolidation process in last two decades, no effective
memory reconsolidation based pharmacological therapy is yet in use for PTSD patients. This
suggests that more research is needed, to identify strategies to destabilize the memories and

clinical studies on different molecular targets, before this approach is to be adopted broadly.

New exciting strategies like neuropeptide Y, oxytocin, cannabinoids and neuroactive steroids
seem to offer novel ways to reduce PTSD symptoms. Drugs targeting HPA axis and
neuroinflammation have also shown promise for PTSD treatment. Major challenges still
remain with respect to designing of clinical trials for psychedelics, recruitment of adequate
PTSD patients to meet sample sizes for large scale RCTs, and patients’ reluctance to recall
traumatic experiences in clinical trials. However, notwithstanding these hurdles, the recent

developments in the PTSD therapeutics suggest that the field is on the cusp of a revolution.

Conflict of Interest

88



The authors declare no conflict of interest.

Funding acknowledgement

We acknowledge University of Tasmania, College of Health and Medicine for funding and

support.

89



References

Abraham, A. D., Neve, K. A., & Lattal, K. M. (2016). Activation of D1/5 Dopamine Receptors: A
Common Mechanism for Enhancing Extinction of Fear and Reward-Seeking Behaviors.
Neuropsychopharmacology, 41, 2072-2081.

Abrari, K., Rashidy-Pour, A., Semnanian, S., & Fathollahi, Y. (2008). Administration of corticosterone
after memory reactivation disrupts subsequent retrieval of a contextual conditioned fear
memory: dependence upon training intensity. Neurobiol Learn Mem, 89, 178-184.

Acheson, D., Feifel, D., de Wilde, S., McKinney, R., Lohr, J., & Risbrough, V. (2013). The effect of
intranasal oxytocin treatment on conditioned fear extinction and recall in a healthy human
sample. Psychopharmacology (Berl), 229, 199-208.

Acheson, D. T., Gresack, J. E., & Risbrough, V. B. (2012). Hippocampal dysfunction effects on context
memory: possible etiology for posttraumatic stress disorder. Neuropharmacology, 62, 674-
685.

Adrian, T. E., Allen, J. M., Bloom, S. R., Ghatei, M. A., Rossor, M. N., Roberts, G. W., Crow, T. J.,
Tatemoto, K., & Polak, J. M. (1983). Neuropeptide Y distribution in human brain. Nature,
306, 584-586.

Aerni, A., Traber, R., Hock, C., Roozendaal, B., Schelling, G., Papassotiropoulos, A., Nitsch, R. M.,
Schnyder, U., & de Quervain, D. J. (2004). Low-dose cortisol for symptoms of posttraumatic
stress disorder. Am J Psychiatry, 161, 1488-1490.

Akiki, T. J., Averill, C. L., & Abdallah, C. G. (2017). A Network-Based Neurobiological Model of PTSD:
Evidence From Structural and Functional Neuroimaging Studies. Curr Psychiatry Rep, 19, 81.

Akiki, T. J., Averill, C. L., Wrocklage, K. M., Scott, J. C., Averill, L. A., Schweinsburg, B., Alexander-
Bloch, A., Martini, B., Southwick, S. M., Krystal, J. H., & Abdallah, C. G. (2018). Default mode
network abnormalities in posttraumatic stress disorder: A novel network-restricted topology
approach. Neuroimage, 176, 489-498.

Albott, C. S., Lim, K. O., Forbes, M. K., Erbes, C., Tye, S. J., Grabowski, J. G., Thuras, P., Batres, Y. C. T.
M., Wels, J., & Shiroma, P. R. (2018). Efficacy, Safety, and Durability of Repeated Ketamine
Infusions for Comorbid Posttraumatic Stress Disorder and Treatment-Resistant Depression. J
Clin Psychiatry, 79.

Alexander, W. (2012). Pharmacotherapy for Post-traumatic Stress Disorder In Combat Veterans:
Focus on Antidepressants and Atypical Antipsychotic Agents. P & T : a peer-reviewed journal
for formulary management, 37, 32-38.

Alexandra Kredlow, M., Fenster, R. J., Laurent, E. S., Ressler, K. J., & Phelps, E. A. (2022). Prefrontal
cortex, amygdala, and threat processing: implications for PTSD. Neuropsychopharmacology,
47, 247-259.

American Psychiatric Association, D., & Association, A. P. (2013). Diagnostic and statistical manual of
mental disorders: DSM-5 (Vol. 5): American psychiatric association Washington, DC.
Andrewes, D. G., & Jenkins, L. M. (2019). The Role of the Amygdala and the Ventromedial Prefrontal
Cortex in Emotional Regulation: Implications for Post-traumatic Stress Disorder.

Neuropsychology Review, 29, 220-243.

APA. (2017). Clinical practice guideline for thetreatment of posttraumatic stress disorder (PTSD) in
adults. In A. P. A. G. D. P. f. t. 0. P. i. Adults (Ed.).

Arco, A. D., & Mora, F. (2009). Neurotransmitters and prefrontal cortex—limbic system interactions:
implications for plasticity and psychiatric disorders. Journal of Neural Transmission, 116,
941-952.

Arnsten, A. F. (2009). Stress signalling pathways that impair prefrontal cortex structure and function.
Nat Rev Neurosci, 10, 410-422.

90



Asim, M., Hao, B., Yang, Y.-H., Fan, B.-F., Xue, L., Shi, Y.-W., Wang, X.-G., & Zhao, H. (2020). Ketamine
alleviates fear generalization through GIuN2B-BDNF signaling in mice. Neuroscience bulletin,
36, 153-164.

Attari, A., Rajabi, F., & Maracy, M. R. (2014). D-cycloserine for treatment of numbing and avoidance
in chronic post traumatic stress disorder: A randomized, double blind, clinical trial. J Res Med
Sci, 19, 592-598.

Atwood, B. K., & Mackie, K. (2010). CB2: a cannabinoid receptor with an identity crisis. BrJ
Pharmacol, 160, 467-479.

Bailey, C. R., Cordell, E., Sobin, S. M., & Neumeister, A. (2013). Recent Progress in Understanding the
Pathophysiology of Post-Traumatic Stress Disorder. CNS Drugs, 27, 221-232.

Balaban, P. M., Vinarskaya, A. K., Zuzina, A. B., lerusalimsky, V. N., & Malyshev, A. Y. (2016).
Impairment of the serotonergic neurons underlying reinforcement elicits extinction of the
repeatedly reactivated context memory. Sci Rep, 6, 36933.

Bannon, A. W,, Seda, J., Carmouche, M., Francis, J. M., Norman, M. H., Karbon, B., & McCaleb, M. L.
(2000). Behavioral characterization of neuropeptide Y knockout mice. Brain Res, 868, 79-87.

Barondes, S. H., & Cohen, H. D. (1966). Puromycin effect on successive phases of memory storage.
Science, 151, 594-595.

Berger, W., Mendlowicz, M. V., Marques-Portella, C., Kinrys, G., Fontenelle, L. F., Marmar, C. R., &
Figueira, I. (2009). Pharmacologic alternatives to antidepressants in posttraumatic stress
disorder: A systematic review. Progress in Neuro-Psychopharmacology and Biological
Psychiatry, 33, 169-180.

Bergstrom, H. C., McDonald, C. G., Dey, S., Fernandez, G. M., & Johnson, L. R. (2013). Neurons
activated during fear memory consolidation and reconsolidation are mapped to a common
and new topography in the lateral amygdala. Brain Topogr, 26, 468-478.

Berlau, D. J., & McGaugh, J. L. (2006). Enhancement of extinction memory consolidation: the role of
the noradrenergic and GABAergic systems within the basolateral amygdala. Neurobiology of
Learning and Memory, 86, 123-132.

Berridge, C. W., Schmeichel, B. E., & Espana, R. A. (2012). Noradrenergic modulation of
wakefulness/arousal. Sleep Med Rev, 16, 187-197.

Bershad, A. K., Preller, K. H., Lee, R., Keedy, S., Wren-Jarvis, J., Bremmer, M. P., & de Wit, H. (2020).
Preliminary Report on the Effects of a Low Dose of LSD on Resting-State Amygdala
Functional Connectivity. Biol Psychiatry Cogn Neurosci Neuroimaging, 5, 461-467.

Bierhaus, A., Wolf, J., Andrassy, M., Rohleder, N., Humpert, P. M., Petrov, D., Ferstl, R., von Eynatten,
M., Wendt, T., Rudofsky, G., Joswig, M., Morcos, M., Schwaninger, M., McEwen, B.,
Kirschbaum, C., & Nawroth, P. P. (2003). A mechanism converting psychosocial stress into
mononuclear cell activation. Proc Nat!/ Acad Sci U S A, 100, 1920-1925.

Blair, H. T., Schafe, G. E., Bauer, E. P., Rodrigues, S. M., & LeDoux, J. E. (2001). Synaptic Plasticity in
the Lateral Amygdala: A Cellular Hypothesis of Fear Conditioning. Learning & Memory, 8,
229-242.

Blechert, J., Michael, T., Vriends, N., Margraf, J., & Wilhelm, F. H. (2007). Fear conditioning in
posttraumatic stress disorder: Evidence for delayed extinction of autonomic, experiential,
and behavioural responses. Behaviour Research and Therapy, 45, 2019-2033.

Blundell, J., Kouser, M., & Powell, C. M. (2008). Systemic inhibition of mammalian target of
rapamycin inhibits fear memory reconsolidation. Neurobiol Learn Mem, 90, 28-35.

Boccia, M., Freudenthal, R., Blake, M., de la Fuente, V., Acosta, G., Baratti, C., & Romano, A. (2007).
Activation of hippocampal nuclear factor-kappa B by retrieval is required for memory
reconsolidation. J Neurosci, 27, 13436-13445.

Bonn-Miller, M. O., Brunstetter, M., Simonian, A, Loflin, M. J., Vandrey, R., Babson, K. A., & Wortzel,
H. (2020). The Long-Term, Prospective, Therapeutic Impact of Cannabis on Post-Traumatic
Stress Disorder. Cannabis Cannabinoid Res.

91



Boorman, E., Zajkowska, Z., Ahmed, R., Pariante, C. M., & Zunszain, P. A. (2016). Crosstalk between
endocannabinoid and immune systems: a potential dysregulation in depression?
Psychopharmacology (Berl), 233, 1591-1604.

Bouso, J. C., Doblin, R., Farré, M., Alcazar, M. A., & Gémez-Jarabo, G. (2008). MDMA-assisted
psychotherapy using low doses in a small sample of women with chronic posttraumatic
stress disorder. J Psychoactive Drugs, 40, 225-236.

Bouton, M. E. (1993). Context, time, and memory retrieval in the interference paradigms of
Pavlovian learning. Psychol Bull, 114, 80-99.

Bouton, M. E. (2004). Context and Behavioral Processes in Extinction. Learning & Memory, 11, 485-
494,

Bouton, M. E., Westbrook, R. F., Corcoran, K. A., & Maren, S. (2006). Contextual and temporal
modulation of extinction: behavioral and biological mechanisms. Biol Psychiatry, 60, 352-
360.

Brady, K. T., Killeen, T. K., Brewerton, T., & Lucerini, S. (2000). Comorbidity of psychiatric disorders
and posttraumatic stress disorder. J Clin Psychiatry, 61 Suppl 7, 22-32.

Bravo-Rivera, C., Roman-Ortiz, C., Brignoni-Perez, E., Sotres-Bayon, F., & Quirk, G. J. (2014). Neural
structures mediating expression and extinction of platform-mediated avoidance. Journal of
Neuroscience, 34, 9736-9742.

Bremner, J. D, Elzinga, B., Schmahl, C., & Vermetten, E. (2008). Structural and functional plasticity of
the human brain in posttraumatic stress disorder. Prog Brain Res, 167, 171-186.

Bremner, J. D., Innis, R. B., Southwick, S. M., Staib, L., Zoghbi, S., & Charney, D. S. (2000). Decreased
benzodiazepine receptor binding in prefrontal cortex in combat-related posttraumatic stress
disorder. Am J Psychiatry, 157, 1120-1126.

Bremner, J. D., Randall, P., Scott, T. M., Bronen, R. A., Seibyl, J. P., Southwick, S. M., Delaney, R. C.,
McCarthy, G., Charney, D. S., & Innis, R. B. (1995). MRI-based measurement of hippocampal
volume in patients with combat-related posttraumatic stress disorder. Am J Psychiatry, 152,
973-981.

Bremner, J. D., Vermetten, E., Schmahl, C., Vaccarino, V., Vythilingam, M., Afzal, N., Grillon, C., &
Charney, D. S. (2005). Positron emission tomographic imaging of neural correlates of a fear
acquisition and extinction paradigm in women with childhood sexual-abuse-related post-
traumatic stress disorder. Psychol Med, 35, 791-806.

Breukelaar, I. A., Bryant, R. A., & Korgaonkar, M. S. (2021). The functional connectome in
posttraumatic stress disorder. Neurobiol Stress, 14, 100321.

Brinks, V., de Kloet, E. R., & QOitzl, M. S. (2009). Corticosterone facilitates extinction of fear memory in
BALB/c mice but strengthens cue related fear in C57BL/6 mice. Exp Neurol, 216, 375-382.

Brinley-Reed, M., Mascagni, F., & McDonald, A. J. (1995). Synaptology of prefrontal cortical
projections to the basolateral amygdala: an electron microscopic study in the rat. Neurosci
Lett, 202, 45-48.

Brunet, A., Orr, S. P., Tremblay, J., Robertson, K., Nader, K., & Pitman, R. K. (2008). Effect of post-
retrieval propranolol on psychophysiologic responding during subsequent script-driven
traumatic imagery in post-traumatic stress disorder. J Psychiatr Res, 42, 503-506.

Brunet, A., Saumier, D., Liu, A., Streiner, D. L., Tremblay, J., & Pitman, R. K. (2018). Reduction of PTSD
Symptoms With Pre-Reactivation Propranolol Therapy: A Randomized Controlled Trial. Am J
Psychiatry, 175, 427-433.

Bryant, R. A. (2019). Post-traumatic stress disorder: a state-of-the-art review of evidence and
challenges. World Psychiatry, 18, 259-269.

Buckner, R. L., Andrews-Hanna, J. R., & Schacter, D. L. (2008). The brain's default network: anatomy,
function, and relevance to disease. Ann N Y Acad Sci, 1124, 1-38.

Burchett, S. A., & Hicks, T. P. (2006). The mysterious trace amines: protean neuromodulators of
synaptic transmission in mammalian brain. Prog Neurobiol, 79, 223-246.

92



Bustos, S. G., Giachero, M., Maldonado, H., & Molina, V. A. (2010). Previous stress attenuates the
susceptibility to Midazolam's disruptive effect on fear memory reconsolidation: influence of
pre-reactivation D-cycloserine administration. Neuropsychopharmacology, 35, 1097-1108.

Bustos, S. G., Maldonado, H., & Molina, V. A. (2006). Midazolam disrupts fear memory
reconsolidation. Neuroscience, 139, 831-842.

Bustos, S. G., Maldonado, H., & Molina, V. A. (2009). Disruptive effect of midazolam on fear memory
reconsolidation: decisive influence of reactivation time span and memory age.
Neuropsychopharmacology, 34, 446-457.

Cahill, E. N., Wood, M. A., Everitt, B. J., & Milton, A. L. (2019). The role of prediction error and
memory destabilization in extinction of cued-fear within the reconsolidation window.
Neuropsychopharmacology, 44, 1762-1768.

Cai, W. H., Blundell, J., Han, J., Greene, R. W., & Powell, C. M. (2006). Postreactivation
glucocorticoids impair recall of established fear memory. J Neurosci, 26, 9560-9566.

Cain, C. K., Blouin, A. M., & Barad, M. (2004). Adrenergic transmission facilitates extinction of
conditional fear in mice. Learn Mem, 11, 179-187.

Cameron, C., Watson, D., & Robinson, J. (2014). Use of a synthetic cannabinoid in a correctional
population for posttraumatic stress disorder-related insomnia and nightmares, chronic pain,
harm reduction, and other indications: a retrospective evaluation. J Clin Psychopharmacol,
34, 559-564.

Cameron, L. P., Benson, C. J., DeFelice, B. C., Fiehn, O., & Olson, D. E. (2019). Chronic, Intermittent
Microdoses of the Psychedelic N,N-Dimethyltryptamine (DMT) Produce Positive Effects on
Mood and Anxiety in Rodents. ACS Chem Neurosci, 10, 3261-3270.

