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Abstract

Psychiatric disorders associated with psychological trauma, stress and anxiety are a highly
prevalent and increasing cause of morbidity worldwide. Current therapeutic approaches, including
medication, are effective in alleviating symptoms of anxiety disorders and posttraumatic stress
disorder (PTSD), at least in some individuals, but have unwanted side-effects and do not

resolve underlying pathophysiology. After a period of stagnation, there is renewed enthusiasm
from public, academic and commercial parties in designing and developing drug treatments

for these disorders. Here, we aim to provide a snapshot of the current state of this field

that is written for neuropharmacologists, but also practicing clinicians and the interested lay-
reader. After introducing currently available drug treatments, we summarize recent/ongoing
clinical assessment of novel medicines for anxiety and PTSD, grouped according to primary
neurochemical targets and their potential to produce acute and/or enduring therapeutic effects.
The evaluation of putative treatments targeting monoamine (including psychedelics), GABA,
glutamate, cannabinoid, cholinergic and neuropeptide systems, amongst others, are discussed.
We emphasize the importance of designing and clinically assessing new medications based on

a firm understanding of the underlying neurobiology stemming from the rapid advances being
made in neuroscience. This includes harnessing neuroplasticity to bring about lasting beneficial
changes in the brain rather than — as many current medications do — produce a transient
attenuation of symptoms, as exemplified by combining psychotropic/cognitive enhancing drugs
with psychotherapeutic approaches. We conclude by noting some of the other emerging trends in
this promising new phase of drug development.
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1. Introduction

Psychiatric disorders are an enormous and growing burden on global health, with conditions
related to stress and anxiety among the most common and costly causes of morbidity
(Craske et al., 2017; Gustavsson et al., 2011; Penninx et al., 2021a). By some estimates,

up to one third of people will present with an anxiety disorder at some point in their life
(Kessler et al., 2012; Wittchen et al., 2011), with prevalence spiking of anxiety-related
symptoms during the recent COVID-19 pandemic (Santomauro et al., 2021; Taquet et al.,
2021).

The Diagnostic and Statistical Manual for Mental Health Disorders-5 (DSM-5) currently
categorizes around a dozen types of anxiety disorder. Of these, the most common

are generalized anxiety disorder (GAD), social anxiety disorder (SAD), panic disorder
(PD), and various phobias including agoraphobia. This most recent iteration of DSM

no longer groups post-traumatic stress disorder (PTSD) amongst the anxiety disorders

and categorizes PTSD as Trauma and Stressor-Related Disorders. A similar distinction

has been made in the current revision of the International Classification of Diseases
(ICD-11; World Health Organization). Nevertheless, for the purposes of this review we
have chosen to retain reference to ‘PTSD,’ as it remains familiar to most neuroscientists and
neuropharmacologists outside the field and in light of the overlap between anxiety disorders
and PTSD in terms of current pharmacotherapy and targets for future drug development.

Organizing anxiety disorders and PTSD into specific diagnostic categories defined by

the presentation of symptoms brings clarity and consistency to clinical practice and can

be a necessary step towards the approval and delivery of evidence-based therapeutic

care. There has, however, been an increasing emphasis on capturing the dimensional and
comorbid nature of psychiatric illness and the biological constructs associated with specific
neurobehavioral domains (e.g., negative valence, social processes). This is exemplified

by the National Institute of Mental Health’s (NIMH) Research Domain Criteria (RDoC)
framework (Insel et al., 2010) and the Hierarchical Taxonomy Of Psychopathology (HiTOP)
(Ruggero et al., 2019) which acknowledge that fear, anxiety and avoidance behavior are
phenomena that cut across current diagnostic boundaries. This change in emphasis is aimed
at improving the future identification of tractable, including pharmacological, treatments
(Hariri and Holmes, 2015; van der Doef et al., 2018).

Despite these promising developments, there of course remains some major challenges for
the field to address in order to realize the potential of targeted therapeutics (Scherf-Clavel
etal., 2021). One ongoing debate revolves around the clinical relevance and validity of the
commonly used experimental assays (primarily in male rodents) for anxiety and fear, given
the subjective experience of these processes cannot be captured in rodents (Fanselow and
Pennington, 2017; LeDoux and Pine, 2016; Nestler and Hyman, 2010). Relatedly, the fact
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that studies using these assays use male animals much more frequently than females -despite
anxiety and PTSD being much more common and disabling in women than men (McLean
et al., 2011) - has underscored the need to better consider sex as a biological variable in

this and other areas of preclinical research (Arnegard et al., 2020; Shansky, 2020). We will
not contribute to these important discussions here but suffice it to say recognizing these and
other limitations is just first step towards finding solutions.

Our objective in the current review is to provide an update on the development of

new pharmacological treatments for anxiety disorders and PTSD. As neuroscientists who
are not, with one exception (A.R.), involved in clinical practice, we have endeavored

to make the review accessible to a non-clinician audience looking for a snapshot of

the main developments in the field. We are fully aware that psychotherapy, especially
exposure therapy as a form of cognitive behavioral therapy, are highly effective in some
forms of anxiety disorder and PTSD, depending on the severity of symptom and the

type of psychological intervention. However, in this review we focus on pharmacological
therapies (including pharmacological augmentation of psychotherapy) and refer the reader
to other sources for information relating to psychological therapies (Alshahrani et al., 2022;
Carpenter et al., 2018; Leichsenring et al., 2022). We begin by familiarizing the reader
with the currently used drug treatments and note some of the approaches to expanding this
treatment option-space. We then devote much of the remaining review to summarizing the
status of clinical evaluation of potential medicines for anxiety and PTSD, which we group
according to primary known neurochemical target. Lastly, we provide some concluding
thoughts on the emerging trends and outlook for the field. For further discussion of this
rapidly evolving literature, also on animal data as important tools for drug development in
this field we refer the reader to complementary perspectives (Gasparyan et al., 2022; Sartori
and Singewald, 2019).

2. Current pharmacological treatments and trends

Medication and cognitive behavioral therapy are the mainstays of treatment for the above
conditions (Bandelow et al., 2022a, 2022b; Caldirola et al., 2021; Garakani et al., 2020;
Gasparyan et al., 2022; Hoskins et al., 2021a; Locher et al., 2017; Slee et al., 2019; Williams
et al., 2022). Among the most prescribed are selective serotonin reuptake inhibitors (SSRI)
and selective serotonin-norepinephrine reuptake inhibitors (SNRI) (de Vries et al., 2018;
Jakubovski et al., 2019). The therapeutic effects of these medications, as compared to
placebo, has been demonstrated in randomized controlled trials (RCTs) (summarized in
(Penninx et al., 2021a)), with effect sizes of around 0.4. However, while effective in many
people, these drugs typically take weeks to produce beneficial effects and, in a sizeable
proportion of individuals have side-effects such as nausea, gastro-intestinal symptoms,
sexual dysfunction and changes in weight (Krystal et al., 2017). These unwanted side-effects
notwithstanding, SSRIs (particularly sertraline) and (to a lesser extent) SNRIs are the current
pharmacological treatments of choice in both primary and secondary care, and promoted as
such in guidelines on the treatment of anxiety disorders from authorities such as the UK’s
NICE (https://www.nice.org.uk/guidance/cg113) and Germany’s S3 (https://www.awmf.org/
leitlinien/detail/ll/051-028.html). Added to the fact that SSRIs and SNRIs can be prescribed
in a relatively simple dosing scheme, have limited potential for contraindications and are
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generally low cost, these drugs have become the standard of care in PD, SAD, GAD and
PTSD.

Second line treatments, including monoamine oxidase inhibitors (MAQ-I) and tricyclic and
tetracyclic antidepressants (TCA) also target the monoamine system, but have somewhat
different side-effects that limit their use; thus, these compounds are mainly reserved for
very severe and/or treatment resistant cases in secondary or primary care. Pregabalin has, by
contrast, a relatively benign side-effect profile, albeit with some potential for dependency,
and is approved for the treatment of GAD. Though prescribed less often than SSRIs/SNRISs,
pregabalin tends to be a more common option than two other licensed treatments for

GAD, buspirone and opipramol. Off-label treatments used in anxiety disorders and PTSD
include gabapentin and other anticonvulsants (e.g., topiramate), as well as second generation
antipsychotics, such as quetiapine or risperidone (Garakani et al., 2022). These medications
show efficacy in meta-analysis (de Moraes Costa et al., 2020), but second generation
antipsychotics in particular can have adverse effects such as weight gain, metabolic
syndrome and cardiovascular issues (Hgjlund et al., 2022). Nonetheless, low-doses of
quetiapine are often used off-label as a mild anxiolytic, especially as an adjunct to other
treatments.

There is little doubt that the benzodiazepines, such as diazepam and alprazolam, are a highly
effective class of anxiolytics, but their long-term use is limited in particular by tolerance,
dependence and abuse liability (Balon and Starcevic, 2020). These drugs can also produce
cognitive impairments, such as amnesia, that can interfere with the processes that underlie
cognitive-based therapies, such as the extinction and reconsolidation of fearful memories
(Hart et al., 2014). Finally, though benzodiazepines produce rapid and often profound
anxiolytic effects, these effects wane as the drug is eliminated from the body without the
longer-term residual benefits that can be seen after a chronic course of, for example, an
SSRI or SNRI. For these reasons, the unsupervised, long-term use of benzodiazepines is
discouraged, though not without some controversy (Penninx et al., 2021b; Tibrewal et al.,
2021).

Unfortunately, all of the current medications often only partially alleviate symptoms and
provide only marginal benefit to a sizeable fraction of individuals with anxiety disorders
and PTSD (Roy-Byrne, 2015), with varying rates in men and women. Sex differences

in etiology and treatment response are increasingly discussed in the context of these
disorders (Bangasser and Cuarenta, 2021; Bauer, 2023; Christiansen and Berke, 2020;
Kundakovic and Rocks, 2022), but are still not sufficiently addressed. The limitations of
efficacy of current treatments becomes more marked over time, with significant rates of
long-term relapse (Bystritsky, 2006; Solis et al., 2021), particularly in those people with
comorbid conditions such as major depressive disorder (MDD) (Ginsburg et al., 2018;
Hofmeijer-Sevink et al., 2012). These limitations have clear and quantifiable consequences
for morbidity and mortality, and the attendant economic and health care costs (Baxter et
al., 2014; Higgins et al., 2021). However, while there is a compelling need for improved
treatments for anxiety disorders and PTSD, the compound most recently developed for an
anxiety disorder (i.e., GAD) since the benzodiazepines was the serotonin 5-HT1A receptor
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(R) agonist buspirone — and this was in the 1980s (reviewed in (Sartori and Singewald,
2019).

Most of the treatments for anxiety and PTSD that have emerged over the past few decades
were initially approved for other indications, such as MDD (SSRIs, SNRIs), epilepsy
(topiramate) and neuropathic pain (pregabalin). The paucity of new drugs certainly does
not reflect a lack of interest or (intellectual and commercial) investment in identifying
new medicines, both of which have been considerable (Griebel and Holmes, 2013;
Pankevich et al., 2014). The reasons why these efforts have not translated into effective
treatments are complex and not wholly clear. We have already mentioned moves towards
giving more weight to neurobiological mechanisms over symptomatology, paving the
way towards precision medicine approaches in psychiatry, and placing more emphasis on
disease-dimensionality.

Relatedly, there are calls to rely less on explicitly atheoretical diagnostic systems, such as
ICD-11 and DSM-5, which define disease as a summation of observable symptoms, and
instead prioritize clinical evaluation of drugs with defined biological targets (e.g., NIMH
FAST-FAIL and Target Engagement initiatives) (Grabb et al., 2020; Pizzagalli et al., 2020).
It should be noted that these and related initiatives such as RDoC and HiTOP have not yet
delivered tangible treatment outcomes. Some commentators have also suggested that these
translational efforts can be aided with artificial intelligence (Gautam et al., 2022) and by
designing more clinically relevant preclinical assays/models (Dunsmoor et al., 2022; Fraser
et al., 2010; Richter-Levin et al., 2019; Singewald and Holmes, 2019; Tricklebank et al.,
2021).

We would agree with most of these developments, and especially the need to refocus both
clinical evaluation and drug design on a foundation of neurobiology. The coming years
will show whether these strategic shifts will bear fruit as improved treatments. For now,

the field - largely based on the older model of assessing putative medications on their
effects on symptoms — is arguably beginning to mature into some exciting developments
that are currently being assessed at the level of clinical trials. We now turn to a summary of
some of this large body of evidence, with further information on known mechanism(s) and
clinical trial identifier provided in Tables 1-4. Fig. 1 shows examples of drugs in clinical
development designed to produce acute and/or enduring therapeutic effects in anxiety
disorders and/or PTSD.

3. Monoamines: Poly-pharmacology and psychedelics

The monoamine system has long been the major focus of efforts to develop effective
pharmacotherapies for a broad range of affective disorders. Some of the most widely
prescribed drugs in modern medicine, such as the SSRIs citalopram or sertraline, inhibit

the reuptake of serotonin and, to varying degrees, norepinephrine (venlafaxine is currently
the lead SNRI), among their various actions. However, the degree to which the monoamine-
targeting actions of these drugs directly account for their therapeutic effects has still not
been fully resolved (Murphy et al., 2021) (Holmes, 2008). This class of compounds has
also come under criticism for being over-prescribed relative to their clinical efficacy, though
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this argument often understates the unequivocal benefits these drugs have given to many
individuals (Cipriani et al., 2018).

Nonetheless, given the clinical and commercial success of monoamine-targeting drugs,
such as the SSRIs there remains a lot of interest in identifying new anti-anxiety drugs

that act by targeting various components of monoaminergic systems. There are several
preliminary leads in this regard. For instance, several agents targeting specific components
of the serotonergic system. These include vilazo-done (a 5-HT reuptake inhibitor and
5-HT1A-R partial agonist), vorti-oxetine (a 5-HT reuptake inhibitor, 5-HT3-R, 5-HT7-R
and 5-HT1D-R antagonist, 5-HT1B-R partial agonist, and 5-HT1A-R agonist) — two drugs
originally developed for MDD that have recently been investigated as potential treatments in
anxiety disorders and PTSD. Some of these compounds have shown early signs of potential
in clinical trials, though none have yet received FDA or EMA approval for these particular
indications (for review see (Sartori and Singewald, 2019)). It seems unlikely, however, that
these drugs outcompete older compounds, as their mechanism of action is not profoundly
different to other antidepressants and their use in MDD has not suggested particularly
marked anxiolytic effects.

Recent examples of drugs with multiple actions, some of which are monoaminergic, include
AVN-101 and TNX-102 SL. AVN-101 is a structural analogue of dimebolin and has
affinity for multiple 5-HT receptors and acts as an antagonist at dopamine and histamine
receptors: it is currently in phase 11 (NCT04524975) and phase 111 (NCT04598867)
evaluation for GAD. TNX-102 SL is a sublingual tablet formulation (to bypass first-pass
hepatic metabolism) of cyclobenzaprine hydrochloride that is being investigated for its
potential utility in PTSD (NCT05372887). TNX-102 SL is an example of a drug with a
broad mechanistic profile that includes antagonist activity at the 5-HT2A-R, al-adrenergic,
histaminergic H1, and muscarinic M1 receptors. There is also ongoing phase | study
(NCT05363839) investigating ACH 000029 in healthy participants (with a view to use in
GAD and PTSD), a compound that acts as an agonist at 5-HT1A-R, a partial agonist at
5-HT1D-R and an antagonist at 5-HT2A-R and a-adrenergic (a—1A, 1B and 1D) receptors.
The antipsychotic 5-HT2A-R inverse agonist/antagonist, pimavanserin, is being clinically
assessed for its ability to alleviate insomnia and/or nightmares in PTSD — symptoms that
individuals report as being highly disruptive to well-being. The a.2-adrenergic receptor
agonists dexmedetomidine and clonidine, which decrease norepinephrine release and
sympathetic tone, are also being tested for their effects on these symptoms.

A handful of drugs which are used as medications in psychotic disorders have attracted
some interest for their possible utility in anxiety disorders and PTSD. Among these is
brexpiprazole, a partial agonist at D2-R and 5-HT1A-R and an antagonist at 5-HT2A-R and
other serotonin receptors. Brexpiprazole is being evaluated alone and in combination with
sertraline in a large multi-center, randomized PTSD trial (NCT04174170, NCT03033069).
Quetiapine, which has demonstrated anxiolytic properties, blocks 5-HT2A-R and D2-R and
has partial agonist effects at 5-HT1A-R, is currently being investigated as a treatment to
facilitate the efficacy of exposure therapy in PTSD, with the idea that it may reduce anxiety
and irritability to promote therapeutic engagement (NCT04280965).
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The strategy of enhancing psychotherapy with psychotropic medication has become
increasingly popular in the recent years, especially for the treatment of PTSD. Table 4
provides an overview of examples of drug-assisted psychotherapy. In principle, this strategy
could represent a paradigm shift in the treatment of mental disorders and help reconcile
pharmacological and psychological treatment approaches. However, there is still a need for
well-controlled combination therapy studies that vary the timing and sequencing of both
treatment modalities. Such studies can serve to identify the optimal parameters for combing
drug treatment with psychological intervention, and ideally should be informed by known
neurobiological and psychological mechanisms. An example is L-DOPA (Levodopa), the
canonical dopamine precursor medicine for Parkinson’s disease, which has been examined
for its possible use as adjunct to exposure therapy in PTSD. Another example is work
investigating how best to time administration of beta-blockers, such as propranolol, relative
to fear memory reactivation in order to disrupt (traumatic) memory reconsolidation (Raut et
al., 2022a). This idea is based on the finding that memory transiently enters a labile state
following retrieval, allowing unwanted memories to be revised as they are reconsolidated
(Brunet et al., 2018). However, the usefulness of propranolol in this respect is still a matter
of debate (Steenen et al., 2022).