Campolongo, P., Roozendaal, B., Trezza, V., Hauer, D., Schelling, G., McGaugh, J. L., & Cuomo, V.
(2009). Endocannabinoids in the rat basolateral amygdala enhance memory consolidation
and enable glucocorticoid modulation of memory. Proceedings of the National Academy of
Sciences, 106, 4888-4893.

Campolongo, P., Roozendaal, B., Trezza, V., Hauer, D., Schelling, G., McGaugh, J. L., & Cuomo, V.
(2009). Endocannabinoids in the rat basolateral amygdala enhance memory consolidation
and enable glucocorticoid modulation of memory. Proc Natl Acad Sci U S A, 106, 4888-4893.

Carbonaro, T. M., & Gatch, M. B. (2016). Neuropharmacology of N,N-dimethyltryptamine. Brain Res
Bull, 126, 74-88.

Card, P. (2017). VA/DOD clinical practice guideline for the management of posttraumatic stress
disorder and acute stress disorder. In.

Careaga, M. B. L., Girardi, C. E. N., & Suchecki, D. (2016). Understanding posttraumatic stress
disorder through fear conditioning, extinction and reconsolidation. Neurosci Biobehav Rev,
71, 48-57.

Carhart-Harris, R. L., Erritzoe, D., Williams, T., Stone, J. M., Reed, L. J., Colasanti, A., Tyacke, R. J.,
Leech, R., Malizia, A. L., Murphy, K., Hobden, P., Evans, J., Feilding, A., Wise, R. G., & Nutt, D.
J. (2012). Neural correlates of the psychedelic state as determined by fMRI studies with
psilocybin. Proc Natl Acad Sci U S A, 109, 2138-2143.

Carhart-Harris, R. L., Murphy, K., Leech, R., Erritzoe, D., Wall, M. B., Ferguson, B., Williams, L. T.,
Roseman, L., Brugger, S., De Meer, |., Tanner, M., Tyacke, R., Wolff, K., Sethi, A., Bloomfield,
M. A., Williams, T. M., Bolstridge, M., Stewart, L., Morgan, C., Newbould, R. D., Feilding, A.,
Curran, H. V., & Nutt, D. J. (2015). The Effects of Acutely Administered 3,4-
Methylenedioxymethamphetamine on Spontaneous Brain Function in Healthy Volunteers
Measured with Arterial Spin Labeling and Blood Oxygen Level-Dependent Resting State
Functional Connectivity. Biol Psychiatry, 78, 554-562.

Carhart-Harris, R. L., Roseman, L., Bolstridge, M., Demetriou, L., Pannekoek, J. N., Wall, M. B.,
Tanner, M., Kaelen, M., McGonigle, J., Murphy, K., Leech, R., Curran, H. V., & Nutt, D. J.
(2017). Psilocybin for treatment-resistant depression: fMRI-measured brain mechanisms. Sci
Rep, 7, 13187.

93



Carpenter, J. K., Pinaire, M., & Hofmann, S. G. (2019). From Extinction Learning to Anxiety
Treatment: Mind the Gap. Brain Sciences, 9, 164.

Catlow, B. J,, Song, S., Paredes, D. A,, Kirstein, C. L., & Sanchez-Ramos, J. (2013). Effects of psilocybin
on hippocampal neurogenesis and extinction of trace fear conditioning. Exp Brain Res, 228,
481-491.

Cestari, V., Costanzi, M., Castellano, C., & Rossi-Arnaud, C. (2006). A role for ERK2 in reconsolidation
of fear memories in mice. Neurobiol Learn Mem, 86, 133-143.

Chaaya, N., Battle, A. R., & Johnson, L. R. (2018). An update on contextual fear memory mechanisms:
Transition between Amygdala and Hippocampus. Neuroscience & Biobehavioral Reviews, 92,
43-54,

Chambers, R. A., Bremner, J. D., Moghaddam, B., Southwick, S. M., Charney, D. S., & Krystal, J. H.
(1999). Glutamate and post-traumatic stress disorder: toward a psychobiology of
dissociation. Seminars in clinical neuropsychiatry, 4, 274-281.

Charlier, Y., & Tirelli, E. (2011). Differential effects of histamine H(3) receptor inverse agonist
thioperamide, given alone or in combination with the N-methyl-d-aspartate receptor
antagonist dizocilpine, on reconsolidation and consolidation of a contextual fear memory in
mice. Neuroscience, 193, 132-142.

Chen, H.J., Zhang, L., Ke, J., Qj, R., Xu, Q., Zhong, Y., Pan, M., Li, J., Lu, G. M., & Chen, F. (2019).
Altered resting-state dorsal anterior cingulate cortex functional connectivity in patients with
post-traumatic stress disorder. Australian & New Zealand Journal of Psychiatry, 53, 68-79.

Chiurchiu, V., Leuti, A., & Maccarrone, M. (2015). Cannabinoid Signaling and Neuroinflammatory
Diseases: A Melting pot for the Regulation of Brain Immune Responses. J Neuroimmune
Pharmacol, 10, 268-280.

Cipriani, A., Williams, T., Nikolakopoulou, A., Salanti, G., Chaimani, A., Ipser, J., Cowen, P. J., Geddes,
J. R., & Stein, D. J. (2018). Comparative efficacy and acceptability of pharmacological
treatments for post-traumatic stress disorder in adults: a network meta-analysis.
Psychological Medicine, 48, 1975-1984.

Cisler, J. M., Privratsky, A. A., Sartin-Tarm, A, Sellnow, K., Ross, M., Weaver, S., Hahn, E., Herringa, R.
J., James, G. A, & Kilts, C. D. (2020). I-DOPA and consolidation of fear extinction learning
among women with posttraumatic stress disorder. Translational Psychiatry, 10, 287.

Clancy, P., Koblar, S. A., & Golledge, J. (2014). Angiotensin receptor 1 blockade reduces secretion of
inflammation associated cytokines from cultured human carotid atheroma and vascular cells
in association with reduced extracellular signal regulated kinase expression and activation.
Atherosclerosis, 236, 108-115.

Cohen, H., Liu, T., Kozlovsky, N., Kaplan, Z., Zohar, J., & Mathé, A. A. (2012). The neuropeptide Y
(NPY)-ergic system is associated with behavioral resilience to stress exposure in an animal
model of post-traumatic stress disorder. Neuropsychopharmacology, 37, 350-363.

Conrad, C. D., MacMillan li, D. D., Tsekhanov, S., Wright, R. L., Baran, S. E., & Fuchs, R. A. (2004).
Influence of chronic corticosterone and glucocorticoid receptor antagonism in the amygdala
on fear conditioning. Neurobiology of Learning and Memory, 81, 185-199.

Corcoran, K. A., & Quirk, G. J. (2007). Activity in prelimbic cortex is necessary for the expression of
learned, but not innate, fears. Journal of Neuroscience, 27, 840-844.

Correia, S. S., McGrath, A. G,, Lee, A., Graybiel, A. M., & Goosens, K. A. (2016). Amygdala-ventral
striatum circuit activation decreases long-term fear. Elife, 5, €12669.

Coventry, P. A., Meader, N., Melton, H., Temple, M., Dale, H., Wright, K., Cloitre, M., Karatzias, T.,
Bisson, J., Roberts, N. P., Brown, J. V. E., Barbui, C., Churchill, R., Lovell, K., McMillan, D., &
Gilbody, S. (2020). Psychological and pharmacological interventions for posttraumatic stress
disorder and comorbid mental health problems following complex traumatic events:
Systematic review and component network meta-analysis. PLOS Medicine, 17, €1003262.

Coyner, J., McGuire, J. L., Parker, C. C., Ursano, R. J., Palmer, A. A,, & Johnson, L. R. (2014). Mice
selectively bred for High and Low fear behavior show differences in the number of pMAPK

94



(p44/42 ERK) expressing neurons in lateral amygdala following Pavlovian fear conditioning.
Neurobiol Learn Mem, 112, 195-203.

Dahlgren, M. K., Laifer, L. M., VanElzakker, M. B., Offringa, R., Hughes, K. C., Staples-Bradley, L. K.,
Dubois, S. J., Lasko, N. B., Hinojosa, C. A,, Orr, S. P., Pitman, R. K., & Shin, L. M. (2018).
Diminished medial prefrontal cortex activation during the recollection of stressful events is
an acquired characteristic of PTSD. Psychol Med, 48, 1128-1138.

Dalton, G. L., Wu, D. C., Wang, Y. T., Floresco, S. B., & Phillips, A. G. (2012). NMDA GIuN2A and
GIluN2B receptors play separate roles in the induction of LTP and LTD in the amygdala and in
the acquisition and extinction of conditioned fear. Neuropharmacology, 62, 797-806.

Daniels, J. K., Frewen, P., McKinnon, M. C., & Lanius, R. A. (2011). Default mode alterations in
posttraumatic stress disorder related to early-life trauma: a developmental perspective. J
Psychiatry Neurosci, 36, 56-59.

Das, R. K., Gale, G., Walsh, K., Hennessy, V. E., Iskandar, G., Mordecai, L. A., Brandner, B., Kindt, M.,
Curran, H. V., & Kamboj, S. K. (2019). Ketamine can reduce harmful drinking by
pharmacologically rewriting drinking memories. Nature Communications, 10, 5187.

Daskalakis, N. P., Cohen, H., Nievergelt, C. M., Baker, D. G., Buxbaum, J. D., Russo, S. J., & Yehuda, R.
(2016). New translational perspectives for blood-based biomarkers of PTSD: From
glucocorticoid to immune mediators of stress susceptibility. Exp Neurol, 284, 133-140.

Davis, A. K., Averill, L. A., Sepeda, N. D., Barsuglia, J. P., & Amoroso, T. (2020). Psychedelic Treatment
for Trauma-Related Psychological and Cognitive Impairment Among US Special Operations
Forces Veterans. Chronic Stress (Thousand Oaks), 4, 2470547020939564.

Davis, A. K., Barrett, F. S., May, D. G., Cosimano, M. P., Sepeda, N. D., Johnson, M. W, Finan, P. H., &
Griffiths, R. R. (2021). Effects of Psilocybin-Assisted Therapy on Major Depressive Disorder: A
Randomized Clinical Trial. JAMA Psychiatry, 78, 481-489.

Davis, M. (1992). The Role of the Amygdala in Fear and Anxiety. Annu Rev Neurosci, 15, 353-375.

Davis, M. (2011). NMDA receptors and fear extinction: implications for cognitive behavioral therapy.
Dialogues Clin Neurosci, 13, 463-474.

Davis, S., & Laroche, S. (2006). Mitogen-activated protein kinase/extracellular regulated kinase
signalling and memory stabilization: a review. Genes Brain Behav, 5 Suppl 2, 61-72.

De Cagna, F., Fusar-Poli, L., Damiani, S., Rocchetti, M., Giovanna, G., Mori, A., Politi, P., & Brondino,
N. (2019). The Role of Intranasal Oxytocin in Anxiety and Depressive Disorders: A Systematic
Review of Randomized Controlled Trials. Clinical psychopharmacology and neuroscience : the
official scientific journal of the Korean College of Neuropsychopharmacology, 17, 1-11.

de Kleine, R. A., Hendriks, G. J., Kusters, W. J., Broekman, T. G., & van Minnen, A. (2012). A
randomized placebo-controlled trial of D-cycloserine to enhance exposure therapy for
posttraumatic stress disorder. Biol Psychiatry, 71, 962-968.

de la Fuente, V., Freudenthal, R., & Romano, A. (2011). Reconsolidation or extinction: transcription
factor switch in the determination of memory course after retrieval. J Neurosci, 31, 5562-
5573.

De Oliveira Alvares, L., Crestani, A. P., Cassini, L. F., Haubrich, J., Santana, F., & Quillfeldt, J. A. (2013).
Reactivation enables memory updating, precision-keeping and strengthening: exploring the
possible biological roles of reconsolidation. Neuroscience, 244, 42-48.

de Oliveira Alvares, L., Pasqualini Genro, B., Diehl, F., Molina, V. A., & Quillfeldt, J. A. (2008).
Opposite action of hippocampal CB1 receptors in memory reconsolidation and extinction.
Neuroscience, 154, 1648-1655.

de Oliveira, J. F., Wiener, C. D., Jansen, K., Portela, L. V., Lara, D. R., Souza, L. D. M., da Silva, R. A.,
Moreira, F. P., & Oses, J. P. (2018). Serum levels of interleukins IL-6 and IL-10 in individuals
with posttraumatic stress disorder in a population-based sample. Psychiatry Res, 260, 111-
115.

Debiec, J., & Ledoux, J. E. (2004). Disruption of reconsolidation but not consolidation of auditory fear
conditioning by noradrenergic blockade in the amygdala. Neuroscience, 129, 267-272.

95



Debiec, J., LeDoux, J. E., & Nader, K. (2002). Cellular and systems reconsolidation in the
hippocampus. Neuron, 36, 527-538.

Delahanty, D. L., Nugent, N. R., Christopher, N. C., & Walsh, M. (2005). Initial urinary epinephrine
and cortisol levels predict acute PTSD symptoms in child trauma victims.
Psychoneuroendocrinology, 30, 121-128.

Deryabina, I. B., Muranova, L. N., Andrianov, V. V., & Gainutdinov, K. L. (2018). Impairing of
Serotonin Synthesis by P-Chlorphenylanine Prevents the Forgetting of Contextual Memory
After Reminder and the Protein Synthesis Inhibition. Front Pharmacol, 9, 607.

Deschaux, O., Spennato, G., Moreau, J. L., & Garcia, R. (2011). Chronic treatment with fluoxetine
prevents the return of extinguished auditory-cued conditioned fear. Psychopharmacology
(Berl), 215, 231-237.

Deschaux, O., Zheng, X., Lavigne, J., Nachon, O., Cleren, C., Moreau, J. L., & Garcia, R. (2013). Post-
extinction fluoxetine treatment prevents stress-induced reemergence of extinguished fear.
Psychopharmacology (Berl), 225, 209-216.

Dickinson, A. (2012). Associative learning and animal cognition. Philos Trans R Soc Lond B Biol Sci,
367,2733-2742.

Difede, J., Cukor, J., Wyka, K., Olden, M., Hoffman, H., Lee, F. S., & Altemus, M. (2014). D-cycloserine
augmentation of exposure therapy for post-traumatic stress disorder: a pilot randomized
clinical trial. Neuropsychopharmacology, 39, 1052-1058.

Do-Monte, F. H., Manzano-Nieves, G., Quifiones-Laracuente, K., Ramos-Medina, L., & Quirk, G. J.
(2015). Revisiting the role of infralimbic cortex in fear extinction with optogenetics. Journal
of Neuroscience, 35, 3607-3615.

Do Monte, F. H., Souza, R. R., Bitencourt, R. M., Kroon, J. A., & Takahashi, R. N. (2013). Infusion of
cannabidiol into infralimbic cortex facilitates fear extinction via CB1 receptors. Behav Brain
Res, 250, 23-27.

Dong, E., Matsumoto, K., Uzunova, V., Sugaya, ., Takahata, H., Nomura, H., Watanabe, H., Costa, E.,
& Guidotti, A. (2001). Brain 5a-dihydroprogesterone and allopregnanolone synthesis in a
mouse model of protracted social isolation. Proceedings of the National Academy of
Sciences, 98, 2849-2854.

Dossi, G., Delvecchio, G., Prunas, C., Soares, J. C., & Brambilla, P. (2020). Neural Bases of Cognitive
Impairments in Post-Traumatic Stress Disorders: A Mini-Review of Functional Magnetic
Resonance Imaging Findings. Frontiers in Psychiatry, 11.

Drexler, S. M., Merz, C. J., Hamacher-Dang, T. C., Tegenthoff, M., & Wolf, O. T. (2015). Effects of
Cortisol on Reconsolidation of Reactivated Fear Memories. Neuropsychopharmacology, 40,
3036-3043.

Duclot, F., Perez-Taboada, I., Wright, K. N., & Kabbaj, M. (2016). Prediction of individual differences
in fear response by novelty seeking, and disruption of contextual fear memory
reconsolidation by ketamine. Neuropharmacology, 109, 293-305.