The goal of exposure-based therapy is to reduce anxiety to feared situations, emotions,

and memories by confronting the individual (directly or through visualisation) with these
triggers and enabling reprocessing of their association with threat in a safety context (Foa
and McLean, 2016; Huang et al., 2022; McLean et al., 2022; van Loenen et al., 2022). Data
from rodent and human assays for fear extinction have shown that L-DOPA promotes long-
term extinction, including in models of impaired extinction (Esser et al., 2021; Gerlicher et
al., 2019; Haaker et al., 2013; Whittle et al., 2016). Based on these intriguing cross-species
findings, coupled with evidence of augmented amygdala encoding of extinction in women
with PTSD (Cisler et al., 2020), L-DOPA is currently being studied as an exposure therapy
adjunct in a 120-participant phase Il PTSD trial (NCT04558112) that examines symptom
alleviation and, as measured by functional brain imaging, resting state brain activity. The
hypothesis is that L-DOPA will boost the consolidation of extinction memory formed during
exposure and produce associated changes in dopamine-related neural network activity.
Again, proper timing and synchronization of drug and psychological treatment will be
crucial to demonstrate efficacy.

3.1. Serotonergic psychedelics and entactogens

The future of targeting the monoamine system to alleviate anxiety may not only entail
designing novel multi-pharmacology agents and repurposing existing drugs for other
indications. A notable recent trend has been the therapeutic potential of psychedelic drugs,
which have prominent serotonergic effects. Psychedelic agents comprise different classes
defined by their chemical structure and pharmacological profiles (Inserra et al., 2021;
McClure-Begley and Roth, 2022; Vollenweider and Smallridge, 2022). The dissociative
hallucinogen, ketamine, which is sometimes considered a psychedelic, will be discussed
below in the context of the glutamate system where its main mechanism of action rests.
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Broadly speaking, there are the “classic’ serotonergic hallucinogens, that act as 5-

HT2A-R agonists (among other 5-HT receptor actions) and include 4-phosphoryloxy-
N,N-dimethyltryptamine (psilocybin), lysergic acid diethylamide (LSD) and N,N-
Dimethyltryptamine (DMT, aka ayahuasca) and 5-methoxy-N,N-dimethyltryptamine (5-
MeO-DMT). The entactogens, such as 3,4-methylenedioxy-methamphetamine (MDMA),
which are mixed serotonin/dopamine/norepinephrine reuptake inhibitors/releasers with
additional effects on oxytocin and prolactin, belong to the group of recreational illicit drugs
which are tested for a potential therapeutic use in combination with psychotherapy. Their
effects in the human brain are just beginning to be revealed (Drew, 2022). The clinical data
on the utility of these drugs however largely pertains to MDD and remains very limited for
anxiety and PTSD (see below and for review (McClure-Begley and Roth, 2022; Nutt and
Carhart-Harris, 2020)). Research on the therapeutic potential of 5-MeO-DMT is at an early
stage with preliminary evidence showing this drug can increase mindfulness and reduce
anxiety in healthy participants (reviewed in (Reckweg et al., 2022)).

Results of trials with psilocybin or LSD (including the associated preparations COMP360
and MM-120, respectively) have been published for PTSD and GAD, but thus far been
primarily related to ‘end-of-life anxiety’ in individuals with severe physical illnesses and

a palliative prognosis (Fuentes et al., 2020; Grob et al., 2011; Kelmendi et al., 2016;
Schimmel et al., 2022; Weston et al., 2020; Yu et al., 2021). There is a phase I/11 trial

on the effects of combining a single-dose of psilocybin with psychotherapy in frontline
healthcare workers suffering burnout (NCT05163496). Relatedly, preclinical work suggests
that a combination of psychedelic administration with extinction can have additive effects on
this form of learning (Catlow et al., 2013).

At the neural level, studies in healthy participants have shown that psilocybin and LSD
alters various measures of functional brain connectivity, including increased default mode
connectivity and reduced amygdala reactivity, in a manner associated with reduced distress
and increased mindfulness (Carhart-Harris et al., 2013; Daws et al., 2022; Preller et al.,
2018, 2020, reviewed in (Averill and Abdallah, 2022). Of further note, these effects are
related to changes in cortical 5-HT1A-R and 5-HT2A-R gene expression and can be blocked
by the 5-HT2A-R antagonist ketanserin (Preller et al., 2017, 2018, 2020). Given these data
identify 5-HT2A-R as at least one key mechanism of action of these drugs, they point

the way to targeting this receptor subtype as a future path to investigating whether non-
hallucinogenic analogs of psychedelics with a similar mode of action can retain therapeutic
value.

MDMA has been granted Breakthrough Therapy Designation by the FDA (“a process
designed to expedite the development and review of drugs’) for drug-assisted psychotherapy
in PTSD. When given as an adjunct to multiple psychotherapy sessions, MDMA has been
shown in meta-analyses to reduce PTSD symptoms (Hoskins et al., 2021b; Mithoefer et al.,
2019; Smith et al., 2022). Most notably, a randomized, double-blind and placebo-controlled
phase 11 study (MAPP1) concluded that MDMA was highly efficacious in individuals

with severe PTSD (Mitchell et al., 2021). Promisingly, these effects appear to generalize

to treatment-resistant PTSD (Illingworth et al., 2021). A recent confirmatory phase 111

study (MAPP2) involving participants with moderate PTSD was recently concluded
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(NCT04077437), but results had not been reported at the time of writing. As with any
nascent clinical literature, these exciting findings should be tempered by bearing in mind
that additional studies of safety (including abuse liability) are still awaited (Krystal et al.,
2021).

The mechanisms accounting for the clinical effects of MDMA remain obscure. The
compound is the psychoactive component of drugs recreationally taken as ‘ecstasy’ or
‘molly,” and reported by these users to reduce anxiety, increase sociability, empathy and
trust, and produce other states that might facilitate receptiveness to psychotherapy, such as
increased introspection and self-insight (Nichols, 2022). There is a view that by producing
these altered states, MDMA and hallucinogenic drugs may be well-suited as adjuncts to
psychotherapeutic approaches, including exposure-based therapies (Feduccia and Mithoefer,
2018; Glavonic et al., 2022). Two open-label phase Il trials are planned to assess MDMA-
assisted group therapy for PTSD (NCT05173831) and, separately, for SAD (NCT05138068)
- which aligns with MDMA’s aforementioned pro-social effect. Of further relevance in

this context are preclinical data in rodents and human showing that MDMA facilitates fear
extinction (Maples-Keller et al., 20223; Vizeli et al., 2022; Young et al., 2017). While this
pro-extinction effect is one that is shared with SSRIs in rodent studies (Gunduz-Cinar et al.,
2016; Karpova et al., 2011), the utility of a combined SSRI-extinction approach has not been
borne out by clinical data (Popiel et al., 2015; Rauch et al., 2019) and it remains to be seen
whether this also turns out to be the case with MDMA.

In addition to increasing monoamine levels, MDMA affects hormone levels (oxytocin,
cortisol) and interacts with other downstream signaling molecules (e.g., BDNF) that can
modulate emotional memory circuits (Glavonic et al., 2022). In fact, a feature common to
the psychedelics is that they alter functional interconnectivity between certain brain regions
and to affect changes related to neuroplasticity (e.g., (Daws et al., 2022; de Vos et al.,

2021; Ly et al., 2018). This has led some authors to refer to the class as ‘psychoplastogens’
(Vargas et al., 2021), and others to posit that these drugs produce beneficial effects in
PTSD by modifying trauma-related memory (Raut et al., 2022b). More generally, the notion
that therapeutically co-opting neuroplasticity for therapeutic gain, by targeting defined
neurochemical, genetic and epigenetic mechanisms, is gaining traction (Kraus et al., 2017;
Luchkina and Bolshakov, 2018; Mishra et al., 2021).

A general issue related to MDMA and the psychedelics, is these drugs have been primarily
tested in combination with psychotherapy, based on the notion that they enhance acceptance
of and compliance with psychotherapy to thereby enhance the long-term therapeutic efficacy
(Reiff et al., 2020). As noted above, this sort of combined approach makes it difficult to
assess the effects of the combination and the effects of the drug per se, separate from

the known benefits of psychotherapy. Appropriately designed, multi-arm clinical trials will
be needed to dissociate the effects of joint therapy such as this. Given setting in which
psychedelics are administered and the individual’s mindset at the time of treatment are
thought to be important for therapeutic outcome (Hartogsohn, 2016), the influence of

these factors also requires clarification. Notwithstanding, if the clinical effectiveness of

this approach however matches the current optimism from some authorities in the field,
psychedelic-assisted therapy (aka ‘psychedelic medicine’) could represent a major shift in
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how the treatment of anxiety disorders is conceptualized and delivered (Felsch and Kuypers,
2022; King and Hammond, 2021; Knudsen, 2022; McClure-Begley and Roth, 2022). While
the approach holds much promise and could potentially be transformative, the jury remains
out in lieu of the findings of rigorous clinical evaluation. If the results do prove to be positive
and the drugs are licensed only for use when combined with psychotherapy, it could be
challenging to ensure their use is restricted to well-controlled therapeutic settings.

4. GABA: mitigating side-effects through subunit-selectivity

The -y-aminobutyric acid (GABA) system is the prototypical anxiolytic target and

recent GWAS studies further support the importance of GABA signaling in anxiety
disorders at many levels (PGC-ANX GWAS meta-analysis, unpublished (Hettema et al.,
2022)). Drugs such as diazepam have been synonymous with reducing anxiety since the
benzodiazepines were found to have rapid anti-anxiety properties in the 1950s (Sternbach,
1979). Benzodiazepines act as positive allosteric modulators (PAM) of the GABAA-R -

a pentameric ligand-gated ion channel composed of varying combinations of subunits
(a,B,y.8,p,€,6, and 1t). However, these modulatory actions dose-dependently produce
sedation, motor impairment, hypnosis and anesthesia, as well as dependence in some people
and withdrawal problems following prolonged use. Hence, the utility of benzodiazepines
as long-term therapeutics for anxiety and PTSD is quite limited and, as mentioned above,
comes with the potential for abuse. These constraints led to a significant push to design
novel GABAKines — compounds which act at specific GABAa-R subunits and thereby
promoting anxiolytic effects while minimizing undesirable behavioral effects (Cerne et al.,
2022; Chen et al., 2019).

Unfortunately, despite promising preclinical studies elegantly designed to decipher the
specific subunits responsible for anxiety (a2 and a3 may be particularly key) versus

other discrete behaviors (Castellano et al., 2021; Dias et al., 2005; Engin et al., 2018),

no GABAKkines have yet made it to later stages of clinical development for anxiety or

PTSD (Cerne et al., 2022; Witkin et al., 2022). Notwithstanding these disappointments, there
continues to be efforts in this area. A phase Il trial for the GABAA-R PAM, PRAX-114,

is currently underway for PTSD (NCT05260541) (although negative trial results were
recently reported for the drug in MDD), and the a2/3/5-selective GABA PAM, CVL 865
(darigabat), is being studied following a positive phase | clinical trial showing attenuation of
CO», inhalation-induced panic.

Neuroactive steroids (neurosteroids), acting as endogenous GABA-R PAMs, represent
another potential route to achieving anxiolytic effects through the GABA system (Castellano
etal., 2021; Longone et al., 2011; Zorumski et al., 2019). Brexanolone is an intravenous
formulation of the neurosteroid, allopregnanolone, that is FDA approved for postpartum
depression and now being evaluated for PTSD in a small open-label phase 1V trial
(NCT05254405) although the route of administration is impractical. An alternative option

is an oral neurosteroid, zuronalone, which is currently being evaluated for MDD and
postpartum depression. Another neurosteroid, aloradine (PH94B, fasedienol) is posited

to act as a vomeropherine at chemosensory receptors in the vomeronasal organ and,

via the activation of olfactory bulb neurons connecting to emotion-regulating areas of
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the brain. Aloradine has shown rapid-onset beneficial effects against SAD symptoms

in a randomized, multi-center study when delivered in aerosol form as a nasal spray
(Liebowitz et al., 2014, 2016). These results are being followed-up in phase I11 trials for
SAD (NCT04754802, NCT05030350) and a phase I trial for adjustment disorder with
anxious mood (NCT04404192). Finally, although there has been a view that activation

of GABA signaling (e.g., via benzodiazepines) can — possibly through amnestic effects —
oppose the benefits of extinction/exposure (Otto et al., 2010), a single intravenous dose of
allopregnanolone is being assessed for its ability to promote extinction/reconsolidation in a
double-blind, randomized phase Il trial for PTSD (NCT04468360) (for further discussion of
this area (Rasmusson et al., 2022)).

5. Glutamate: Counting on ketamine?

Glutamate — the major excitatory CNS neurotransmitter — exerts its action through three
types of ionotropic receptors (A-methyl-D-aspartate (NMDA-R), alpha-amino-3-hydroxy-5-
methyl-r-isooxazolepropionic acid (AMPA-R) and kainate) and eight metabotropic
glutamate receptor (mGIuR) subtypes. Stress triggers glutamate release, initiating a cascade
of changes in synaptic plasticity, gene expression and DNA methylation and brain cell
(neuronal and glial) remodeling that are accompanied by alterations in cognitive function
and emotional behaviors (Popoli et al., 2022; Sanacora et al., 2022). A long-standing view is
that excessive glutamate activity and associated excitatory-inhibitory imbalance contributes
to the pathophysiology of anxiety and PTSD and, consequently, that glutamate-targeting
drugs could be of significant therapeutic value (Ferraguti, 2018; Nasir et al., 2020; Popoli et
al., 2022).

5.1. Ketamine

The enormous therapeutic interest in ketamine, a racemic drug consisting of the two
pharmacologically active compounds arketamine and esketamine, is well-known. To-date,
however, the clinical evidence still primarily relates to MDD and bipolar depression (Krystal
et al., 2019, 2020): the ketamine-derived drug, esketamine, delivered as a nasal spray, is now
FDA-approved for MDD, and also approved by the EMA for treatment-resistant depression.
There is currently strong interest in the possibility of ketamine as a new medication for
PTSD (Feder et al., 2020; Sartori and Singewald, 2019; Silote et al., 2020). Some models
attribute the rapid-acting antidepressant properties of ketamine to the blockade of NMDA-
Rs localized on GABA interneurons in the medial prefrontal cortex (PFC), resulting in
increased glutamate and associated neuroplastic changes mediated by neurotrophic factors
such as BDNF (Gerhard et al., 2020; Hess et al., 2022; Lavender et al., 2020).

Current mechanistic schemes do not discount the potential contribution of ketamine and

its metabolites effects on non-glutamatergic systems (e.g., monoamine and opioid) —
highlighting the fact that the drug’s mechanism of action is not yet fully understood. The
off-label use of ketamine (i.v. or s.c.) has increased rapidly since the last 15 years, especially
in the US where ‘ketamine clinics’ have been established that provide ketamine infusions,
but little other care. The introduction of ketamine (especially for treatment-resistant
depression) has been at a slower pace in most other countries, despite acknowledgement
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of its value for the treatment of MDD/treatment-resistant depression in secondary and
especially tertiary care - as underscored by the clinical introduction of intranasal esketamine.

Early studies in individuals with PTSD (and in some cases, comorbid MDD) found an
improvement in symptoms following a single or repeated intravenous ketamine infusion
(the standard route of administration) (Dadabayev et al., 2020; Feder et al., 2014, 2021).
Subsequently, there have been larger studies (involving over 100 participants) on the ability
of repeated ketamine infusion to alleviate symptoms in treatment-resistant veterans with
PTSD or comorbid PTSD and MDD. One of these studies recently reported a reduction

in depression, but not PTSD symptoms following treatment, albeit in comparison with an
unusually strong placebo response (Abdallah et al., 2022). On a smaller scale, there has been
work examining ketamine’s effects on epigenetic DNA methylation factors (NCT05294835)
as a means to identify markers of therapeutic efficacy in PTSD (Yang et al., 2021).

GAD symptoms (GAD-7) were found to be reduced by intravenous ketamine in a large
community sample (Oliver et al., 2022). Regarding intranasal esketamine, two studies
reported some benefit in treatment-refractory GAD and/or SAD (Glue et al., 2020a) and

on symptoms of PTSD in individuals with co-morbid MDD (Artin et al., 2022). Ketamine
is also discussed to be potentially helpful in treatment-refractory anxiety disorders such as
GAD and SAD (Glue et al., 2017, 2018, 2020b; Tully et al., 2022; Whittaker et al., 2021).

Ketamine has been shown to facilitate fear extinction in rats that were subjected to stress
(Paredes et al., 2022; Sala et al., 2022) or exhibiting high anxiety-like behavior (Fortress et
al., 2018), but there have been positive and negative effects reported in ‘normal’ rats (Clifton
et al., 2018; Girgenti et al., 2017). These behavioral effects of ketamine are associated

with neural changes including increased synaptic plasticity and mTORC1 levels in the
PFC, and reversal of PFC glutamatergic neuronal hyperexcitability and dendritic atrophy
(Fortress et al., 2018; Girgenti et al., 2017; Paredes et al., 2022; Sala et al., 2022). In

an interesting parallel from human functional imaging work, ketamine increased vmPFC-
amygdala connectivity and reduced amygdala responses to threat (Krystal et al., 2021).
The data raise the prospect of using ketamine as an adjunct to facilitate extinction-based
exposure therapy. There are some preliminary clinical results with intravenous ketamine
suggesting this combined approach may bring benefit (Pradhan et al., 2017; Shiroma et

al., 2020), with further phase |1 trials underway (NCT04889664). A relatively large trial in
which ketamine was repeatedly infused over two weeks reported a higher response rate and
larger reduction in CAPS 5 scores, as compared to an active placebo, midazolam (Feder et
al., 2021). Attempts to combine ketamine and psychotherapy is another example of where
it will be important to draw upon the preclinical literature for ideas on how to optimize the
timing of two treatment, relative to one another, for maximal therapeutic gain.