Dumont, G. J., Sweep, F. C., van der Steen, R., Hermsen, R., Donders, A. R., Touw, D. J., van Gerven, J.
M., Buitelaar, J. K., & Verkes, R. J. (2009). Increased oxytocin concentrations and prosocial
feelings in humans after ecstasy (3,4-methylenedioxymethamphetamine) administration.
Soc Neurosci, 4, 359-366.

Dunsmoor, Joseph E., Niv, Y., Daw, N., & Phelps, Elizabeth A. (2015). Rethinking Extinction. Neuron,
88, 47-63.

Dunsmoor, J. E., & Paz, R. (2015). Fear Generalization and Anxiety: Behavioral and Neural
Mechanisms. Biol Psychiatry, 78, 336-343.

Duvarci, S., Mamou, C. B., & Nader, K. (2006). Extinction is not a sufficient condition to prevent fear
memories from undergoing reconsolidation in the basolateral amygdala. The European
journal of neuroscience, 24, 249-260.

96



Duvarci, S., Nader, K., & LeDoux, J. E. (2005). Activation of extracellular signal-regulated kinase-
mitogen-activated protein kinase cascade in the amygdala is required for memory
reconsolidation of auditory fear conditioning. Eur J Neurosci, 21, 283-289.

Dymond, S., Dunsmoor, J. E., Vervliet, B., Roche, B., & Hermans, D. (2015). Fear Generalization in
Humans: Systematic Review and Implications for Anxiety Disorder Research. Behav Ther, 46,
561-582.

Eaton, K., Sallee, F. R., & Sah, R. (2007). Relevance of neuropeptide Y (NPY) in psychiatry. Curr Top
Med Chem, 7, 1645-1659.

Eckstein, M., Becker, B., Scheele, D., Scholz, C., Preckel, K., Schlaepfer, T. E., Grinevich, V., Kendrick,
K. M., Maier, W., & Hurlemann, R. (2015). Oxytocin facilitates the extinction of conditioned
fear in humans. Biol Psychiatry, 78, 194-202.

Edmondson, D., Kronish, I. M., Shaffer, J. A., Falzon, L., & Burg, M. M. (2013). Posttraumatic stress
disorder and risk for coronary heart disease: a meta-analytic review. Am Heart J, 166, 806-
814.

Ehlers, A. (2010). Understanding and Treating Unwanted Trauma Memories in Posttraumatic Stress
Disorder. Z Psychol, 218, 141-145.

Ehlers, A., Grey, N., Wild, J., Stott, R,, Liness, S., Deale, A., Handley, R., Albert, I., Cullen, D., &
Hackmann, A. (2013). Implementation of cognitive therapy for PTSD in routine clinical care:
effectiveness and moderators of outcome in a consecutive sample. Behaviour research and
therapy, 51, 742-752.

Ehrlich, 1., Humeau, Y., Grenier, F., Ciocchi, S., Herry, C., & Lithi, A. (2009). Amygdala inhibitory
circuits and the control of fear memory. Neuron, 62, 757-771.

Einarsson, E. O., & Nader, K. (2012). Involvement of the anterior cingulate cortex in formation,
consolidation, and reconsolidation of recent and remote contextual fear memory. Learn
Mem, 19, 449-452.

Eser, D., Baghai, T. C,, Schiile, C., Nothdurfter, C., & Rupprecht, R. (2008). Neuroactive steroids as
endogenous modulators of anxiety. Curr Pharm Des, 14, 3525-3533.

Espejo, P. J., Ortiz, V., Martijena, . D., & Molina, V. A. (2016). Stress-induced resistance to the fear
memory labilization/reconsolidation process. Involvement of the basolateral amygdala
complex. Neuropharmacology, 109, 349-356.

Espejo, P. J., Ortiz, V., Martijena, |. D., & Molina, V. A. (2017). GABAergic signaling within the
Basolateral Amygdala Complex modulates resistance to the labilization/reconsolidation
process. Neurobiol Learn Mem, 144, 166-173.

Etkin, A., Egner, T., & Kalisch, R. (2011). Emotional processing in anterior cingulate and medial
prefrontal cortex. Trends Cogn Sci, 15, 85-93.

Exton-McGuinness, M. T,, Lee, J. L., & Reichelt, A. C. (2015). Updating memories--the role of
prediction errors in memory reconsolidation. Behav Brain Res, 278, 375-384.

Feder, A., Parides, M. K., Murrough, J. W., Perez, A. M., Morgan, J. E., Saxena, S., Kirkwood, K., Aan
Het Rot, M., Lapidus, K. A., Wan, L. B,, losifescu, D., & Charney, D. S. (2014). Efficacy of
intravenous ketamine for treatment of chronic posttraumatic stress disorder: a randomized
clinical trial. JAMA Psychiatry, 71, 681-688.

Feduccia, A. A., & Mithoefer, M. C. (2018). MDMA-assisted psychotherapy for PTSD: Are memory
reconsolidation and fear extinction underlying mechanisms? Progress in Neuro-
Psychopharmacology and Biological Psychiatry, 84, 221-228.

Flanagan, J. C., Sippel, L. M., Wahlquist, A., Moran-Santa Maria, M. M., & Back, S. E. (2018).
Augmenting Prolonged Exposure therapy for PTSD with intranasal oxytocin: A randomized,
placebo-controlled pilot trial. J Psychiatr Res, 98, 64-69.

Flavell, C. R., & Lee, J. L. C. (2019a). Dopaminergic D1 receptor signalling is necessary, but not
sufficient for cued fear memory destabilisation. Psychopharmacology (Berl), 236, 3667-3676.

Flavell, C. R., & Lee, J. L. C. (2019b). Dopaminergic D1 receptor signalling is necessary, but not
sufficient for cued fear memory destabilisation. Psychopharmacology (Berl), 236, 3667-3676.

97



Flexner, L. B., Flexner, J. B., & Roberts, R. B. (1966). Stages of memory in mice treated with
acetoxycycloheximide before or immediately after learning. Proc Natl Acad Sci U S A, 56,
730-735.

Flint, R. W., Jr., Noble, L. J., & Ulmen, A. R. (2013). NMDA receptor antagonism with MK-801 impairs
consolidation and reconsolidation of passive avoidance conditioning in adolescent rats:
evidence for a state dependent reconsolidation effect. Neurobiol Learn Mem, 101, 114-119.

Fond, G., Loundou, A., Rabu, C., Macgregor, A., Lancon, C., Brittner, M., Micoulaud-Franchi, J. A,,
Richieri, R., Courtet, P., Abbar, M., Roger, M., Leboyer, M., & Boyer, L. (2014). Ketamine
administration in depressive disorders: a systematic review and meta-analysis.
Psychopharmacology (Berl), 231, 3663-3676.

Francati, V., Vermetten, E., & Bremner, J. D. (2007). Functional neuroimaging studies in
posttraumatic stress disorder: review of current methods and findings. Depress Anxiety, 24,
202-218.

Fraser, G. A. (2009). The use of a synthetic cannabinoid in the management of treatment-resistant
nightmares in posttraumatic stress disorder (PTSD). CNS Neurosci Ther, 15, 84-88.

Friedman, M. J. (2016). Deconstructing PTSD. Long Term Outcomes in Psychopathology Research:
Rethinking the Scientific Agenda, 123-139.

Friedman, M. J., & Bernardy, N. C. (2017). Considering future pharmacotherapy for PTSD.
Neuroscience Letters, 649, 181-185.

Fuchs, E., & Gould, E. (2000). Mini-review: in vivo neurogenesis in the adult brain: regulation and
functional implications. Eur J Neurosci, 12, 2211-2214.

Gafford, G. M., Parsons, R. G., & Helmstetter, F. J. (2011). Consolidation and reconsolidation of
contextual fear memory requires mammalian target of rapamycin-dependent translation in
the dorsal hippocampus. Neuroscience, 182, 98-104.

Gatecki, P., Mossakowska-Wojcik, J., & Talarowska, M. (2018). The anti-inflammatory mechanism of
antidepressants - SSRIs, SNRIs. Prog Neuropsychopharmacol Biol Psychiatry, 80, 291-294.

Gamma, A., Buck, A., Berthold, T., Liechti, M. E., & Vollenweider, F. X. (2000). 3,4-
Methylenedioxymethamphetamine (MDMA) modulates cortical and limbic brain activity as
measured by [H(2)(15)O]-PET in healthy humans. Neuropsychopharmacology, 23, 388-395.

Garcia-Romeu, A., Kersgaard, B., & Addy, P. H. (2016). Clinical applications of hallucinogens: A
review. Exp Clin Psychopharmacol, 24, 229-268.

Gasser, P., Holstein, D., Michel, Y., Doblin, R., Yazar-Klosinski, B., Passie, T., & Brenneisen, R. (2014).
Safety and efficacy of lysergic acid diethylamide-assisted psychotherapy for anxiety
associated with life-threatening diseases. J Nerv Ment Dis, 202, 513-520.

Gasser, P, Kirchner, K., & Passie, T. (2015). LSD-assisted psychotherapy for anxiety associated with a
life-threatening disease: a qualitative study of acute and sustained subjective effects. J
Psychopharmacol, 29, 57-68.

Gazarini, L., Stern, C. A,, Piornedo, R. R., Takahashi, R. N., & Bertoglio, L. J. (2015). PTSD-like memory
generated through enhanced noradrenergic activity is mitigated by a dual step
pharmacological intervention targeting its reconsolidation. International Journal of
Neuropsychopharmacology, 18.

Gelernter, J., Sun, N., Polimanti, R., Pietrzak, R., Levey, D. F., Bryois, J., Lu, Q., Hu, Y., Li, B.,
Radhakrishnan, K., Aslan, M., Cheung, K.-H., Li, Y., Rajeevan, N., Sayward, F., Harrington, K.,
Chen, Q., Cho, K., Pyarajan, S., Sullivan, P. F., Quaden, R., Shi, Y., Hunter-Zinck, H., Gaziano, J.
M., Concato, J., Zhao, H., Stein, M. B., Department of Veterans Affairs Cooperative Studies,
P., & Million Veteran, P. (2019). Genome-wide association study of post-traumatic stress
disorder reexperiencing symptoms in >165,000 US veterans. Nat Neurosci, 22, 1394-1401.

Geracioti, T. D., Jr., Baker, D. G., Ekhator, N. N., West, S. A., Hill, K. K., Bruce, A. B., Schmidt, D.,
Rounds-Kugler, B., Yehuda, R., Keck, P. E., Jr., & Kasckow, J. W. (2001). CSF norepinephrine
concentrations in posttraumatic stress disorder. Am J Psychiatry, 158, 1227-1230.

98



Gerlicher, A. M. V., Tiischer, 0., & Kalisch, R. (2018). Dopamine-dependent prefrontal reactivations
explain long-term benefit of fear extinction. Nature Communications, 9, 4294.

Gerlicher, A. M. V., Tiischer, O., & Kalisch, R. (2019). L-DOPA improves extinction memory retrieval
after successful fear extinction. Psychopharmacology (Berl), 236, 3401-3412.

Geuze, E., van Berckel, B. N., Lammertsma, A. A., Boellaard, R., de Kloet, C. S., Vermetten, E., &
Westenberg, H. G. (2008). Reduced GABAA benzodiazepine receptor binding in veterans
with post-traumatic stress disorder. Mol Psychiatry, 13, 74-83, 73.

Gilbertson, M. W., Shenton, M. E., Ciszewski, A., Kasai, K., Lasko, N. B., Orr, S. P., & Pitman, R. K.
(2002). Smaller hippocampal volume predicts pathologic vulnerability to psychological
trauma. Nat Neurosci, 5, 1242-1247.

Gilbertson, M. W., Shenton, M. E., Ciszewski, A., Kasai, K., Lasko, N. B., Orr, S. P., & Pitman, R. K.
(2002). Smaller hippocampal volume predicts pathologic vulnerability to psychological
trauma. Nat Neurosci, 5, 1242-1247.

Girgenti, M. J., Ghosal, S., LoPresto, D., Taylor, J. R., & Duman, R. S. (2017). Ketamine accelerates fear
extinction via mTORC1 signaling. Neurobiol Dis, 100, 1-8.

Giustino, T. F., & Maren, S. (2018). Noradrenergic Modulation of Fear Conditioning and Extinction.
Front Behav Neurosci, 12, 43.

Glover, E. M., Ressler, K. J., & Davis, M. (2010). Differing effects of systemically administered
rapamycin on consolidation and reconsolidation of context vs. cued fear memories. Learn
Mem, 17,577-581.

Greer, G. R, Grob, C. S., & Halberstadt, A. L. (2014). PTSD symptom reports of patients evaluated for
the New Mexico Medical Cannabis Program. J Psychoactive Drugs, 46, 73-77.

Griffiths, R. R., Johnson, M. W., Carducci, M. A., Umbricht, A., Richards, W. A., Richards, B. D.,
Cosimano, M. P., & Klinedinst, M. A. (2016). Psilocybin produces substantial and sustained
decreases in depression and anxiety in patients with life-threatening cancer: A randomized
double-blind trial. J Psychopharmacol, 30, 1181-1197.

Griffiths, R. R., Johnson, M. W., Richards, W. A., Richards, B. D., McCann, U., & Jesse, R. (2011).
Psilocybin occasioned mystical-type experiences: immediate and persisting dose-related
effects. Psychopharmacology (Berl), 218, 649-665.

Grof, S., Goodman, L. E., Richards, W. A., & Kurland, A. A. (1973). LSD-assisted psychotherapy in
patients with terminal cancer. Int Pharmacopsychiatry, 8, 129-144.

Gupta, S., Guleria, R. S., & Szabo, Y. Z. (2021). MicroRNAs as biomarker and novel therapeutic target
for posttraumatic stress disorder in Veterans. Psychiatry Res, 305, 114252.

Gurvits, T. V., Shenton, M. E., Hokama, H., Ohta, H., Lasko, N. B., Gilbertson, M. W., Orr, S. P., Kikinis,
R., Jolesz, F. A., McCarley, R. W., & Pitman, R. K. (1996). Magnetic resonance imaging study
of hippocampal volume in chronic, combat-related posttraumatic stress disorder. Biol
Psychiatry, 40, 1091-1099.

Gutner, C. A., Gallagher, M. W., Baker, A. S., Sloan, D. M., & Resick, P. A. (2016). Time course of
treatment dropout in cognitive—behavioral therapies for posttraumatic stress disorder.
Psychological Trauma: Theory, Research, Practice, and Policy, 8, 115-121.

Haagen, J. F. G., Smid, G. E., Knipscheer, J. W., & Kleber, R. J. (2015). The efficacy of recommended
treatments for veterans with PTSD: A metaregression analysis. Clinical Psychology Review,
40, 184-194.

Haaker, J., Gaburro, S., Sah, A., Gartmann, N., Lonsdorf, T. B., Meier, K., Singewald, N., Pape, H. C,,
Morellini, F., & Kalisch, R. (2013). Single dose of L-dopa makes extinction memories context-
independent and prevents the return of fear. Proc Natl Acad Sci U S A, 110, E2428-2436.

Halberstadt, A. L. (2015). Recent advances in the neuropsychopharmacology of serotonergic
hallucinogens. Behav Brain Res, 277, 99-120.

Han, J.-H., Yiu, A. P., Cole, C. J., Hsiang, H.-L., Neve, R. L., & Josselyn, S. A. (2008). Increasing CREB in
the auditory thalamus enhances memory and generalization of auditory conditioned fear.
Learning & Memory, 15, 443-453.

99



Hart, G., Harris, J. A., & Westbrook, R. F. (2009). Systemic or intra-amygdala injection of a
benzodiazepine (midazolam) impairs extinction but spares re-extinction of conditioned fear
responses. Learning & Memory, 16, 53-61.

Hauer, D., Ratano, P., Morena, M., Scaccianoce, S., Briegel, I., Palmery, M., Cuomo, V., Roozendaal,
B., Schelling, G., & Campolongo, P. (2011). Propofol enhances memory formation via an
interaction with the endocannabinoid system. Anesthesiology, 114, 1380-1388.

Hauer, D., Schelling, G., Gola, H., Campolongo, P., Morath, J., Roozendaal, B., Hamuni, G.,
Karabatsiakis, A., Atsak, P., Vogeser, M., & Kolassa, I. T. (2013). Plasma concentrations of
endocannabinoids and related primary fatty acid amides in patients with post-traumatic
stress disorder. PLoS One, 8, e62741.