5.2. Other glutamatergic targets

Beyond ketamine, there are other NMDA-R antagonists being considered for their utility
in anxiety and PTSD. These include two anesthetic gasses with NMDA-R antagonist
properties. Nitrous oxide is being studied in comparison to midazolam in PTSD
(NCT04378426), and a device (NBTX-001) delivering a subanesthetic mixture of xenon
gas is the subject of trials in PTSD (NCT03635827) and PD (NCT04432155) following
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preliminarily reports of benefit in PD (Dobrovolsky et al., 2017). Another option is to
target specific NMDA-R subtypes with a positive allosteric modulator (PAM). NY X-783
acts as a glutamate co-ligand to positively modulate NMDA-R activity, preferentially those
receptors containing the 2B subunit (Lee et al., 2022). NY X 783 received a Fast Track FDA
designation for the treatment of PTSD and a recently completed phase Il trial indicates
efficacy on some but not all outcome measures (NCT04044664). A multi-center phase I1b
trial is being planned.

The therapeutic potential of the tuberculostatic drug, D-cycloserine (DCS), acting as a
partial NMDA-R agonist at the glycine site has been discussed for several years, driven by
the ability to facilitate fear extinction in preclinical studies (Ressler et al., 2004; Richardson
et al., 2004). Coupling DCS with exposure-based therapy, mainly in PTSD, but also in
specific phobia, PD and SAD, has however painted a mixed picture (Smits et al., 2020), with
meta-analyses demonstrating low-to-modest but statistically significant efficacy (Bulrkner et
al., 2017; Mataix-Cols et al., 2017). Nonetheless, research on this topic is continuing (e.g.
(Difede et al., 2022; Inslicht et al., 2021) and some authors maintain the drug’s potential
remains to be fulfilled (Rosenfield et al., 2019).

Beyond NMDA-R, glutamatergic neurotransmission can be attenuated by inhibiting voltage-
gated sodium channels with drugs such as riluzole (FDA approved as a treatment for
amyotrophic lateral sclerosis) (Sanacora et al., 2022). The effects of riluzole on symptoms of
PTSD and associated hippocampal markers are currently being investigated (NCT02019940,
NCT02155829) and preliminary evidence has indicated an effect on antidepressant-resistant
hyperarousal symptoms in PTSD (Spangler et al., 2020). Finally, an early open-label pilot
study found therapeutic benefit in individuals with GAD (Mathew et al., 2005), whereas a
multi-center, randomized phase 111 trial with the tripeptide prodrug conjugate of riluzole,
troriluzole (BHV-4157), reported no signal in GAD (NCT03829241).

6. Cannabinoids: Synthetics and synaptic augmentation

Opportunities for targeting the endocannabinoid (eCB) system as a means to reduce

anxiety and alleviate the symptoms associated with trauma have been extensively discussed
elsewhere (Araque et al., 2017; Lutz et al., 2015; Mayo et al., 2022; Patel et al., 2017). Much
of the discussion centers on two major eCBs, anandamide (AEA) and 2-arachidonylglycerol
(2-AG), and their effects at the presynaptically-expressed cannabinoid type 1 receptor (CB1-
R) (and to a lesser extent, CB2-R and the transient receptor potential vanilloid type 1
(TRPV1). Reflecting the widespread distribution of CB1-R in the brain, eCBs are implicated
in a broad range of behavioral processes, including anxiety and responses to stressors
(Gunduz-Cinar, 2021; Maldonado et al., 2020).

6.1. Cannabis preparations

Cannabidiol (CBD) and A%-tetrahydrocannabinol (THC) are naturally abundant in the
resin of the marijuana plant. Both substances are pharmacologically active: THC acts a
partial CB1-R agonist, whereas CBD has antagonist/inverse agonist effects at the CB1-R
in addition to other anxiety-relevant actions, including effects at TRPV1, 5SHT1A-R and
peroxisome proliferator-activated receptor gamma (PPAR-y) (Melas et al., 2021). A CBD-
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containing solution is FDA-approved as an antiepileptic for Lennox-Gastaut syndrome and
Dravet syndrome. However, though CBD is promoted by some commercial interests as a
panacea to all manner of ills, it has extensive first-pass hepatic metabolism and evidence
from the rigorous evaluation of their efficacy in anxiety and PTSD has so far proven
equivocal. Two small double-blind trials reported CBD-containing cannabis oil produced a
therapeutic signal in SAD (Bergamaschi et al., 2011; Masataka, 2019), and a phase | trial for
SAD is in the recruiting stage for RLS103, an inhaled CBD formulation that may improve
delivery to the circulation and CNS (Devinsky et al., 2021). Another small double-blind,
randomized phase Il trial will evaluate the effects of oral CBD combined with multiple
prolonged psychotherapy sessions in individuals with PTSD (NCT05132699).

Of further note in the context of synthetic cannabinoids is research on THC analogs that

are FDA-approved as antiemetics, among other indications. Nabilone produced a beneficial
effect on nightmares in PTSD (Jetly et al., 2015), and in a phase | for GAD, but not in

a phase Il follow-up (reviewed in (Turna et al., 2017)). The available evidence is more
robust for dronabinol. Dronabinol has been shown using a randomized, double-blind design
to facilitate fear extinction in healthy participants and produce long-term strengthening of
mPFC-amygdala coupling in healthy and PTSD-diagnosed individuals (reviewed in (Mayo
et al., 2022)). Clinical trials are being planned to further test dronabinol’s effects on fear
learning and extinction, as well as on nightmares, in individuals with PTSD (NCT04080427,
NCT04448808, NCT05226351).

6.2. Inhibiting eCB degradation

There are some interesting characteristics of eCB signaling that present a potentially
tractable approach to pharmacologically manipulating eCBs for therapeutic gain. First, eCBs
are produced and released ‘on demand’ — i.e., are recruited under conditions of requisite
synaptic activity — and second, once released, a set of enzymes (fatty acid amide hydrolase
(FAAH), monoacylglycerol lipase (MAGL), cyclooxygenase-2 (COX-2) are mobilized to
degrade eCBs and thereby refine their synaptic actions (Katona and Freund, 2012).

Accordingly, pharmacologically inhibiting eCB-degradation allows for the augmentation
of endogenous eCBs released under physiologically relevant conditions, such as exposure
to stress or fear extinction, and may thereby bypass some of the unwanted effects of
non-specifically activating eCB receptor signaling (reviewed in (Ozge Gunduz-Cinar et al.,
2013; Mayo et al., 2022; Patel et al., 2017; Spohrs et al., 2021)). Based on preclinical

and human experimental evidence that inhibition of FAAH (resulting in increased AEA
levels) attenuates responses to stress and facilitates fear extinction (e.g., (Gunduz-Cinar et
al., 2013a,b; Mayo et al., 2020a, 2020b)), a randomized, multi-center, double-blind phase I1
trial is currently evaluating the efficacy of the FAAH inhibitor, JZP150 (PF-04457845), in
PTSD (NCT05178316). A 2-AG increasing MAGL inhibitor, Lu AG06466, is also in phase |
for PTSD (NCT04597450), amongst other indications.

7. Neuropeptides: A nose for neuromodulation

The more than 100 known endogenous neuropeptides represent the largest class of signaling
molecules in the nervous system (Hokfelt et al., 2018). Neuropeptides are neuronally
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synthesized and released messenger molecules that modulate neuronal activity via binding
to G protein-coupled receptors. A large literature has shown that various neuropeptides,
including corticotropin-releasing factor (CRF), cholecystokinin (CCK), arginine vasopressin
(AVP), oxytocin, orexin, neuropeptide Y (NPY), neuropeptide S (NPS), galanin, and
neurokinins, such as substance P, affect anxiety-related behaviors. Given neuropeptides are
neuromodulators, it has been posited that peptide-acting drugs could have fewer side effects
than drugs targeting major neurotransmitters such as GABA and glutamate (Gupta and
Prabhavalkar, 2021; Holmes et al., 2003; Kupcova et al., 2022; Marvar et al., 2021; Sartori
and Singewald, 2019). The caveat is that neuropeptides typically have a short half-life,

poor blood-brain barrier penetration, broad receptor action, and high first pass and unstable
metabolism. Approaches to circumvent these limitations include designing novel synthetic
neuropeptide receptor agonist/antagonists or delivering neuropeptides intranasally.

The intranasal route has been considered for two neuropeptides, NPY and oxytocin. The
36-amino acid neuropeptide, NPY, is the most abundant CNS neuropeptide and signals

via five receptor subtypes (Reichmann and Holzer, 2016). In preclinical rodent studies,
NPY reverses the anxiogenic-like effects of CRF and inhibits excitatory neurotransmission,
norepinephrinergic activity and amygdala reactivity to stressors (Chen et al., 2020;
Reichmann and Holzer, 2016). These data suggest an anxiolytic profile of NPY. Military
interest in NPY was kindled by research in soldiers indicating that NPY enhances

stress resilience (Morgan et al., 2000). Accordingly, low CSF NPY levels were found

to be associated with PTSD symptom severity (Tural and losifescu, 2020). Initial (phase

I) clinical evidence indicates that a high dose of intranasal NPY reduces anxiety in
individuals with PTSD (Sayed et al., 2018), and there is another active PTSD trial underway
(NCT04071600).

The nonapeptide oxytocin is formed in the hypothalamus and secreted by the
neurohypophysis. In addition to having a key role in uterine contraction and lactation,
oxytocin is released in response to stressors and has anti-anxiety-like and fear extinction
facilitating effects in rodents (Gunduz-Cinar et al., 2020; Jurek and Neumann, 2018).
Rapid anxiolytic effects of intranasal oxytocin have been observed in non-clinical human
participants, albeit in a manner dependent upon the chronicity of administration and inter-
individual variables including age, gender and psychosacial functioning (Naja and Aoun,
2017; Neumann and Slattery, 2016). Variability in response magnitude across individuals
has also characterized the behavioral and neural (e.g., amygdala and PFC activity) effects
of intranasal oxytocin in small-scale PTSD studies to-date (reviewed in (Peled-Avron et al.,
2020; Sandra Szafoni, 2022)). These findings raise questions about the broad applicability
of oxytocin as a treatment for PTSD, though a more positive take is that oxytocin may be
suited to more personalized medicine. Two ongoing phase Il PTSD studies (NCT05207436,
NCT04523922) investigating intranasal oxytocin as an adjunct to prolonged exposure
therapy or brief cognitive behavioral therapy will hopefully help clarify matters.

Another nonapeptide, AVP, is also produced in the hypothalamus and secreted by the
neurohypophysis. In the brain, AVP binds the VV1a and V1b receptor subtypes and has
been suggested to produce anxiety in PTSD and in substance-induced panic (reviewed
in (Sartori and Singewald, 2019)). A randomized, double-blind proof of concept study in
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healthy participants found evidence of anxiolytic effects of a brain-penetrant V/1a receptor
antagonist, SRX246, using startle and a threat test as readouts (Lago et al., 2021). This
finding is being followed-up by a phase Il multi-center study evaluating the small molecule
selective V1a antagonist RG7314 (balovaptan) in PTSD (NCT05401565); though it should
be noted that recent trials with balovaptan in autism have proven disappointing (Hollander et
al., 2022). It also seems likely that, as in the case of oxytocin, biological sex could turn out
to be a major determinant of these effects (Bredewold and Veenema, 2018; Li et al., 2016).

The hypocretins consisting of the 33-amino acid orexin-A and the 28-amino acid orexin-B
are produced in a small number of neurons in the lateral-dorsomedial hypothalamus but
innervate large parts of the brain. Orexin signaling at its OX1-R and OX2-R receptors is
strongly implicated in arousal, sleep and circadian rhythms (the orexin receptor antagonists
suvorexant and daridorexant are approved insomnia treatments), but also in anxiety
(Summers et al., 2020). There is preliminary evidence for a possible anxiolytic potential

and arousal attenuation for OX1-R antagonism. For example, a translational study in rats and
male human volunteers found that the selective OX1-R antagonist, JNJ-61393115, decreased
panic symptoms induced by CO, challenge (Salvadore et al., 2020). Anxiolytic effects
(attenuation of response to unpredictable threat) of suvorexant in healthy volunteers have
been observed (Gorka et al., 2022) and a trend for lower anxiety scores was reported with
the OX-R antagonist, ACT-539313, in healthy men and women (Kaufmann et al., 2021).
Although more research is planned (Jacobson et al., 2022; Yaeger et al., 2022), there are

no active clinical studies with orexin antagonists in anxiety drug development although they
may be conducted within the pipeline of the double orexin receptor antagonist (DORA),
saltorexant.

8. Phytopharmaceuticals, nutraceuticals and the microbiome

There is renewed interest in using so-called alternative medicines and natural remedies
to alleviate symptoms related to anxiety and trauma. Phytochemicals, substances derived
from plants such as terpenes, alkaloids, flavonoids, phenolic acids, lignans, cinnamates,
and saponins, have demonstrable effects on various neurotransmitters and inflammatory
processes (Farzaei et al., 2016; Sarris et al., 2022). There are preclinical animal data and
human reports of anxiolytic-like effects of plants including lavender, Kava, chamomile
extract, saffron extract, and Galphimia glauca (reviewed in (Sartori and Singewald, 2019;
Zhang et al., 2022)). Though concrete clinical evidence remains scarce, the lavender
preparation, Silexan, is approved in Germany as a treatment for subsyndromal anxiety
symptoms and is the subject of ongoing clinical trials in patients with mild to moderate
depression (EudraCT number 2020-000688-22). Other phytochemicals, such as Kava, are
also being evaluated (Soares et al., 2022), despite disappointing phase Il results in GAD
(Sarris et al., 2021).

One working hypothesis is that antioxidant and anti-inflammatory properties of certain
plants can have therapeutic benefits (Fedoce et al., 2018; Felger, 2018; Kim et al., 2020;
Nikolova et al., 2021; Won and Kim, 2020) (see discussion below on inflammation). A
related area of burgeoning interest in psychiatry is the microbiome, particularly the gut
microbiome and its interactions with the CNS (Dinan and Cryan, 2017; Lee and Kim, 2021;
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Offor et al., 2021; Simpson et al., 2021). This has fostered the study of substances ingested
from food (‘nutraceuticals’) that might affect anxiety in part by altering the microbiome
(Adan et al., 2019; Burokas et al., 2017; Norwitz and Naidoo, 2021; Weeks et al., 2021).
The probiotic Lactobacillus rhamnosus GG is being investigated in a phase 11 PTSD trial
for its anti-inflammatory and immunoregulatory properties. A phase I, small open-label
trial investigates the effects of a novel gut microbiome therapeutic, Microbial Ecosystem
Therapuetic-2 (MET-2), in GAD and MDD patients (NCT04052451).

9. Other systems of note

9.1. Hormones

Glucocorticoid (GR)-based approaches to treating PTSD have been quite extensively
studied, notably as exposure therapy adjuncts to facilitate extinction (reviewed in (de
Quervain et al., 2019; DePierro et al., 2019)). For example, cortisol (in the form of
hydrocortisone) or the anti-inflammatory cortisol analogue, dexamethasone, have been
shown to enhance fear extinction in individuals with full or subsyndromal PTSD and
increase activation in extinction-mediating PFC areas (Inslicht et al., 2021; Merz et al.,
2018; Michopoulos et al., 2017a; Sawamura et al., 2016). The extinction-promoting effects
of hydrocortisone appear to be more pronounced in individuals with higher basal GR
sensitivity (Lehrner et al., 2021). An ongoing study is investigating whether hydrocortisone
in a subgroup of individuals with PTSD exhibiting HPA-axis dysregulation, improves
extinction (EudraCT, 2020-000712-30). It is also worth mentioning that another steroid
hormone, estradiol, is being studied at the symptom and neural (fear--related brain
activity) level as an adjunct to exposure therapy in women with PTSD (NCT04192266).
Taking a different tack, a double-blind, randomized phase Il trial, is examining whether
hydrocortisone given in the emergency room during the first hours after a traumatic
experience reduces subsequent development of PTSD (NCT04924166).

9.2. Cholinergic system

A line of research targeting the cholinergic system is based on the observation that
antagonists at the a.7-nicotinic acetylcholine receptor subtype (nAChR) have anxiolytic-like
properties in rodents (Mineur et al., 2016). Clinically, the a7-nAChR negative allosteric
modulator, BNC210, has been shown to reduce self-reported anxiety (STAI) in individuals
with GAD (Perkins et al., 2021) and decrease amygdala responses to threat (fearful faces)
(Wise et al., 2020). BNC210 has been fast-tracked by the FDA for evaluation and is the
subject of two multi-center, randomized phase Il trials for PTSD (NCT04951076) and SAD
(NCT05193409). Another phase Il is examining the partial a7 nAChR agonist VQW-765
(aka AQWO051 (Feuerbach et al., 2015) for ‘Performance Anxiety’ (NCT04800237).

9.3. Neuroinflammation

One area of increasing recent interest concerns neuroinflammation. This interest is based

on data showing that inflammation influences function in emotion-regulating parts of the
brain (Ravi et al., 2021) and the finding that many of the compounds discussed above
(including antidepressants, cannabinoids, phytochemicals, nutraceuticals, and microbiome-
targets) have anti-inflammatory components that are posited to contribute to their therapeutic
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actions (Hou et al., 2017; Santos et al., 2018; VanderZwaag et al., 2022). There is also
evidence of changes in inflammatory signaling/markers (e.g., cytokine dysbalance, elevated
inflammatory cytokines, acute-phase proteins) and the immune system and individuals with
anxiety disorders and PTSD, and high trait anxiety (Costello et al., 2019; Felger, 2018;
Katrinli et al., 2022; Kim and Jeon, 2018; Michopoulos et al., 2017b; Peruzzolo et al.,

2022; Renna et al., 2018; Rooney et al., 2020). In a topical example, levels of certain
immunological markers correlate with self-rated anxiety and depression in COVID-19
patients for several months after infection (Mazza et al., 2020, 2021). It may turn out that
targeting individuals with evidence of immune over-activation will be a key to achieving
therapeutic effects when using anti-inflammatory compounds, as was found to be the

case in MDD with the TNF-a blocker, infliximab (Karson et al., 2013). However, the
identification of biomarkers of (pro-)inflammatory signaling continues to be challenging,
including in those individuals with defined immunological perturbations (e.g., (Kennedy and
Niedzwiedz, 2022; Maples-Keller et al., 2022b; Won and Kim, 2020)). Nevertheless, studies
are underway to evaluate the efficacy of anti-inflammatory treatments in anxiety disorders
and PTSD (Elnazer et al., 2021; Maier et al., 2020; Makunts et al., 2018).