Hegoburu, C., Parrot, S., Ferreira, G., & Mouly, A.-M. (2014). Differential involvement of amygdala
and cortical NMDA receptors activation upon encoding in odor fear memory. Learning &
Memory, 21, 651-655.

Heinzerling, L., Eigentler, T. K., Fluck, M., Hassel, J. C., Heller-Schenck, D., Leipe, J., Pauschinger, M.,
Vogel, A., Zimmer, L., & Gutzmer, R. (2019). Tolerability of BRAF/MEK inhibitor
combinations: adverse event evaluation and management. ESMO open, 4, e000491-
e000491.

Hendrickson, R. C., & Raskind, M. A. (2016). Noradrenergic dysregulation in the pathophysiology of
PTSD. Exp Neurol, 284, 181-195.

Heresco-Levy, U., Kremer, |., Javitt, D. C., Goichman, R., Reshef, A., Blanaru, M., & Cohen, T. (2002).
Pilot-controlled trial of d-cycloserine for the treatment of post-traumatic stress disorder.
International Journal of Neuropsychopharmacology, 5, 301-307.

Herry, C., Ciocchi, S., Senn, V., Demmou, L., Miiller, C., & Lithi, A. (2008). Switching on and off fear
by distinct neuronal circuits. Nature, 454, 600-606.

Herry, C., Trifilieff, P., Micheau, J., Lithi, A., & Mons, N. (2006). Extinction of auditory fear
conditioning requires MAPK/ERK activation in the basolateral amygdala. European Journal of
Neuroscience, 24, 261-269.

Hoeffer, C. A., & Klann, E. (2010). mTOR signaling: at the crossroads of plasticity, memory and
disease. Trends Neurosci, 33, 67-75.

Holmes, A., & Quirk, G. J. (2010). Pharmacological facilitation of fear extinction and the search for
adjunct treatments for anxiety disorders--the case of yohimbine. Trends Pharmacol Sci, 31,
2-7.

Hoskins, M., Pearce, J., Bethell, A., Dankova, L., Barbui, C., Tol, W. A, van Ommeren, M., de Jong, J.,
Seedat, S., Chen, H., & Bisson, J. I. (2015). Pharmacotherapy for post-traumatic stress
disorder: systematic review and meta-analysis. Br J Psychiatry, 206, 93-100.

Hoyer, D., Hannon, J. P., & Martin, G. R. (2002). Molecular, pharmacological and functional diversity
of 5-HT receptors. Pharmacol Biochem Behav, 71, 533-554.

Huang, B., Zhu, H., Zhou, Y., Liu, X., & Ma, L. (2017). Unconditioned- and Conditioned- Stimuli Induce
Differential Memory Reconsolidation and beta-AR-Dependent CREB Activation. Front Neural
Circuits, 11, 53.

Huang, Y. Y., Martin, K. C., & Kandel, E. R. (2000). Both protein kinase A and mitogen-activated
protein kinase are required in the amygdala for the macromolecular synthesis-dependent
late phase of long-term potentiation. J Neurosci, 20, 6317-6325.

Huang, Z.-D., Zhao, Y.-F., Li, S., Gu, H.-Y., Lin, L.-L.,, Yang, Z.-Y., Niu, Y.-M., Zhang, C., & Luo, J. (2020).
Comparative Efficacy and Acceptability of Pharmaceutical Management for Adults With
Post-Traumatic Stress Disorder: A Systematic Review and Meta-Analysis. Frontiers in
Pharmacology, 11.

Hutten, N. R. P. W., Mason, N. L., Dolder, P. C., Theunissen, E. L., Holze, F., Liechti, M. E., Varghese,
N., Eckert, A., Feilding, A., Ramaekers, J. G., & Kuypers, K. P. C. (2021). Low Doses of LSD
Acutely Increase BDNF Blood Plasma Levels in Healthy Volunteers. ACS Pharmacology &
Translational Science, 4, 461-466.

100



Imai, R., Hori, H., Itoh, M., Lin, M., Niwa, M., Ino, K., Ogawa, S., Ishida, M., Sekiguchi, A., Matsui, M.,
Kunugi, H., Akechi, T., Kamo, T., & Kim, Y. (2018). Inflammatory markers and their possible
effects on cognitive function in women with posttraumatic stress disorder. J Psychiatr Res,
102, 192-200.

Inagaki, T. K., Muscatell, K. A., Irwin, M. R., Cole, S. W., & Eisenberger, N. . (2012). Inflammation
selectively enhances amygdala activity to socially threatening images. Neuroimage, 59,
3222-3226.

Inserra, A. (2018). Hypothesis: The Psychedelic Ayahuasca Heals Traumatic Memories via a Sigma 1
Receptor-Mediated Epigenetic-Mnemonic Process. Front Pharmacol, 9, 330.

Inslicht, S. S., Marmar, C. R., Neylan, T. C., Metzler, T. J.,, Hart, S. L., Otte, C., McCaslin, S. E., Larkin, G.
L., Hyman, K. B., & Baum, A. (2006). Increased cortisol in women with intimate partner
violence-related posttraumatic stress disorder. Psychoneuroendocrinology, 31, 825-838.

Inslicht, S. S., Niles, A. N., Metzler, T. J., Lipshitz, S. a. L., Otte, C., Milad, M. R., Orr, S. P., Marmar, C.
R., & Neylan, T. C. (2021). Randomized controlled experimental study of hydrocortisone and
D-cycloserine effects on fear extinction in PTSD. Neuropsychopharmacology.

Jacques, A., Chaaya, N., Hettiarachchi, C., Carmody, M. L., Beecher, K., Belmer, A., Chehrehasa, F.,
Bartlett, S., Battle, A. R., & Johnson, L. R. (2019). Microtopography of fear memory
consolidation and extinction retrieval within prefrontal cortex and amygdala.
Psychopharmacology (Berl), 236, 383-397.

Jarome, T. )., Ferrara, N. C., Kwapis, J. L., & Helmstetter, F. J. (2016). CaMKIl regulates proteasome
phosphorylation and activity and promotes memory destabilization following retrieval.
Neurobiol Learn Mem, 128, 103-109.

Jarome, T. )., Werner, C. T., Kwapis, J. L., & Helmstetter, F. J. (2011). Activity dependent protein
degradation is critical for the formation and stability of fear memory in the amygdala. PLoS
One, 6, €24349.

Jentsch, J. D., Olausson, P., Nestler, E. J., & Taylor, J. R. (2002). Stimulation of protein kinase a activity
in the rat amygdala enhances reward-related learning. Biol Psychiatry, 52, 111-118.

Jetly, R., Heber, A., Fraser, G., & Boisvert, D. (2015). The efficacy of nabilone, a synthetic
cannabinoid, in the treatment of PTSD-associated nightmares: A preliminary randomized,
double-blind, placebo-controlled cross-over design study. Psychoneuroendocrinology, 51,
585-588.

Jin, J., & Maren, S. (2015a). Fear renewal preferentially activates ventral hippocampal neurons
projecting to both amygdala and prefrontal cortex in rats. Scientific Reports, 5, 1-6.

Jin, J., & Maren, S. (2015b). Prefrontal-Hippocampal Interactions in Memory and Emotion. Frontiers
in Systems Neuroscience, 9.

Jin, X. C,, Lu, Y. F., Yang, X. F., Ma, L., & Li, B. M. (2007). Glucocorticoid receptors in the basolateral
nucleus of amygdala are required for postreactivation reconsolidation of auditory fear
memory. Eur J Neurosci, 25, 3702-3712.

Jobim, P. F., Pedroso, T. R., Christoff, R. R., Werenicz, A., Maurmann, N., Reolon, G. K., & Roesler, R.
(2012). Inhibition of MTOR by rapamycin in the amygdala or hippocampus impairs formation
and reconsolidation of inhibitory avoidance memory. Neurobiol Learn Mem, 97, 105-112.

Johnson, L., McGuire, J., Lazarus, R., & Palmer, A. A. (2012). Pavlovian fear memory circuits and
phenotype models of PTSD. Neuropharmacology, 62, 638-646.

Johnson, L. R., McGuire, J., Lazarus, R., & Palmer, A. A. (2012). Pavlovian fear memory circuits and
phenotype models of PTSD. Neuropharmacology, 62, 638-646.

Jovanovic, T., & Ressler, K. J. (2010). How the neurocircuitry and genetics of fear inhibition may
inform our understanding of PTSD. American Journal of Psychiatry, 167, 648-662.

Kaczkurkin, A. N., Burton, P. C., Chazin, S. M., Manbeck, A. B., Espensen-Sturges, T., Cooper, S. E.,
Sponheim, S. R., & Lissek, S. (2017). Neural Substrates of Overgeneralized Conditioned Fear
in PTSD. Am J Psychiatry, 174, 125-134,

101



Karatzias, T., Murphy, P., Cloitre, M., Bisson, J., Roberts, N., Shevlin, M., Hyland, P., Maercker, A.,
Ben-Ezra, M., Coventry, P., Mason-Roberts, S., Bradley, A., & Hutton, P. (2019). Psychological
interventions for ICD-11 complex PTSD symptoms: systematic review and meta-analysis.
Psychological Medicine, 49, 1761-1775.

Karlsson, R. M., Holmes, A., Heilig, M., & Crawley, J. N. (2005). Anxiolytic-like actions of centrally-
administered neuropeptide Y, but not galanin, in C57BL/6J mice. Pharmacol Biochem Behav,
80, 427-436.

Karpova, N. N., Pickenhagen, A., Lindholm, J., Tiraboschi, E., Kulesskaya, N., Agustsdottir, A., Antila,
H., Popova, D., Akamine, Y., Bahi, A., Sullivan, R., Hen, R., Drew, L. J., & Castrén, E. (2011).
Fear erasure in mice requires synergy between antidepressant drugs and extinction training.
Science, 334, 1731-1734.

Kask, A., Harro, J., von Horsten, S., Redrobe, J. P., Dumont, Y., & Quirion, R. (2002). The
neurocircuitry and receptor subtypes mediating anxiolytic-like effects of neuropeptide Y.
Neurosci Biobehav Rev, 26, 259-283.

Keiser, M. J., Setola, V., Irwin, J. J., Laggner, C., Abbas, A. |., Hufeisen, S. J., Jensen, N. H., Kuijer, M. B.,
Matos, R. C., Tran, T. B., Whaley, R., Glennon, R. A., Hert, J., Thomas, K. L., Edwards, D. D.,
Shoichet, B. K., & Roth, B. L. (2009). Predicting new molecular targets for known drugs.
Nature, 462, 175-181.

Kelly, A., Laroche, S., & Davis, S. (2003). Activation of mitogen-activated protein kinase/extracellular
signal-regulated kinase in hippocampal circuitry is required for consolidation and
reconsolidation of recognition memory. J Neurosci, 23, 5354-5360.

Kessler, R. C., Sonnega, A., Bromet, E., Hughes, M., & Nelson, C. B. (1995). Posttraumatic stress
disorder in the National Comorbidity Survey. Arch Gen Psychiatry, 52, 1048-1060.

Kheirbek, M. A., Klemenhagen, K. C., Sahay, A., & Hen, R. (2012). Neurogenesis and generalization: a
new approach to stratify and treat anxiety disorders. Nat Neurosci, 15, 1613-1620.

Khoury, N. M., Marvar, P. J., Gillespie, C. F., Wingo, A., Schwartz, A., Bradley, B., Kramer, M., &
Ressler, K. J. (2012). The renin-angiotensin pathway in posttraumatic stress disorder:
angiotensin-converting enzyme inhibitors and angiotensin receptor blockers are associated
with fewer traumatic stress symptoms. J Clin Psychiatry, 73, 849-855.

Kindt, M., & Soeter, M. (2018). Pharmacologically induced amnesia for learned fear is time and
sleep dependent. Nat Commun, 9, 1316.

Kindt, M., Soeter, M., & Vervliet, B. (2009). Beyond extinction: erasing human fear responses and
preventing the return of fear. Nat Neurosci, 12, 256-258.

Kirkpatrick, H. A., & Heller, G. M. (2014). Post-traumatic stress disorder: theory and treatment
update. Int J Psychiatry Med, 47, 337-346.

Koch, S. B. J., van Zuiden, M., Nawijn, L., Frijling, J. L., Veltman, D. J., & OIff, M. (2016). Intranasal
Oxytocin Normalizes Amygdala Functional Connectivity in Posttraumatic Stress Disorder.
Neuropsychopharmacology, 41, 2041-2051.

Koenigs, M., & Grafman, J. (2009). Posttraumatic Stress Disorder: The Role of Medial Prefrontal
Cortex and Amygdala. The Neuroscientist, 15, 540-548.

Kometer, M., Pokorny, T., Seifritz, E., & Volleinweider, F. X. (2015). Psilocybin-induced spiritual
experiences and insightfulness are associated with synchronization of neuronal oscillations.
Psychopharmacology (Berl), 232, 3663-3676.

Korem, N., Lange, R., Hillard, C. J., & Akirav, I. (2017). Role of beta-catenin and endocannabinoids in
the nucleus accumbens in extinction in rats exposed to shock and reminders. Neuroscience,
357, 285-294.

Korgaonkar, M. S., Chakouch, C., Breukelaar, I. A,, Erlinger, M., Felmingham, K. L., Forbes, D.,
Williams, L. M., & Bryant, R. A. (2020). Intrinsic connectomes underlying response to trauma-
focused psychotherapy in post-traumatic stress disorder. Translational Psychiatry, 10, 270.

102



Kortekaas, K. E., Meijer, C. A., Hinnen, J. W., Dalman, R. L., Xu, B., Hamming, J. F., & Lindeman, J. H.
(2014). ACE inhibitors potently reduce vascular inflammation, results of an open proof-of-
concept study in the abdominal aortic aneurysm. PLoS One, 9, €111952.

Kraehenmann, R., Preller, K. H., Scheidegger, M., Pokorny, T., Bosch, O. G., Seifritz, E., &
Vollenweider, F. X. (2015). Psilocybin-Induced Decrease in Amygdala Reactivity Correlates
with Enhanced Positive Mood in Healthy Volunteers. Biol Psychiatry, 78, 572-581.

Krawczyk, M. C., Blake, M. G., Baratti, C. M., Romano, A., Boccia, M. M., & Feld, M. (2015). Memory
reconsolidation of an inhibitory avoidance task in mice involves cytosolic ERK2 bidirectional
modulation. Neuroscience, 294, 227-237.

Kritman, M., & Maroun, M. (2013). Inhibition of the PI3 kinase cascade in corticolimbic circuit:
temporal and differential effects on contextual fear and extinction. International Journal of
Neuropsychopharmacology, 16, 825-833.

Krupitsky, E. M., & Grinenko, A. Y. (1997). Ketamine psychedelic therapy (KPT): a review of the
results of ten years of research. J Psychoactive Drugs, 29, 165-183.

Krystal, J. H., Abdallah, C. G., Averill, L. A., Kelmendi, B., Harpaz-Rotem, |., Sanacora, G., Southwick, S.
M., & Duman, R. S. (2017). Synaptic Loss and the Pathophysiology of PTSD: Implications for
Ketamine as a Prototype Novel Therapeutic. Curr Psychiatry Rep, 19, 74.

Krystal, J. H., Davis, L. L., Neylan, T. C., A. Raskind, M., Schnurr, P. P., Stein, M. B., Vessicchio, J.,
Shiner, B., Gleason, T. D., & Huang, G. D. (2017). It Is Time to Address the Crisis in the
Pharmacotherapy of Posttraumatic Stress Disorder: A Consensus Statement of the PTSD
Psychopharmacology Working Group. Biological Psychiatry, 82, e51-e59.

Kubie, J. L., Levy, E. R., & Fenton, A. A. (2020). Is hippocampal remapping the physiological basis for
context? Hippocampus, 30, 851-864.

Kuypers, K. P., Riba, J., de la Fuente Revenga, M., Barker, S., Theunissen, E. L., & Ramaekers, J. G.
(2016). Ayahuasca enhances creative divergent thinking while decreasing conventional
convergent thinking. Psychopharmacology (Berl), 233, 3395-3403.

Kwapis, J. L., Jarome, T. J., Lee, J. L., Gilmartin, M. R., & Helmstetter, F. J. (2014). Extinguishing trace
fear engages the retrosplenial cortex rather than the amygdala. Neurobiology of Learning
and Memory, 113, 41-54.