In addition to these and the other neurotransmitter and neuro-modulatory systems discussed
above, numerous other mechanisms and targets have been proposed for their potential as
anxiolytics and PTSD medications based on preclinical data but have not yet progressed to
substantive clinical investigation. These include the targeting of the metabotropic glutamate
receptor (mGIuR) (Ferraguti, 2018), melatonin (Millan, 2022), cellular/mitochondrial
metabolism and oxidative stress (Bersani et al., 2020; Fedoce et al., 2018; Filiou and Sandi,
2019; Zalachoras et al., 2020), and epigenetic mechanisms (Bonomi et al., 2022; Peedicayil,
2020; Whittle and Singewald, 2014), amongst others (Maltsev et al., 2021; Pérez de la Mora
et al., 2022; Raut et al., 2022b).

10. Convergent themes and future directions

In covering a broad swathe of preclinical and clinical work, encompassing a diverse range
of neurochemical systems, several convergent themes become apparent, of which we will
highlight (below) two that are most closely relate to the neuroscience of anxiety and trauma.
It should be noted, however, that future progress in this field will also require solutions

to a number of clinical-level issues. These include the perennial difficulty in psychiatric
medicine of designing drugs that can pass the blood-brain barrier and access the brain

to affect changes in behavior. We also think there should be ways to improve upon the
design of clinical trials (Markowitz and Milrod, 2022) and accommodate the high placebo
response rates that complicate the evaluation of novel treatments (Hodgins et al., 2018; Stein
etal., 2021). A related point is that while there has been a lot of enthusiasm for the idea

of ‘precision medicine’ (and some remarkable breakthroughs in other clinical areas, such

as cancer), the promise of developing and delivering commercially viable individualized
treatments for psychiatric disorders such as anxiety and PTSD has yet to be fulfilled. Its
clinical application would first require the identification of predictive markers, indexing the
involvement of specific pathomechanisms. Currently, this is not in sight in anxiety disorders,
although it is well conceivable that a combination of e.g. genetic, metabolic and brain
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imaging techniques may lead to such approaches. For a fuller discussion of these issues and
other emerging trends, see (Brehl et al., 2020; Sartori and Singewald, 2019).

10.1. Working with the brain’s capacity for plasticity to bring about therapeutic gain

The first of these concepts is the idea that co-opting neural processes that drive plasticity to
bring about changes in the brain substrates that underlie the symptoms of anxiety disorder
and PTSD. In turn, the hope is that exploiting mechanisms underlying neuroplasticity could
result in therapeutic benefits. Indeed, at some level all of the neurochemical systems we have
discussed are implicated to some degree in neuroplasticity. The hope is that drugs targeting
these systems can produce plasticity-related therapeutic benefits that are robust, lasting, and
ideally rapid in onset. Promisingly, we have seen how drugs such as ketamine are shown

to be fast-acting in MDD and are being evaluated not only for their rapidity, but also their
ability to produce enduring therapeutic effects, in anxiety disorders and PTSD.

A complementary approach to working with the inherent malleability of the brain is to
combine medication with behavioral therapies either to improve patient compliance with the
therapy (e.g., by reducing fear and anxiety in the therapy setting) (Krediet et al., 2020), or
to strengthen experience-dependent memories formed during therapy (e.g., fear extinction)
(Bukalo et al., 2014; Heinig et al., 2017; Holmes and Quirk, 2010; Marin et al., 2020;
Ressler, 2020; Singewald et al., 2015). Facilitating fear extinction may be an especially
powerful approach given extinction deficits are an intermediate phenotype in PTSD and
some anxiety disorders (Duits et al., 2015; Ressler et al., 2022; Suarez-Jimenez et al., 2020;
Wen et al., 2022) that may account for high relapse rates (Popiel et al., 2015).

10.2. Leveraging the remarkable advances in circuit neuroscience to improve treatments

The second theme that recurs in the current literature is the move towards designing

and clinically assessing new medications for which there is an understanding not just of
pharmacological, but also — to the extent it is known - neurobiological mechanism. An
emphasis on mechanism goes hand in hand with a focus on pathophysiological process
(e.g., fear extinction) and less on symptom (e.g., “anxiety’). Premised on the notion that
anxiety disorders and PTSD reflect dysfunction in how these circuits and systems respond
to internal and environmental stressors — resulting in the abnormalities in cognition and
emotional regulation that present with these disorders — rectifying these dysfunctions should
bring therapeutic benefit (Fenster et al., 2018; Ressler, 2020; Ressler et al., 2022).

A focus on mechanism can also benefit from leveraging the impressive advances being made
in neuroscience (Flores et al., 2018; Hariri and Holmes, 2015; Ressler, 2020), including

the development of treatments that work at the circuit-specific level (Quagliato et al., 2022;
Ressler, 2020). In addition to making strides towards to defining neural circuit substrates

of anxiety and stress-related behavior, the field is making rapid progress in elucidating

the genetic/epigenetic, signaling and modulatory mechanisms operating in these circuits

that could represent treatment-relevant druggable targets. The value of such an approach

is beginning to find support in the evidence from current treatments. For instance, positive
clinical effects of cognitive behavioral therapy and SSRIs are associated with demonstrable
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changes in brain circuits linked to cognition and emotion (reviewed in (Baumel et al., 2022;
Murphy et al., 2021; Sartori and Singewald, 2019).

10.3. Final remarks

The enormous and growing burden of psychiatric conditions related to anxiety and

trauma is a crisis for personal lives and public health systems around the world.

This is a crisis that cannot be adequately mitigated by existing therapeutic options,
including pharmacotherapies. Fortunately, as have endeavored to relay in this review,

there is newfound momentum in the efforts underway to expand and improve upon the
mediations available to patients and clinicians to ease the suffering associated with anxiety
disorders and PTSD. We discussed the rationale behind pharmacologically targeting various
neurochemical systems, including the monoamine, GABA, glutamate, cannabinoid, and
neuropeptide systems, and summarized ongoing clinical trials assessing the therapeutic
efficacy of these drugs. Finally, we underscored the importance of designing treatments that
take advantage of our growing understanding of the neural circuits underlying anxiety and
the effects of trauma and exploit the brain’s inherent capacity for plasticity. Although this is
an area that is rapidly evolving with many outstanding questions still to be resolved, we are
optimistic that the coming years can see much-needed progress in the treatment of anxiety
disorders and PTSD.

Acknowledgements

This work was funded by the Austrian Science Fund (FWF FG 18 and DACH 13875-B26 to N.S.) and NIAAA
Intramural Research Program (to A.H.). NS has received research support from Aptinyx.

Data availability

No data was used for the research described in the article.

Abbreviations:

RDoc Research Domain Criteria

References

Abdallah CG, Roache JD, Gueorguieva R, Averill LA, Young-McCaughan S, Shiroma PR, Purohit
P, Brundige A, Murff W, Ahn K-H, Sherif MA, Baltutis EJ, Ranganathan M, D’Souza D, Martini
B, Southwick SM, Petrakis IL, Burson RR, Guthmiller KB, Lépez-Roca AL, Lautenschlager KA,
MccCallin JP, Hoch MB, Timchenko A, Souza SE, Bryant CE, Mintz J, Litz BT, Williamson DE,
Keane TM, Peterson AL, Krystal JH, 2022. Dose-related effects of ketamine for antidepressant-
resistant symptoms of posttraumatic stress disorder in veterans and active duty military: a double-
blind, randomized, placebo-controlled multi-center clinical trial. Neuropsychopharmacology 47,
1574-1581. 10.1038/541386-022-01266-9. [PubMed: 35046508]

Adan RAH, van der Beek EM, Buitelaar JK, Cryan JF, Hebebrand J, Higgs S, Schellekens H,
Dickson SL, 2019. Nutritional psychiatry: towards improving mental health by what you eat. Eur.
Neuropsychopharmacol 29, 1321-1332. 10.1016/j.euroneuro.2019.10.011. [PubMed: 31735529]

Alshahrani KM, Johnson J, Prudenzi A, O’Connor DB, 2022. The effectiveness of psychological
interventions for reducing PTSD and psychological distress in first responders: a systematic review
and meta-analysis. PL0oS One 17, €0272732. 10.1371/journal.pone.0272732. [PubMed: 36001612]

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singewald et al.