Lacagnina, A. F., Brockway, E. T., Crovetti, C. R., Shue, F., McCarty, M. J., Sattler, K. P, Lim, S. C,,
Santos, S. L., Denny, C. A., & Drew, M. R. (2019). Distinct hippocampal engrams control
extinction and relapse of fear memory. Nat Neurosci, 22, 753-761.

Lai, C. S. W.,, Franke, T. F., & Gan, W.-B. (2012). Opposite effects of fear conditioning and extinction
on dendritic spine remodelling. Nature, 483, 87-91.

Lattal, K. M., & Abel, T. (2004). Behavioral impairments caused by injections of the protein synthesis
inhibitor anisomycin after contextual retrieval reverse with time. Proceedings of the National
Academy of Sciences of the United States of America, 101, 4667-4672.

Ledgerwood, L., Richardson, R., & Cranney, J. (2003). Effects of D-cycloserine on extinction of
conditioned freezing. Behav Neurosci, 117, 341-349.

Ledgerwood, L., Richardson, R., & Cranney, J. (2004). D-cycloserine and the facilitation of extinction
of conditioned fear: consequences for reinstatement. Behav Neurosci, 118, 505-513.

Lee, B., Sur, B., Yeom, M., Shim, 1., Lee, H., & Hahm, D. H. (2016). Effects of systemic administration
of ibuprofen on stress response in a rat model of post-traumatic stress disorder. Korean J
Physiol Pharmacol, 20, 357-366.

Lee, H., & Kim, J. J. (1998). Amygdalar NMDA Receptors are Critical for New Fear Learning in
Previously Fear-Conditioned Rats. The Journal of Neuroscience, 18, 8444.

Lee, J. (2010). Memory Reconsolidation Mediates the Updating of Hippocampal Memory Content.
Front Behav Neurosci, 4.

Lee, J. H., Lee, S., & Kim, J. H. (2017). Amygdala Circuits for Fear Memory: A Key Role for Dopamine
Regulation. Neuroscientist, 23, 542-553.

103



Lee, J. L. (2010). Memory reconsolidation mediates the updating of hippocampal memory content.
Front Behav Neurosci, 4, 168.

Lee, J. L., & Hynds, R. E. (2013). Divergent cellular pathways of hippocampal memory consolidation
and reconsolidation. Hippocampus, 23, 233-244.

Lee, J. L., Milton, A. L., & Everitt, B. J. (2006a). Cue-induced cocaine seeking and relapse are reduced
by disruption of drug memory reconsolidation. J Neurosci, 26, 5881-5887.

Lee, J. L., Milton, A. L., & Everitt, B. J. (2006b). Reconsolidation and extinction of conditioned fear:
inhibition and potentiation. J Neurosci, 26, 10051-10056.

Lee, J. L. C., Nader, K., & Schiller, D. (2017). An Update on Memory Reconsolidation Updating. Trends
Cogn Sci, 21, 531-545.

Lee, S.-H., Choi, J.-H., Lee, N., Lee, H.-R., Kim, J.-l., Yu, N.-K., Choi, S.-L., Lee, S.-H., Kim, H., & Kaang,
B.-K. (2008). Synaptic Protein Degradation Underlies Destabilization of Retrieved Fear
Memory. Science, 319, 1253-1256.

Lee, S. H,, Choi, J. H,, Lee, N., Lee, H. R., Kim, J. ., Yu, N. K., Choi, S. L., Lee, S. H., Kim, H., & Kaang, B.
K. (2008). Synaptic protein degradation underlies destabilization of retrieved fear memory.
Science, 319, 1253-1256.

Levin, S. G., & Godukhin, O. V. (2017). Modulating Effect of Cytokines on Mechanisms of Synaptic
Plasticity in the Brain. Biochemistry (Mosc), 82, 264-274.

Levy-Gigi, E., Szabo, C., Richter-Levin, G., & Kéri, S. (2015). Reduced hippocampal volume is
associated with overgeneralization of negative context in individuals with PTSD.
Neuropsychology, 29, 151.

Lewis, C., Roberts, N. P., Andrew, M., Starling, E., & Bisson, J. I. (2020). Psychological therapies for
post-traumatic stress disorder in adults: systematic review and meta-analysis. European
Journal of Psychotraumatology, 11, 1729633-1729633.

Li, H., Su, P, Lai, T. K., Jiang, A, Liu, J., Zhai, D., Campbell, C. T., Lee, F. H., Yong, W., Pasricha, S., Li, S.,
Wong, A. H., Ressler, K. J., & Liu, F. (2020). The glucocorticoid receptor-FKBP51 complex
contributes to fear conditioning and posttraumatic stress disorder. J Clin Invest, 130, 877-
889.

Li, N., Liu, R. J., Dwyer, J. M., Banasr, M., Lee, B., Son, H., Li, X. Y., Aghajanian, G., & Duman, R. S.
(2011). Glutamate N-methyl-D-aspartate receptor antagonists rapidly reverse behavioral and
synaptic deficits caused by chronic stress exposure. Biol Psychiatry, 69, 754-761.

Likhtik, E., Stujenske, J. M., Topiwala, M. A., Harris, A. Z., & Gordon, J. A. (2014). Prefrontal
entrainment of amygdala activity signals safety in learned fear and innate anxiety. Nat
Neurosci, 17, 106-113.

Lim, C. S., Kim, J. I, Kwak, C.,, Lee, J., Jang, E. H., Oh, J., & Kaang, B. K. (2018). beta-Adrenergic
signaling is required for the induction of a labile state during memory reconsolidation. Brain
Res Bull, 141, 50-57.

Lin, H. C., Mao, S. C., & Gean, P. W. (2006). Effects of intra-amygdala infusion of CB1 receptor
agonists on the reconsolidation of fear-potentiated startle. Learn Mem, 13, 316-321.

Lin, L., Yihao, T., Zhou, F., Yin, N., Qiang, T., Haowen, Z., Qianwei, C., Jun, T., Yuan, Z., Gang, Z., Hua,
F., Yunfeng, Y., & Zhi, C. (2017). Inflammatory Regulation by Driving Microglial M2
Polarization: Neuroprotective Effects of Cannabinoid Receptor-2 Activation in Intracerebral
Hemorrhage. Front Immunol, 8, 112.

Lindgvist, D., Dhabhar, F. S., Mellon, S. H., Yehuda, R., Grenon, S. M., Flory, J. D., Bierer, L. M., Abu-
Amara, D., Coy, M., Makotkine, I., Reus, V. I., Bersani, F. S., Marmar, C. R., & Wolkowitz, O.
M. (2017). Increased pro-inflammatory milieu in combat related PTSD - A new cohort
replication study. Brain Behav Immun, 59, 260-264.

Lisa M. Shin, Ph.D. ,, George Bush, M.D. ,, Mohammed R. Milad, Ph.D. ,, Natasha B. Lasko, Ph.D. ,,
Kathryn Handwerger Brohawn, Ph.D. ,, Katherine C. Hughes, B.A. ,, Michael L. Macklin, B.A. ,,
Andrea L. Gold, M.S. ,, Rachel D. Karpf, B.A.,, Scott P. Orr, Ph.D. ,, Scott L. Rauch, M.D., and,
& Roger K. Pitman, M.D. (2011). Exaggerated Activation of Dorsal Anterior Cingulate Cortex

104



During Cognitive Interference: A Monozygotic Twin Study of Posttraumatic Stress Disorder.
American Journal of Psychiatry, 168, 979-985.

Litz, B. T., Salters-Pedneault, K., Steenkamp, M. M., Hermos, J. A,, Bryant, R. A, Otto, M. W., &
Hofmann, S. G. (2012). A randomized placebo-controlled trial of D-cycloserine and exposure
therapy for posttraumatic stress disorder. J Psychiatr Res, 46, 1184-1190.

Loizaga-Velder, A. (2013). A psychotherapeutic view on therapeutic effects of ritual ayahuasca use in
the treatment of addiction. MAPS Bulletin, 23, 36-40.

Lopresto, D., Schipper, P., & Homberg, J. R. (2016). Neural circuits and mechanisms involved in fear
generalization: Implications for the pathophysiology and treatment of posttraumatic stress
disorder. Neurosci Biobehav Rev, 60, 31-42.

Luciano, C., Valdivia-Salas, S., Ruiz, F. J., Rodriguez-Valverde, M., Barnes-Holmes, D., Dougher, M. J.,
Cabello, F., Sdnchez, V., Barnes-Holmes, Y., & Gutierrez, O. (2013). Extinction of aversive
eliciting functions as an analog of exposure to conditioned fear: Does it alter avoidance
responding? Journal of Contextual Behavioral Science, 2, 120-134.

Ly, C., Greb, A. C., Cameron, L. P., Wong, J. M., Barragan, E. V., Wilson, P. C., Burbach, K. F.,
Soltanzadeh Zarandi, S., Sood, A., Paddy, M. R., Duim, W. C., Dennis, M. Y., McAllister, A. K.,
Ori-McKenney, K. M., Gray, J. A., & Olson, D. E. (2018). Psychedelics Promote Structural and
Functional Neural Plasticity. Cell Rep, 23, 3170-3182.

Mac Callum, P. E., Hebert, M., Adamec, R. E., & Blundell, J. (2014). Systemic inhibition of mTOR
kinase via rapamycin disrupts consolidation and reconsolidation of auditory fear memory.
Neurobiol Learn Mem, 112, 176-185.

Mahabir, M., Tucholka, A., Shin, L. M., Etienne, P., & Brunet, A. (2015). Emotional face processing in
post-traumatic stress disorder after reconsolidation impairment using propranolol: A pilot
fMRI study. J Anxiety Disord, 36, 127-133.

Mamou, C. B., Gamache, K., & Nader, K. (2006). NMDA receptors are critical for unleashing
consolidated auditory fear memories. Nat Neurosci, 9, 1237-1239.

Marek, R., Xu, L., Sullivan, R. K., & Sah, P. (2018). Excitatory connections between the prelimbic and
infralimbic medial prefrontal cortex show a role for the prelimbic cortex in fear extinction.
Nat Neurosci, 21, 654-658.

Maren, S., Aharonov, G., Stote, D. L., & Fanselow, M. S. (1996). N-methyl-D-aspartate receptors in
the basolateral amygdala are required for both acquisition and expression of conditional
fear in rats. Behavioral Neuroscience, 110, 1365.

Maren, S., & Quirk, G. J. (2004). Neuronal signalling of fear memory. Nat Rev Neurosci, 5, 844-852.

Marsicano, G., Wotjak, C. T., Azad, S. C., Bisogno, T., Rammes, G., Cascio, M. G., Hermann, H., Tang,
J., Hofmann, C., & Zieglgdnsberger, W. (2002). The endogenous cannabinoid system controls
extinction of aversive memories. Nature, 418, 530-534.

Mavranezouli, I., Megnin-Viggars, O., Daly, C., Dias, S., Welton, N. J., Stockton, S., Bhutani, G., Grey,
N., Leach, J., Greenberg, N., Katona, C., El-Leithy, S., & Pilling, S. (2020). Psychological
treatments for post-traumatic stress disorder in adults: a network meta-analysis.
Psychological Medicine, 50, 542-555.

Mayford, M., Siegelbaum, S. A., & Kandel, E. R. (2012). Synapses and memory storage. Cold Spring
Harb Perspect Biol, 4.

McCoy, K. L. (2016). Interaction between Cannabinoid System and Toll-Like Receptors Controls
Inflammation. Mediators Inflamm, 2016, 5831315.

McGaugh, J. L. (2013). Making lasting memories: Remembering the significant. Proceedings of the
National Academy of Sciences, 110, 10402-10407.

McGaugh, J. L. (2013). Making lasting memories: remembering the significant. Proc Natl Acad Sci U S
A, 110 Supp! 2, 10402-10407.

McGuire, J., Herman, J. P., Horn, P. S., Sallee, F. R., & Sah, R. (2010). Enhanced fear recall and
emotional arousal in rats recovering from chronic variable stress. Physiol Behav, 101, 474-
482.

105



McGuire, J. L., Bergstrom, H. C., Parker, C. C., Le, T., Morgan, M., Tang, H., Selwyn, R. G, Silva, A. C.,
Choi, K., Ursano, R. J., Palmer, A. A., & Johnson, L. R. (2013). Traits of fear resistance and
susceptibility in an advanced intercross line. Eur J Neurosci, 38, 3314-3324.

McHugh, T. J., Jones, M. W., Quinn, J. )., Balthasar, N., Coppari, R., EImquist, J. K., Lowell, B. B.,
Fanselow, M. S., Wilson, M. A., & Tonegawa, S. (2007). Dentate gyrus NMDA receptors
mediate rapid pattern separation in the hippocampal network. Science, 317, 94-99.

McTighe, S. M., Mar, A. C., Romberg, C., Bussey, T. J., & Saksida, L. M. (2009). A new touchscreen test
of pattern separation: effect of hippocampal lesions. Neuroreport, 20, 881-885.

Mecha, M., Feliq, A., Carrillo-Salinas, F. J., Rueda-Zubiaurre, A., Ortega-Gutiérrez, S., de Sola, R. G., &
Guaza, C. (2015). Endocannabinoids drive the acquisition of an alternative phenotype in
microglia. Brain Behav Immun, 49, 233-245.

Meir Drexler, S., Merz, C. J., Hamacher-Dang, T. C., & Wolf, O. T. (2016). Cortisol effects on fear
memory reconsolidation in women. Psychopharmacology (Berl), 233, 2687-2697.

Meir Drexler, S., & Wolf, O. T. (2017). The role of glucocorticoids in emotional memory
reconsolidation. Neurobiology of Learning and Memory, 142, 126-134.

Mellon, S. H., Gautam, A., Hommamieh, R., Jett, M., & Wolkowitz, O. M. (2018). Metabolism,
Metabolomics, and Inflammation in Posttraumatic Stress Disorder. Biol Psychiatry, 83, 866-
875.

Meloni, E. G., Gillis, T. E., Manoukian, J., & Kaufman, M. J. (2014). Xenon impairs reconsolidation of
fear memories in a rat model of post-traumatic stress disorder (PTSD). PLoS One, 9,
€106189.

Mendelsohn, D., Riedel, W. J., & Sambeth, A. (2009). Effects of acute tryptophan depletion on
memory, attention and executive functions: a systematic review. Neurosci Biobehav Rev, 33,
926-952.

Merlo, E., Milton, A. L., Goozée, Z. Y., Theobald, D. E., & Everitt, B. J. (2014). Reconsolidation and
extinction are dissociable and mutually exclusive processes: behavioral and molecular
evidence. J Neurosci, 34, 2422-2431.

Milad, M. R., Goldstein, J. M., Orr, S. P., Wedig, M. M., Klibanski, A., Pitman, R. K., & Rauch, S. L.
(2006). Fear conditioning and extinction: Influence of sex and menstrual cycle in healthy
humans. Behavioral Neuroscience, 120, 1196-1203.

Milad, M. R., Pitman, R. K., Ellis, C. B., Gold, A. L., Shin, L. M., Lasko, N. B., Zeidan, M. A., Handwerger,
K., Orr, S. P., & Rauch, S. L. (2009). Neurobiological basis of failure to recall extinction
memory in posttraumatic stress disorder. Biol Psychiatry, 66, 1075-1082.

Milton, A. L., Merlo, E., Ratano, P., Gregory, B. L., Dumbreck, J. K., & Everitt, B. J. (2013). Double
dissociation of the requirement for GIuN2B- and GluN2A-containing NMDA receptors in the
destabilization and restabilization of a reconsolidating memory. J Neurosci, 33, 1109-1115.

Mitchell, J. M., Bogenschutz, M., Lilienstein, A., Harrison, C., Kleiman, S., Parker-Guilbert, K., Ot’alora
G, M., Garas, W., Paleos, C., Gorman, I., Nicholas, C., Mithoefer, M., Carlin, S., Poulter, B.,
Mithoefer, A., Quevedo, S., Wells, G., Klaire, S. S., van der Kolk, B., Tzarfaty, K., Amiaz, R.,
Worthy, R., Shannon, S., Woolley, J. D., Marta, C., Gelfand, Y., Hapke, E., Amar, S., Wallach,
Y., Brown, R., Hamilton, S., Wang, J. B., Coker, A., Matthews, R., de Boer, A., Yazar-Klosinski,
B., Emerson, A., & Doblin, R. (2021). MDMA-assisted therapy for severe PTSD: a randomized,
double-blind, placebo-controlled phase 3 study. Nature Medicine, 27, 1025-1033.

Mithoefer, M. C., Feduccia, A. A., Jerome, L., Mithoefer, A., Wagner, M., Walsh, Z., Hamilton, S.,
Yazar-Klosinski, B., Emerson, A., & Doblin, R. (2019). MDMA-assisted psychotherapy for
treatment of PTSD: study design and rationale for phase 3 trials based on pooled analysis of
six phase 2 randomized controlled trials. Psychopharmacology (Berl), 236, 2735-2745.

Mithoefer, M. C., Mithoefer, A. T., Feduccia, A. A., Jerome, L., Wagner, M., Wymer, J., Holland, J.,
Hamilton, S., Yazar-Klosinski, B., Emerson, A., & Doblin, R. (2018). 3,4-
methylenedioxymethamphetamine (MDMA)-assisted psychotherapy for post-traumatic

106



stress disorder in military veterans, firefighters, and police officers: a randomised, double-
blind, dose-response, phase 2 clinical trial. Lancet Psychiatry, 5, 486-497.

Mithoefer, M. C., Wagner, M. T., Mithoefer, A. T., Jerome, L., & Doblin, R. (2011). The safety and
efficacy of {+/-}3,4-methylenedioxymethamphetamine-assisted psychotherapy in subjects
with chronic, treatment-resistant posttraumatic stress disorder: the first randomized
controlled pilot study. J Psychopharmacol, 25, 439-452.

Mithoefer, M. C., Wagner, M. T., Mithoefer, A. T., Jerome, L., Martin, S. F., Yazar-Klosinski, B.,
Michel, Y., Brewerton, T. D., & Doblin, R. (2013). Durability of improvement in post-
traumatic stress disorder symptoms and absence of harmful effects or drug dependency
after 3,4-methylenedioxymethamphetamine-assisted psychotherapy: a prospective long-
term follow-up study. J Psychopharmacol, 27, 28-39.

Morena, M., Patel, S., Bains, J. S., & Hill, M. N. (2016). Neurobiological Interactions Between Stress
and the Endocannabinoid System. Neuropsychopharmacology, 41, 80-102.

Morgan, C. A, 3rd, Wang, S., Southwick, S. M., Rasmusson, A., Hazlett, G., Hauger, R. L., & Charney,
D. S. (2000). Plasma neuropeptide-Y concentrations in humans exposed to military survival
training. Biol Psychiatry, 47, 902-909.

Morici, J. F., Miranda, M., Gallo, F. T., Zanoni, B., Bekinschtein, P., & Weisstaub, N. V. (2018). 5-HT2a
receptor in mPFC influences context-guided reconsolidation of object memory in perirhinal
cortex. Elife, 7.

Mueller, D., Porter, J. T., & Quirk, G. J. (2008). Noradrenergic signaling in infralimbic cortex increases
cell excitability and strengthens memory for fear extinction. Journal of Neuroscience, 28,
369-375.

Mueller, F., Lenz, C., Dolder, P. C., Harder, S., Schmid, Y., Lang, U. E., Liechti, M. E., & Borgwardt, S.
(2017). Acute effects of LSD on amygdala activity during processing of fearful stimuli in
healthy subjects. Transl Psychiatry, 7, e1084.

Muravieva, E. V., & Alberini, C. M. (2010). Limited efficacy of propranolol on the reconsolidation of
fear memories. Learn Mem, 17, 306-313.

Murkar, A., Kent, P., Cayer, C., James, J., Durst, T., & Merali, Z. (2019). Cannabidiol and the
Remainder of the Plant Extract Modulate the Effects of Delta9-Tetrahydrocannabinol on
Fear Memory Reconsolidation. Front Behav Neurosci, 13, 174.

Nader, K., Schafe, G. E., & Le Doux, J. E. (2000). Fear memories require protein synthesis in the
amygdala for reconsolidation after retrieval. Nature, 406, 722-726.

Nader, K., Schafe, G. E., & LeDoux, J. E. (2000). The labile nature of consolidation theory. Nat Rev
Neurosci, 1, 216-219.

Narayanan, R. T., Seidenbecher, T., Sangha, S., Stork, O., & Pape, H.-C. (2007). Theta
resynchronization during reconsolidation of remote contextual fear memory. Neuroreport,
18,1107-1111.

Neigh, G. N., & Ali, F. F. (2016). Co-morbidity of PTSD and immune system dysfunction: opportunities
for treatment. Current Opinion in Pharmacology, 29, 104-110.

Neumeister, A., Normandin, M. D., Pietrzak, R. H., Piomelli, D., Zheng, M. Q., Gujarro-Anton, A.,
Potenza, M. N., Bailey, C. R., Lin, S. F., Najafzadeh, S., Ropchan, J., Henry, S., Corsi-Travali, S.,
Carson, R. E., & Huang, Y. (2013). Elevated brain cannabinoid CB1 receptor availability in
post-traumatic stress disorder: a positron emission tomography study. Mol Psychiatry, 18,
1034-1040.

Nikitin, V. P., Solntseva, S. V., Kozyrev, S. A., Nikitin, P. V., & Shevelkin, A. V. (2018). NMDA or 5-HT
receptor antagonists impair memory reconsolidation and induce various types of amnesia.
Behav Brain Res, 345, 72-82.

Nikzad, S., Vafaei, A. A., Rashidy-Pour, A., & Haghighi, S. (2011). Systemic and intrahippocampal
administrations of the glucocorticoid receptor antagonist RU38486 impairs fear memory
reconsolidation in rats. Stress, 14, 459-464.

107



Niyuhire, F., Varvel, S. A., Thorpe, A. J., Stokes, R. J., Wiley, J. L., & Lichtman, A. H. (2007). The
disruptive effects of the CB1 receptor antagonist rimonabant on extinction learning in mice
are task-specific. Psychopharmacology (Berl), 191, 223-231.

Nghr, A. K., Eriksson, H., Hobart, M., Moltke, I., Buller, R., Albrechtsen, A., & Lindgreen, S. (2021).
Predictors and trajectories of treatment response to SSRIs in patients suffering from PTSD.
Psychiatry Research, 301, 113964.

Norberg, M. M., Krystal, J. H., & Tolin, D. F. (2008). A meta-analysis of D-cycloserine and the
facilitation of fear extinction and exposure therapy. Biol Psychiatry, 63, 1118-1126.

Norrholm, S. D., Jovanovic, T., Olin, I. W., Sands, L. A., Bradley, B., & Ressler, K. J. (2011). Fear
extinction in traumatized civilians with posttraumatic stress disorder: relation to symptom
severity. Biol Psychiatry, 69, 556-563.

Norrholm, S. D., Jovanovic, T., Olin, I. W., Sands, L. A., Karapanou, |., Bradley, B., & Ressler, K. J.
(2011). Fear extinction in traumatized civilians with posttraumatic stress disorder: relation to
symptom severity. Biol Psychiatry, 69, 556-563.

O'Donovan, A., Cohen, B. E., Seal, K. H., Bertenthal, D., Margaretten, M., Nishimi, K., & Neylan, T. C.
(2015). Elevated risk for autoimmune disorders in iraq and afghanistan veterans with
posttraumatic stress disorder. Biol Psychiatry, 77, 365-374.

Ogden, K. K., Khatri, A., Traynelis, S. F., & Heldt, S. A. (2014). Potentiation of GIluN2C/D NMDA
receptor subtypes in the amygdala facilitates the retention of fear and extinction learning in
mice. Neuropsychopharmacology, 39, 625-637.

Ogren, S. O., Eriksson, T. M., Elvander-Tottie, E., D'Addario, C., Ekstrom, J. C., Svenningsson, P.,
Meister, B., Kehr, J., & Stiedl, O. (2008). The role of 5-HT(1A) receptors in learning and
memory. Behav Brain Res, 195, 54-77.

OlIff, M., Langeland, W., Witteveen, A., & Denys, D. (2010). A psychobiological rationale for oxytocin
in the treatment of posttraumatic stress disorder. CNS Spectr, 15, 522-530.

Orr, S. P., Metzger, L. J., Lasko, N. B., Macklin, M. L., Peri, T., & Pitman, R. K. (2000). De novo
conditioning in trauma-exposed individuals with and without posttraumatic stress disorder.
Journal of Abnormal Psychology, 109, 290-298.

Ortiz, V., Giachero, M., Espejo, P. J., Molina, V. A., & Martijena, I. D. (2015). The effect of Midazolam
and Propranolol on fear memory reconsolidation in ethanol-withdrawn rats: influence of d-
cycloserine. Int J Neuropsychopharmacol, 18.

Parsons, R. G., & Ressler, K. J. (2013). Implications of memory modulation for post-traumatic stress
and fear disorders. Nat Neurosci, 16, 146-153.

Passie, T., Halpern, J. H., Stichtenoth, D. O., Emrich, H. M., & Hintzen, A. (2008). The pharmacology of
lysergic acid diethylamide: a review. CNS Neurosci Ther, 14, 295-314.

Passos, I. C., Vasconcelos-Moreno, M. P., Costa, L. G., Kunz, M., Brietzke, E., Quevedo, J., Salum, G.,
Magalhaes, P. V., Kapczinski, F., & Kauer-Sant'Anna, M. (2015). Inflammatory markers in
post-traumatic stress disorder: a systematic review, meta-analysis, and meta-regression.
Lancet Psychiatry, 2, 1002-1012.

Pedraza, L. K., Sierra, R. O., Boos, F. Z., Haubrich, J., Quillfeldt, J. A., & de Oliveira Alvares, L. (2016).
The dynamic nature of systems consolidation: Stress during learning as a switch guiding the
rate of the hippocampal dependency and memory quality. Hippocampus, 26, 362-371.

Pedraza, L. K., Sierra, R. O., Giachero, M., Nunes-Souza, W., Lotz, F. N., & de Oliveira Alvares, L.
(2019). Chronic fluoxetine prevents fear memory generalization and enhances subsequent
extinction by remodeling hippocampal dendritic spines and slowing down systems
consolidation. Translational Psychiatry, 9, 1-12.

Pedreira, M. E., Pérez-Cuesta, L. M., & Maldonado, H. (2004). Mismatch between what is expected
and what actually occurs triggers memory reconsolidation or extinction. Learn Mem, 11,
579-585.

108



Pedroso, T. R., Jobim, P. F., Carvalho, L. M., Christoff, R. R., Maurmann, N., Reolon, G. K., Werenicz,
A., & Roesler, R. (2013). Inhibition of protein synthesis or mTOR in the basolateral amygdala
blocks retrieval-induced memory strengthening. J Neural Transm (Vienna), 120, 1525-1531.

Peskin, M., Wyka, K., Cukor, J., Olden, M., Altemus, M., Lee, F. S., & Difede, J. (2019). The
relationship between posttraumatic and depressive symptoms during virtual reality
exposure therapy with a cognitive enhancer. J Anxiety Disord, 61, 82-88.

Phan, K. L., Angstadt, M., Golden, J., Onyewuenyi, |., Popovska, A., & de Wit, H. (2008). Cannabinoid
modulation of amygdala reactivity to social signals of threat in humans. J Neurosci, 28, 2313-
2319.

Phoenix. (2020). Australian Guidelines for the Prevention and Treatment of Acute Stress Disorder,
Posttraumatic Stress Disorder, and Complex Posttraumatic Stress Disorder. In Phoenix
Australia Centre for Posttraumatic Mental Health & N. H. a. M. R. Council (Eds.). Canberra,
Australia.

Pibiri, F., Nelson, M., Guidotti, A., Costa, E., & Pinna, G. (2008). Decreased corticolimbic
allopregnanolone expression during social isolation enhances contextual fear: a model
relevant for posttraumatic stress disorder. Proceedings of the National Academy of Sciences,
105, 5567-5572.

Pinna, G., & Rasmusson, A. M. (2014). Ganaxolone improves behavioral deficits in a mouse model of
post-traumatic stress disorder. Frontiers in Cellular Neuroscience, 8.

Pokorny, T., Preller, K. H., Kometer, M., Dziobek, I., & Vollenweider, F. X. (2017). Effect of Psilocybin
on Empathy and Moral Decision-Making. Int J Neuropsychopharmacol, 20, 747-757.

Popik, B., Amorim, F. E., Amaral, O. B., & De Oliveira Alvares, L. (2020). Shifting from fear to safety
through deconditioning-update. Elife, 9.

Power, A. E., Berlau, D. J., McGaugh, J. L., & Steward, O. (2006). Anisomycin infused into the
hippocampus fails to block "reconsolidation" but impairs extinction: the role of re-exposure
duration. Learning & memory (Cold Spring Harbor, N.Y.), 13, 27-34.

Pradhan, B. K., Wainer, I. W., Moaddel, R., Torjman, M. C., Goldberg, M., Sabia, M., Parikh, T., &
Pumariega, A. J. (2017). Trauma Interventions using Mindfulness Based Extinction and
Reconsolidation (TIMBER) psychotherapy prolong the therapeutic effects of single ket amine
infusion on post-traumatic stress disorder and comorbid depression: a pilot randomized,
placebo-controlled, cross-over clinical trial. Asia Pac J Clin Trials Nerv Syst Dis, 2, 80-90.

Prager, E. M., & Johnson, L. R. (2009). Stress at the synapse: signal transduction mechanisms of
adrenal steroids at neuronal membranes. Sci Signal, 2, re5.

Preller, K. H., Duerler, P., Burt, J. B., Ji, J. L., Adkinson, B., Stampfli, P., Seifritz, E., Repovs, G., Krystal,
J. H., Murray, J. D., Anticevic, A., & Vollenweider, F. X. (2020). Psilocybin Induces Time-
Dependent Changes in Global Functional Connectivity. Biol Psychiatry, 88, 197-207.

Primeaux, S. D., Wilson, S. P., Cusick, M. C., York, D. A., & Wilson, M. A. (2005). Effects of altered
amygdalar neuropeptide Y expression on anxiety-related behaviors.
Neuropsychopharmacology, 30, 1589-1597.

Przybyslawski, J., Roullet, P., & Sara, S. J. (1999). Attenuation of emotional and nonemotional
memories after their reactivation: role of beta adrenergic receptors. J Neurosci, 19, 6623-
6628.

Przybyslawski, J., & Sara, S. J. (1997). Reconsolidation of memory after its reactivation. Behav Brain
Res, 84, 241-246.

Purdy, R. H., Morrow, A. L., Moore, P. H., & Paul, S. M. (1991). Stress-induced elevations of gamma-
aminobutyric acid type A receptor-active steroids in the rat brain. Proceedings of the
National Academy of Sciences, 88, 4553-4557.

Quifiones, M. M., Maldonado, L., Velazquez, B., & Porter, J. T. (2016). Candesartan ameliorates
impaired fear extinction induced by innate immune activation. Brain Behav Immun, 52, 169-
177.

109



Quirk, G. J., & Mueller, D. (2008). Neural mechanisms of extinction learning and retrieval.
Neuropsychopharmacology, 33, 56-72.

Rabinak, C., Peters, C., Elrahal, F., Milad, M., Rauch, S., Phan, K. L., & Greenwald, M. (2018). 52.
Cannabinoid facilitation of fear extinction in posttraumatic stress disorder. Biol Psychiatry,
83, S21.

Rabinak, C. A., Angstadt, M., Sripada, C. S., Abelson, J. L., Liberzon, I., Milad, M. R., & Phan, K. L.
(2013). Cannabinoid facilitation of fear extinction memory recall in humans.
Neuropharmacology, 64, 396-402.

Rasmusson, A. (2016). P450 enzyme blocks in the progesterone GABAergic neuroactive steroid
synthesis pathway in PTSD: sex differences. In 2nd Neurosteroid Congress.

Rasmusson, A. M., Pinna, G., Paliwal, P., Weisman, D., Gottschalk, C., Charney, D., Krystal, J., &
Guidotti, A. (2006). Decreased cerebrospinal fluid allopregnanolone levels in women with
posttraumatic stress disorder. Biol Psychiatry, 60, 704-713.

Ratano, P., Everitt, B. J., & Milton, A. L. (2014). The CB1 receptor antagonist AM251 impairs
reconsolidation of pavlovian fear memory in the rat basolateral amygdala.
Neuropsychopharmacology, 39, 2529-2537.

Rauch, S. A. M., Kim, H. M., Powell, C., Tuerk, P. W., Simon, N. M., Acierno, R., Allard, C. B., Norman,
S. B., Venners, M. R., Rothbaum, B. O., Stein, M. B., Porter, K., Martis, B., King, A. P.,
Liberzon, I., Phan, K. L., & Hoge, C. W. (2019). Efficacy of Prolonged Exposure Therapy,
Sertraline Hydrochloride, and Their Combination Among Combat Veterans With
Posttraumatic Stress Disorder: A Randomized Clinical Trial. JAMA Psychiatry, 76, 117-126.

Rauch, S. L., Shin, L. M., Segal, E., Pitman, R. K., Carson, M. A., McMullin, K., Whalen, P. J., & Makris,
N. (2003). Selectively reduced regional cortical volumes in post-traumatic stress disorder.
Neuroreport, 14, 913-916.

Redrobe, J. P., Dumont, Y., St-Pierre, J. A., & Quirion, R. (1999). Multiple receptors for neuropeptide
Y in the hippocampus: putative roles in seizures and cognition. Brain Res, 848, 153-166.

Reichelt, A. C., Exton-McGuinness, M. T., & Lee, J. L. C. (2013). Ventral Tegmental Dopamine
Dysregulation Prevents Appetitive Memory Destabilization. The Journal of Neuroscience, 33,
14205-14210.

Rescorla, R. A. (2004). Spontaneous recovery. Learn Mem, 11, 501-509.

Resnick, H. S., Kilpatrick, D. G., Dansky, B. S., Saunders, B. E., & Best, C. L. (1993). Prevalence of
civilian trauma and posttraumatic stress disorder in a representative national sample of
women. J Consult Clin Psychol, 61, 984-991.

Réus, G. Z., Fries, G. R., Stertz, L., Badawy, M., Passos, |. C., Barichello, T., Kapczinski, F., & Quevedo,
J. (2015). The role of inflammation and microglial activation in the pathophysiology of
psychiatric disorders. Neuroscience, 300, 141-154.

Roitman, P., Mechoulam, R., Cooper-Kazaz, R., & Shalev, A. (2014). Preliminary, open-label, pilot
study of add-on oral Delta9-tetrahydrocannabinol in chronic post-traumatic stress disorder.
Clin Drug Investig, 34, 587-591.

Rom, S., & Persidsky, Y. (2013). Cannabinoid receptor 2: potential role in immunomodulation and
neuroinflammation. J Neuroimmune Pharmacol, 8, 608-620.

Roozendaal, B. (2002). Stress and Memory: Opposing Effects of Glucocorticoids on Memory
Consolidation and Memory Retrieval. Neurobiology of Learning and Memory, 78, 578-595.

Roozendaal, B., Schoorlemmer, G. H., Wiersma, A., Sluyter, S., Driscoll, P., Koolhaas, J. M., & Bohus,
B. (1992). Opposite effects of central amygdaloid vasopressin and oxytocin on the regulation
of conditioned stress responses in male rats. Ann N Y Acad Sci, 652, 460-461.

Roseman, L., Nutt, D. J., & Carhart-Harris, R. L. (2017). Quality of Acute Psychedelic Experience
Predicts Therapeutic Efficacy of Psilocybin for Treatment-Resistant Depression. Front
Pharmacol, 8, 974.

Ross, S., Bossis, A., Guss, J., Agin-Liebes, G., Malone, T., Cohen, B., Mennenga, S. E., Belser, A,
Kalliontzi, K., Babb, J., Su, Z., Corby, P., & Schmidt, B. L. (2016). Rapid and sustained symptom

110



reduction following psilocybin treatment for anxiety and depression in patients with life-
threatening cancer: a randomized controlled trial. J Psychopharmacol, 30, 1165-1180.

Rothbaum, B. O., Price, M., Jovanovic, T., Norrholm, S. D., Gerardi, M., Dunlop, B., Davis, M., Bradley,
B., Duncan, E. J., Rizzo, A., & Ressler, K. J. (2014). A randomized, double-blind evaluation of
D-cycloserine or alprazolam combined with virtual reality exposure therapy for
posttraumatic stress disorder in Iraq and Afghanistan War veterans. Am J Psychiatry, 171,
640-648.

Roullet, P., Vaiva, G., Véry, E., Bourcier, A,, Yrondi, A., Dupuch, L., Lamy, P., Thalamas, C., Jasse, L., El
Hage, W., & Birmes, P. (2021). Traumatic memory reactivation with or without propranolol
for PTSD and comorbid MD symptoms: a randomised clinical trial.
Neuropsychopharmacology.

Sachser, R. M., Crestani, A. P., Quillfeldt, J. A., Mello, E. S. T., & de Oliveira Alvares, L. (2015). The
cannabinoid system in the retrosplenial cortex modulates fear memory consolidation,
reconsolidation, and extinction. Learn Mem, 22, 584-588.

Sack, M., Spieler, D., Wizelman, L., Epple, G., Stich, J., Zaba, M., & Schmidt, U. (2017). Intranasal
oxytocin reduces provoked symptoms in female patients with posttraumatic stress disorder
despite exerting sympathomimetic and positive chronotropic effects in a randomized
controlled trial. BMC medicine, 15, 40-40.

Sah, R., Ekhator, N. N., Jefferson-Wilson, L., Horn, P. S., & Geracioti, T. D., Jr. (2014). Cerebrospinal
fluid neuropeptide Y in combat veterans with and without posttraumatic stress disorder.
Psychoneuroendocrinology, 40, 277-283.

Sajdyk, T. J., Johnson, P. L., Leitermann, R. J,, Fitz, S. D., Dietrich, A., Morin, M., Gehlert, D. R., Urban,
J. H., & Shekhar, A. (2008). Neuropeptide Y in the amygdala induces long-term resilience to
stress-induced reductions in social responses but not hypothalamic-adrenal-pituitary axis
activity or hyperthermia. J Neurosci, 28, 893-903.

Sangha, S., Narayanan, R. T., Bergado-Acosta, J. R,, Stork, O., Seidenbecher, T., & Pape, H.-C. (2009).
Deficiency of the 65 kDa isoform of glutamic acid decarboxylase impairs extinction of cued
but not contextual fear memory. Journal of Neuroscience, 29, 15713-15720.

Santana, F., Sierra, R. O., Haubrich, J., Crestani, A. P., Duran, J. M., de Freitas Cassini, L., de Oliveira
Alvares, L., & Quillfeldt, J. A. (2016). Involvement of the infralimbic cortex and CA1
hippocampal area in reconsolidation of a contextual fear memory through CB1 receptors:
Effects of CP55,940. Neurobiology of Learning and Memory, 127, 42-47.

Sareen, J. (2014). Posttraumatic stress disorder in adults: impact, comorbidity, risk factors, and
treatment. Can J Psychiatry, 59, 460-467.

Sayed, S., Van Dam, N. T., Horn, S. R., Kautz, M. M., Parides, M., Costi, S., Collins, K. A,, lacoviello, B.,
losifescu, D. V., Mathé, A. A,, Southwick, S. M., Feder, A., Charney, D. S., & Murrough, J. W.
(2017). A Randomized Dose-Ranging Study of Neuropeptide Y in Patients with Posttraumatic
Stress Disorder. International Journal of Neuropsychopharmacology, 21, 3-11.

Schafe, G. E., Atkins, C. M., Swank, M. W., Bauer, E. P., Sweatt, J. D., & LeDoux, J. E. (2000).
Activation of ERK/MAP kinase in the amygdala is required for memory consolidation of
pavlovian fear conditioning. J Neurosci, 20, 8177-8187.

Schafe, G. E., Nadel, N. V., Sullivan, G. M., Harris, A., & LeDoux, J. E. (1999). Memory consolidation
for contextual and auditory fear conditioning is dependent on protein synthesis, PKA, and
MAP kinase. Learn Mem, 6, 97-110.

Scheeringa, M. S., & Weems, C. F. (2014). Randomized placebo-controlled D-cycloserine with
cognitive behavior therapy for pediatric posttraumatic stress. J Child Adolesc
Psychopharmacol, 24, 69-77.

Schmid, Y., Enzler, F., Gasser, P., Grouzmann, E., Preller, K. H., Vollenweider, F. X., Brenneisen, R.,
Muller, F., Borgwardt, S., & Liechti, M. E. (2015). Acute Effects of Lysergic Acid Diethylamide
in Healthy Subjects. Biol Psychiatry, 78, 544-553.

111



Schmidt, S. D., Furini, C. R. G,, Zinn, C. G., Cavalcante, L. E., Ferreira, F. F., Behling, J. A. K., Myskiw, J.
C., & Izquierdo, I. (2017). Modulation of the consolidation and reconsolidation of fear
memory by three different serotonin receptors in hippocampus. Neurobiol Learn Mem, 142,
48-54,

Schneier, F. R., Campeas, R., Carcamo, J., Glass, A., Lewis-Fernandez, R., Neria, Y., Sanchez-Lacay, A.,
Vermes, D., & Wall, M. M. (2015). COMBINED MIRTAZAPINE AND SSRI TREATMENT OF PTSD:
A PLACEBO-CONTROLLED TRIAL. Depression and Anxiety, 32, 570-579.

Schultz, W., Dayan, P., & Montague, P. R. (1997). A Neural Substrate of Prediction and Reward.
Science, 275, 1593-1599.

Schwabe, L., Nader, K., & Pruessner, J. C. (2013). B-Adrenergic blockade during reactivation reduces
the subjective feeling of remembering associated with emotional episodic memories.
Biological Psychology, 92, 227-232.

Schwabe, L., Nader, K., Wolf, O. T., Beaudry, T., & Pruessner, J. C. (2012). Neural Signature of
Reconsolidation Impairments by Propranolol in Humans. Biol Psychiatry, 71, 380-386.

Segev, A., Korem, N., Mizrachi Zer-Aviv, T., Abush, H., Lange, R., Sauber, G., Hillard, C. J., & Akirav, I.
(2018). Role of endocannabinoids in the hippocampus and amygdala in emotional memory
and plasticity. Neuropsychopharmacology, 43, 2017-2027.

Seidenbecher, T., Laxmi, T. R, Stork, O., & Pape, H.-C. (2003). Amygdalar and hippocampal theta
rhythm synchronization during fear memory retrieval. Science, 301, 846-850.

Selcher, J. C., Atkins, C. M., Trzaskos, J. M., Paylor, R., & Sweatt, J. D. (1999). A necessity for MAP
kinase activation in mammalian spatial learning. Learn Mem, 6, 478-490.

Senn, V., Wolff, S. B., Herry, C., Grenier, F., Ehrlich, I., Grindemann, J., Fadok, J. P., Miiller, C.,
Letzkus, J. J., & Lithi, A. (2014). Long-range connectivity defines behavioral specificity of
amygdala neurons. Neuron, 81, 428-437.

Sessa, B. (2017). MDMA and PTSD treatment: “PTSD: From novel pathophysiology to innovative
therapeutics”. Neurosci Lett, 649, 176-180.

Sevenster, D., Beckers, T., & Kindt, M. (2012a). Retrieval per se is not sufficient to trigger
reconsolidation of human fear memory. Neurobiol Learn Mem, 97, 338-345.

Sevenster, D., Beckers, T., & Kindt, M. (2012b). Retrieval per se is not sufficient to trigger
reconsolidation of human fear memory. Neurobiology of Learning and Memory, 97, 338-345.

Sevenster, D., Beckers, T., & Kindt, M. (2013). Prediction error governs pharmacologically induced
amnesia for learned fear. Science, 339, 830-833.

Sheerin, C. M., Lind, M. J., Bountress, K., Nugent, N. R., & Amstadter, A. B. (2017). The Genetics and
Epigenetics of PTSD: Overview, Recent Advances, and Future Directions. Curr Opin Psychol,
14, 5-11.

Sheinin, A., Shavit, S., & Benveniste, M. (2001). Subunit specificity and mechanism of action of
NMDA partial agonist D-cycloserine. Neuropharmacology, 41, 151-158.

Shin, L. M., Orr, S. P., Carson, M. A., Rauch, S. L., Macklin, M. L., Lasko, N. B., Peters, P. M., Metzger,
L. J., Dougherty, D. D., Cannistraro, P. A., Alpert, N. M., Fischman, A. J., & Pitman, R. K.
(2004). Regional cerebral blood flow in the amygdala and medial prefrontal cortex during
traumatic imagery in male and female Vietnam veterans with PTSD. Arch Gen Psychiatry, 61,
168-176.

Shin, L. M., Rauch, S. L., & Pitman, R. K. (2006). Amygdala, medial prefrontal cortex, and
hippocampal function in PTSD. Ann N Y Acad Sci, 1071, 67-79.

Si, J., Yang, J., Xue, L., Yang, C., Luo, Y., Shi, H., & Lu, L. (2012). Activation of NF-kappaB in basolateral
amygdala is required for memory reconsolidation in auditory fear conditioning. PLoS One, 7,
e43973.

Sinclair, A. H., & Barense, M. D. (2018). Surprise and destabilize: prediction error influences episodic
memory reconsolidation. Learn Mem, 25, 369-381.

112



Singewald, N., Schmuckermair, C., Whittle, N., Holmes, A., & Ressler, K. J. (2015). Pharmacology of
cognitive enhancers for exposure-based therapy of fear, anxiety and trauma-related
disorders. Pharmacol Ther, 149, 150-190.

Smart, R. G., Storm, T., Baker, E. F., & Solursh, L. (1966). A controlled study of lysergide in the
treatment of alcoholism. 1. The effects on drinking behavior. Q J Stud Alcohol, 27, 469-482.

Smigielski, L., Scheidegger, M., Kometer, M., & Vollenweider, F. X. (2019). Psilocybin-assisted
mindfulness training modulates self-consciousness and brain default mode network
connectivity with lasting effects. Neuroimage, 196, 207-215.

Soeter, M., & Kindt, M. (2010). Dissociating response systems: erasing fear from memory. Neurobiol
Learn Mem, 94, 30-41.

Soeter, M., & Kindt, M. (2011). Disrupting reconsolidation: pharmacological and behavioral
manipulations. Learn Mem, 18, 357-366.

Soeter, M., & Kindt, M. (2012). Stimulation of the noradrenergic system during memory formation
impairs extinction learning but not the disruption of reconsolidation.
Neuropsychopharmacology, 37, 1204-1215.

Soeter, M., & Kindt, M. (2013). High trait anxiety: a challenge for disrupting fear memory
reconsolidation. PLoS One, 8, €75239.

Soler, J., Elices, M., Franquesa, A., Barker, S., Friedlander, P., Feilding, A., Pascual, J. C., & Riba, J.
(2016). Exploring the therapeutic potential of Ayahuasca: acute intake increases
mindfulness-related capacities. Psychopharmacology (Berl), 233, 823-829.

Spring, J. D., Wood, N. E., Mueller-Pfeiffer, C., Milad, M. R., Pitman, R. K., & Orr, S. P. (2015).
Prereactivation propranolol fails to reduce skin conductance reactivity to prepared fear-
conditioned stimuli. Psychophysiology, 52, 407-415.

Sripada, R. K., King, A. P., Garfinkel, S. N., Wang, X., Sripada, C. S., Welsh, R. C., & Liberzon, I. (2012).
Altered resting-state amygdala functional connectivity in men with posttraumatic stress
disorder. J Psychiatry Neurosci, 37, 241-249.

Stern, C. A., Gazarini, L., Vanvossen, A. C., Zuardi, A. W., Galve-Roperh, I., Guimaraes, F. S.,
Takahashi, R. N., & Bertoglio, L. J. (2015). Delta9-Tetrahydrocannabinol alone and combined
with cannabidiol mitigate fear memory through reconsolidation disruption. Eur
Neuropsychopharmacol, 25, 958-965.

Strawn, J. R., & Geracioti, T. D., Jr. (2008). Noradrenergic dysfunction and the psychopharmacology
of posttraumatic stress disorder. Depress Anxiety, 25, 260-271.

Suris, A., Smith, J., Powell, C., & North, C. S. (2013). Interfering with the reconsolidation of traumatic
memory: sirolimus as a novel agent for treating veterans with posttraumatic stress disorder.
Ann Clin Psychiatry, 25, 33-40.

Suzuki, A., Josselyn, S. A., Frankland, P. W., Masushige, S., Silva, A. J., & Kida, S. (2004). Memory
Reconsolidation and Extinction Have Distinct Temporal and Biochemical Signatures. The
Journal of Neuroscience, 24, 4787-4795.

Suzuki, A., Mukawa, T., Tsukagoshi, A., Frankland, P. W., & Kida, S. (2008). Activation of LVGCCs and
CB1 receptors required for destabilization of reactivated contextual fear memories. Learn
Mem, 15, 426-433.

Swartz, J. R., Prather, A. A., & Hariri, A. R. (2017). Threat-related amygdala activity is associated with
peripheral CRP concentrations in men but not women. Psychoneuroendocrinology, 78, 93-
96.

Szeszko, P. R., Lehrner, A., & Yehuda, R. (2018). Glucocorticoids and Hippocampal Structure and
Function in PTSD. Harvard Review of Psychiatry, 26, 142-157.

Taherian, F., Vafaei, A. A,, Vaezi, G. H., Eskandarian, S., Kashef, A., & Rashidy-Pour, A. (2014).
Propranolol-induced Impairment of Contextual Fear Memory Reconsolidation in Rats: A
similar Effect on Weak and Strong Recent and Remote Memories. Basic Clin Neurosci, 5, 231-
239.

113



Talpos, J., McTighe, S., Dias, R., Saksida, L., & Bussey, T. (2010). Trial-unique, delayed nonmatching-
to-location (TUNL): a novel, highly hippocampus-dependent automated touchscreen test of
location memory and pattern separation. Neurobiology of Learning and Memory, 94, 341-
352.

Taubenfeld, S. M., Milekic, M. H., Monti, B., & Alberini, C. M. (2001). The consolidation of new but
not reactivated memory requires hippocampal C/EBPbeta. Nat Neurosci, 4, 813-818.

Thome, J., Koppe, G., Hauschild, S., Liebke, L., Schmahl, C,, Lis, S., & Bohus, M. (2016). Modification
of Fear Memory by Pharmacological and Behavioural Interventions during Reconsolidation.
PLoS One, 11, e0161044.

Thompson, B. M., Baratta, M. V., Biedenkapp, J. C., Rudy, J. W., Watkins, L. R., & Maier, S. F. (2010).
Activation of the infralimbic cortex in a fear context enhances extinction learning. Learn
Mem, 17, 591-599.

Thompson, M. R., Callaghan, P. D., Hunt, G. E., Cornish, J. L., & McGregor, I. S. (2007). A role for
oxytocin and 5-HT(1A) receptors in the prosocial effects of 3,4
methylenedioxymethamphetamine ("ecstasy"). Neuroscience, 146, 509-514.

Titeler, M., Lyon, R. A, & Glennon, R. A. (1988). Radioligand binding evidence implicates the brain 5-
HT2 receptor as a site of action for LSD and phenylisopropylamine hallucinogens.
Psychopharmacology (Berl), 94, 213-216.

Tollenaar, M. S,, Elzinga, B. M., Spinhoven, P., & Everaerd, W. (2009a). Immediate and prolonged
effects of cortisol, but not propranolol, on memory retrieval in healthy young men.
Neurobiol Learn Mem, 91, 23-31.

Tollenaar, M. S,, Elzinga, B. M., Spinhoven, P., & Everaerd, W. (2009b). Psychophysiological
responding to emotional memories in healthy young men after cortisol and propranolol
administration. Psychopharmacology (Berl), 203, 793-803.

Torquatto, K. I., Menegolla, A. P., Popik, B., Casagrande, M. A., & de Oliveira Alvares, L. (2019). Role
of calcium-permeable AMPA receptors in memory consolidation, retrieval and updating.
Neuropharmacology, 144, 312-318.

Tronson, N. C., Wiseman, S. L., Neve, R. L., Nestler, E. J., Olausson, P., & Taylor, J. R. (2012).
Distinctive roles for amygdalar CREB in reconsolidation and extinction of fear memory. Learn
Mem, 19, 178-181.

Tronson, N. C., Wiseman, S. L., Olausson, P., & Taylor, J. R. (2006). Bidirectional behavioral plasticity
of memory reconsolidation depends on amygdalar protein kinase A. Nat Neurosci, 9, 167-
169.

Troyner, F., & Bertoglio, L. J. (2021). Nucleus reuniens of the thalamus controls fear memory
reconsolidation. Neurobiol Learn Mem, 177, 107343.

Tuerk, P. W., Wangelin, B. C., Powers, M. B., Smits, J. A. J., Acierno, R., Myers, U. S., Orr, S. P., Foa, E.
B., & Hamner, M. B. (2018). Augmenting treatment efficiency in exposure therapy for PTSD:
a randomized double-blind placebo-controlled trial of yohimbine HCl. Cogn Behav Ther, 47,
351-371.

Turcotte, C., Blanchet, M. R., Laviolette, M., & Flamand, N. (2016). The CB(2) receptor and its role as
a regulator of inflammation. Cell Mol Life Sci, 73, 4449-4470.

Turrini, G., Purgato, M., Acarturk, C., Anttila, M., Au, T., Ballette, F., Bird, M., Carswell, K., Churchill,
R., Cuijpers, P., Hall, J., Hansen, L. J., Késters, M., Lantta, T., Nose, M., Ostuzzi, G., Sijbrandij,
M., Tedeschi, F., Valimaki, M., Wancata, J., White, R., van Ommeren, M., & Barbui, C. (2019).
Efficacy and acceptability of psychosocial interventions in asylum seekers and refugees:
systematic review and meta-analysis. Epidemiology and Psychiatric Sciences, 28, 376-388.

Tursich, M., Ros, T., Frewen, P. A,, Kluetsch, R. C., Calhoun, V. D., & Lanius, R. A. (2015). Distinct
intrinsic network connectivity patterns of post-traumatic stress disorder symptom clusters.
Acta Psychiatr Scand, 132, 29-38.

Ursano, R. J., Bell, C,, Eth, S., Friedman, M., Norwood, A., Pfefferbaum, B., Pynoos, J. D., Zatzick, D. F.,
Benedek, D. M., Mcintyre, J. S., Charles, S. C., Altshuler, K., Cook, I., Cross, C. D., Mellman, L.,

114



Moench, L. A., Norquist, G., Twemlow, S. W., Woods, S., & Yager, J. (2004). Practice guideline
for the treatment of patients with acute stress disorder and posttraumatic stress disorder.
Am J Psychiatry, 161, 3-31.

Vaidhyanathan, S., Mittapalli, R. K., Sarkaria, J. N., & ElImquist, W. F. (2014). Factors influencing the
CNS distribution of a novel MEK-1/2 inhibitor: implications for combination therapy for
melanoma brain metastases. Drug Metab Dispos, 42, 1292-1300.

Varela, C., Kumar, S., Yang, J., & Wilson, M. A. (2014). Anatomical substrates for direct interactions
between hippocampus, medial prefrontal cortex, and the thalamic nucleus reuniens. Brain
Structure and Function, 219, 911-929.

Varker, T., Watson, L., Gibson, K., Forbes, D., & O’Donnell, M. L. (2020). Efficacy of Psychoactive
Drugs for the Treatment of Posttraumatic Stress Disorder: A Systematic Review of MDMA,
Ketamine, LSD and Psilocybin. Journal of Psychoactive Drugs, 1-11.

Varvel, S., Anum, E., & Lichtman, A. (2005). Disruption of CB1 receptor signaling impairs extinction of
spatial memory in mice. Psychopharmacology (Berl), 179, 863-872.

Vasquez, J., Leong, K.-C., Gagliardi, C., Harland, B., Apicella, A., & Muzzio, I. (2019). Pathway specific
activation of ventral hippocampal cells projecting to the prelimbic cortex diminishes fear
renewal. Neurobiology of Learning and Memory, 161, 63-71.

Veen, C., Jacobs, G., Philippens, I., & Vermetten, E. (2018). Subanesthetic Dose Ketamine in
Posttraumatic Stress Disorder: A Role for Reconsolidation During Trauma-Focused
Psychotherapy? Curr Top Behav Neurosci, 38, 137-162.

Vidal-Gonzalez, I., Vidal-Gonzalez, B., Rauch, S. L., & Quirk, G. J. (2006). Microstimulation reveals
opposing influences of prelimbic and infralimbic cortex on the expression of conditioned
fear. Learning & Memory, 13, 728-733.

Viviani, D., Charlet, A., van den Burg, E., Robinet, C., Hurni, N., Abatis, M., Magara, F., & Stoop, R.
(2011). Oxytocin selectively gates fear responses through distinct outputs from the central
amygdala. Science, 333, 104-107.

Vizeli, P., & Liechti, M. E. (2018). Oxytocin receptor gene variations and socio-emotional effects of
MDMA: A pooled analysis of controlled studies in healthy subjects. PLoS One, 13, e0199384.

Walker, D. L., Ressler, K. J., Lu, K. T., & Davis, M. (2002). Facilitation of conditioned fear extinction by
systemic administration or intra-amygdala infusions of D-cycloserine as assessed with fear-
potentiated startle in rats. J Neurosci, 22, 2343-2351.

Walker, F. R. (2013). A critical review of the mechanism of action for the selective serotonin
reuptake inhibitors: do these drugs possess anti-inflammatory properties and how relevant
is this in the treatment of depression? Neuropharmacology, 67, 304-317.

Walker, M. P., Brakefield, T., Hobson, J. A., & Stickgold, R. (2003). Dissociable stages of human
memory consolidation and reconsolidation. Nature, 425, 616-620.

Walsh, K. H., Das, R. K., Saladin, M. E., & Kamboj, S. K. (2018). Modulation of naturalistic maladaptive
memories using behavioural and pharmacological reconsolidation-interfering strategies: a
systematic review and meta-analysis of clinical and 'sub-clinical' studies.
Psychopharmacology (Berl), 235, 2507-2527.

Wang, M. E., Yuan, R. K., Keinath, A. T., Alvarez, M. M. R., & Muzzio, |. A. (2015). Extinction of
learned fear induces hippocampal place cell remapping. Journal of Neuroscience, 35, 9122-
9136.

Watkins, L. E., Sprang, K. R., & Rothbaum, B. O. (2018). Treating PTSD: A Review of Evidence-Based
Psychotherapy Interventions. Front Behav Neurosci, 12, 258-258.

Watts, B. V., Schnurr, P. P., Mayo, L., Young-Xu, Y., Weeks, W. B., & Friedman, M. J. (2013). Meta-
analysis of the efficacy of treatments for posttraumatic stress disorder. J Clin Psychiatry, 74,
e541-550.

Watts, R., Day, C., Krzanowski, J., Nutt, D., & Carhart-Harris, R. (2017). Patients’ Accounts of
Increased “Connectedness” and “Acceptance” After Psilocybin for Treatment-Resistant
Depression. Journal of Humanistic Psychology, 57, 520-564.

115



Weele, C. M. V,, Siciliano, C. A., & Tye, K. M. (2019). Dopamine tunes prefrontal outputs to
orchestrate aversive processing. Brain Res, 1713, 16-31.

Whittle, N., Maurer, V., Murphy, C., Rainer, J., Bindreither, D., Hauschild, M., Scharinger, A.,
Oberhauser, M., Keil, T., Brehm, C., Valovka, T., Striessnig, J., & Singewald, N. (2016).
Enhancing dopaminergic signaling and histone acetylation promotes long-term rescue of
deficient fear extinction. Transl Psychiatry, 6, e974.

Wilkinson, S. T., Ballard, E. D., Bloch, M. H., Mathew, S. J., Murrough, J. W., Feder, A., Sos, P., Wang,
G., Zarate, C. A, Jr., & Sanacora, G. (2018). The Effect of a Single Dose of Intravenous
Ketamine on Suicidal Ideation: A Systematic Review and Individual Participant Data Meta-
Analysis. Am J Psychiatry, 175, 150-158.

Wood, N. E., Rosasco, M. L., Suris, A. M., Spring, J. D., Marin, M. F., Lasko, N. B., Goetz, J. M., Fischer,
A. M., Orr, S. P., & Pitman, R. K. (2015). Pharmacological blockade of memory
reconsolidation in posttraumatic stress disorder: three negative psychophysiological studies.
Psychiatry Res, 225, 31-39.

Yang, Y. L., Chao, P.K,, Ro, L. S., Wo, Y. Y., & Lu, K. T. (2007). Glutamate NMDA receptors within the
amygdala participate in the modulatory effect of glucocorticoids on extinction of
conditioned fear in rats. Neuropsychopharmacology, 32, 1042-1051.

Yatzkar, U., & Klein, E. (2010). P.3.026 Intranasal oxytocin in patients with post traumatic stress
disorder: a single dose, pilot double blind crossover study. European
Neuropsychopharmacology, 20, S84.

Yehuda, R. (2006). Advances in understanding neuroendocrine alterations in PTSD and their
therapeutic implications. Ann N Y Acad Sci, 1071, 137-166.

Yehuda, R., Hoge, C. W., McFarlane, A. C., Vermetten, E., Lanius, R. A., Nievergelt, C. M., Hobfoll, S.
E., Koenen, K. C., Neylan, T. C., & Hyman, S. E. (2015). Post-traumatic stress disorder. Nature
Reviews Disease Primers, 1, 15057.

Yehuda, R., & LeDoux, J. (2007). Response Variation following Trauma: A Translational Neuroscience
Approach to Understanding PTSD. Neuron, 56, 19-32.

Yehuda, R., McFarlane, A., & Shalev, A. (1998). Predicting the development of posttraumatic stress
disorder from the acute response to a traumatic event. Biol Psychiatry, 44, 1305-1313.

Young, M. B., Howell, L. L., Hopkins, L., Moshfegh, C., Yu, Z., Clubb, L., Seidenberg, J., Park, J.,
Swiercz, A. P., & Marvar, P. ). (2018). A peripheral immune response to remembering trauma
contributes to the maintenance of fear memory in mice. Psychoneuroendocrinology, 94,
143-151.

Young, M. B., Norrholm, S. D., Khoury, L. M., Jovanovic, T., Rauch, S. A. M., Reiff, C. M., Dunlop, B.
W., Rothbaum, B. O., & Howell, L. L. (2017). Inhibition of serotonin transporters disrupts the
enhancement of fear memory extinction by 3,4-methylenedioxymethamphetamine
(MDMA). Psychopharmacology (Berl), 234, 2883-2895.

Yu, Z., Fukushima, H., Ono, C., Sakai, M., Kasahara, Y., Kikuchi, Y., Gunawansa, N., Takahashi, Y.,
Matsuoka, H., Kida, S., & Tomita, H. (2017). Microglial production of TNF-alpha is a key
element of sustained fear memory. Brain Behav Immun, 59, 313-321.

Zentall, T. R. (2013). Animals Represent the past and the Future. Evolutionary Psychology, 11,
147470491301100307.

Zhai, H., Wu, P., Chen, S, Li, F., Liu, Y., & Lu, L. (2008). Effects of scopolamine and ketamine on
reconsolidation of morphine conditioned place preference in rats. Behav Pharmacol, 19,
211-216.

Zhang, L.-M., Qiu, Z.-K., Zhao, N., Chen, H.-X,, Liu, Y.-Q., Xu, J.-P., Zhang, Y.-Z., Yang, R.-F., & Li, Y.-F.
(2014). Anxiolytic-like effects of YL-IPAQS, a potent ligand for the translocator protein (18
kDa) in animal models of post-traumatic stress disorder. International Journal of
Neuropsychopharmacology, 17, 1659-1669.

116



Zhou, J., Nagarkatti, P., Zhong, Y., Ginsberg, J. P., Singh, N. P., Zhang, J., & Nagarkatti, M. (2014).
Dysregulation in microRNA expression is associated with alterations in immune functions in
combat veterans with post-traumatic stress disorder. PLoS One, 9, e94075.

Zimmerman, J. M., & Maren, S. (2010). NMDA receptor antagonism in the basolateral but not central
amygdala blocks the extinction of Pavlovian fear conditioning in rats. European Journal of
Neuroscience, 31, 1664-1670.

Zoppi, S., Madrigal, J. L., Caso, J. R., Garcia-Gutiérrez, M. S., Manzanares, J., Leza, J. C., & Garcia-
Bueno, B. (2014). Regulatory role of the cannabinoid CB2 receptor in stress-induced
neuroinflammation in mice. BrJ Pharmacol, 171, 2814-2826.

Zukowska-Grojec, Z. (1995). Neuropeptide Y. A novel sympathetic stress hormone and more. Ann N
Y Acad Sci, 771, 219-233.

117