Page 21

Araque A, Castillo PE, Manzoni OJ, Tonini R, 2017. Synaptic functions of endocannabinoid signaling
in health and disease. Neuropharmacology 124, 13-24. 10.1016/j.neuropharm.2017.06.017.
[PubMed: 28625718]

Arnegard ME, Whitten LA, Hunter C, Clayton JA, 2020. Sex as a biological variable: a 5-
year progress report and call to action. J. Womens Health (Larchmt) 29, 858-864. 10.1089/
jwh.2019.8247. [PubMed: 31971851]

Artin H, Bentley S, Mehaffey E, Liu FX, Sojourner K, Bismark AW, Printz D, Lee EE, Martis
B, De Peralta S, Baker DG, Mishra J, Ramanathan D, 2022. Effects of intranasal (S)-ketamine
on Veterans with co-morbid treatment-resistant depression and PTSD: a retrospective case series.
EClinicalMedicine 48, 101439. 10.1016/j.eclinm.2022.101439. [PubMed: 35706484]

Averill LA, Abdallah CG, 2022. Investigational drugs for assisting psychotherapy for posttraumatic
stress disorder (PTSD): emerging approaches and shifting paradigms in the era of psychedelic
medicine. Expet Opin. Invest. Drugs 31, 133-137. 10.1080/13543784.2022.2035358.

Balon R, Starcevic V, 2020. Role of benzodiazepines in anxiety disorders. In: Kim Y-K (Ed.), Anxiety
Disorders: Rethinking and Understanding Recent Discoveries, Advances in Experimental Medicine
and Biology Springer, Singapore, pp. 367—-388. 10.1007/978-981-32-9705-0_20.

Bandelow B, Allgulander C, Baldwin DS, Costa D.L. da C., Denys D, Dilbaz N, Domschke
K, Eriksson E, Fineberg NA, Hattenschwiler J, Hollander E, Kaiya H, Karavaeva T, Kasper
S, Katzman M, Kim Y-K, Inoue T, Lim L, Masdrakis V, Menchdn JM, Miguel EC, Méller
H-J, Nardi AE, Pallanti S, Perna G, Rujescu D, Starcevic V, Stein DJ, Tsai S-J, Van
Ameringen M, Vasileva A, Wang Z, Zohar J, 2022a. World Federation of Societies of
Biological Psychiatry (WFSBP) guidelines for treatment of anxiety, obsessive-compulsive and
posttraumatic stress disorders — version 3. Part I: anxiety disorders. World J. Biol. Psychiatr 1-39.
10.1080/15622975.2022.2086295, 0.

Bandelow B, Allgulander C, Baldwin DS, Costa D.L. da C., Denys D, Dilbaz N, Domschke
K, Hollander E, Kasper S, Mdller H-J, Eriksson E, Fineberg NA, Hattenschwiler J, Kaiya
H, Karavaeva T, Katzman MA, Kim Y-K, Inoue T, Lim L, Masdrakis V, Menchén JM,

Miguel EC, Nardi AE, Pallanti S, Perna G, Rujescu D, Starcevic V, Stein DJ, Tsai S-J,

Van Ameringen M, Vasileva A, Wang Z, Zohar J, 2022b. World Federation of Societies of
Biological Psychiatry (WFSBP) guidelines for treatment of anxiety, obsessive-compulsive and
posttraumatic stress disorders — version 3. Part I1: OCD and PTSD. World J. Biol. Psychiatr 1-17.
10.1080/15622975.2022.2086296, 0.

Bangasser DA, Cuarenta A, 2021. Sex differences in anxiety and depression: circuits and mechanisms.
Nat. Rev. Neurosci 22, 674-684. 10.1038/s41583-021-00513-0. [PubMed: 34545241]

Bauer EP, 2023. Sex differences in fear responses: neural circuits. Neuropharmacology 222, 109298.
10.1016/j.neuropharm.2022.109298. [PubMed: 36328063]

Baumel WT, Lu L, Huang X, Drysdale AT, Sweeny JA, Gong Q, Sylvester CM, Strawn JR, 2022.
Neurocircuitry of treatment in anxiety disorders. Biomarkers Neuropsychiatr 6, 100052 10.1016/
j.bionps.2022.100052.

Baxter AJ, Vos T, Scott KM, Ferrari AJ, Whiteford HA, 2014. The global burden of anxiety disorders
in 2010. Psychol. Med 44, 2363-2374. 10.1017/S0033291713003243. [PubMed: 24451993]

Bergamaschi MM, Queiroz RHC, Chagas MHN, de Oliveira DCG, De Martinis BS, Kapczinski F,
Quevedo J, Roesler R, Schroder N, Nardi AE, Martin-Santos R, Hallak JEC, Zuardi AW, Crippa
JAS, 2011. Cannabidiol reduces the anxiety induced by simulated public speaking in treatment-
naive social phobia patients. Neuropsychopharmacology 36, 1219-1226. 10.1038/npp.2011.6.
[PubMed: 21307846]

Bersani FS, Mellon SH, Lindgvist D, Kang JI, Rampersaud R, Somvanshi PR, Doyle FJ, Hammamieh
R, Jett M, Yehuda R, Marmar CR, Wolkowitz OM, 2020. Novel pharmacological targets for
combat PTSD—metabolism, inflammation, the gut microbiome, and mitochondrial dysfunction.
Mil. Med 185, 311-318. 10.1093/milmed/usz260. [PubMed: 32074311]

Bonomi RE, Girgenti M, Krystal JH, Cosgrove K, 2022. A role for histone deacetylases in the biology
and treatment of post-traumatic stress disorder: what do we know and where do we go from here?
Complex Psychiatry 10.1159/000524079.

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singewald et al.

Page 22

Bredewold R, Veenema AH, 2018. Sex differences in the regulation of social and anxiety-related
behaviors: insights from vasopressin and oxytocin brain systems. Curr. Opin. Neurobiol 49, 132—
140. 10.1016/j.conb.2018.02.011. [PubMed: 29518698]

Brehl A-K, Kohn N, Schene AH, Fernandez G, 2020. A mechanistic model for individualised
treatment of anxiety disorders based on predictive neural biomarkers. Psychol. Med 50, 727-736.
10.1017/S0033291720000410. [PubMed: 32204741]

Brunet A, Saumier D, Liu A, Streiner DL, Tremblay J, Pitman RK, 2018. Reduction of PTSD
symptoms with pre-reactivation propranolol therapy: a randomized controlled trial. Aust. J. Pharm
175, 427-433. 10.1176/appi.ajp.2017.17050481.

Bukalo O, Pinard CR, Holmes A, 2014. Mechanisms to medicines: elucidating neural and molecular
substrates of fear extinction to identify novel treatments for anxiety disorders. Br. J. Pharmacol
171, 4690-4718. 10.1111/bph.12779. [PubMed: 24835117]

Burkner P-C, Bittner N, Holling H, Buhlmann U, 2017. D-cycloserine augmentation of behavior
therapy for anxiety and obsessive-compulsive disorders: a meta-analysis. PLoS One 12. 10.1371/
journal.pone.0173660.

Burokas A, Arboleya S, Moloney RD, Peterson VL, Murphy K, Clarke G, Stanton C, Dinan
TG, Cryan JF, 2017. Targeting the microbiota-gut-brain Axis: prebiotics have anxiolytic and
antidepressant-like effects and reverse the impact of chronic stress in mice. Biol. Psycjiatr. Stress:
Mech. Gut. Brain 82, 472-487. 10.1016/j.biopsych.2016.12.031.

Bystritsky A, 2006. Treatment-resistant anxiety disorders. Mol. Psychiatr 11, 805-814. 10.1038/
$j.mp.4001852.

Caldirola D, Alciati A, Cuniberti F, Perna G, 2021. Experimental drugs for panic disorder: an updated
systematic review. J. Exp. Pharmacol 13, 441-459. 10.2147/JEP.S261403. [PubMed: 33889031]

Carhart-Harris RL, Leech R, Erritzoe D, Williams TM, Stone JM, Evans J, Sharp DJ, Feilding A, Wise
RG, Nutt DJ, 2013. Functional connectivity measures after psilocybin inform a novel hypothesis of
early psychosis. Schizophr. Bull 39, 1343-1351. 10.1093/schbul/shs117. [PubMed: 23044373]

Carpenter JK, Andrews LA, Witcraft SM, Powers MB, Smits JAJ, Hofmann SG, 2018. Cognitive
behavioral therapy for anxiety and related disorders: a meta-analysis of randomized placebo-
controlled trials. Depress. Anxiety 35, 502-514. 10.1002/da.22728. [PubMed: 29451967]

Castellano D, Shepard RD, Lu W, 2021. Looking for novelty in an “old” receptor: recent advances
toward our understanding of GABAARs and their implications in receptor pharmacology. Front.
Neurosci 14, 1420. 10.3389/fnins.2020.616298.

Catlow BJ, Song S, Paredes DA, Kirstein CL, Sanchez-Ramos J, 2013. Effects of psilocybin on
hippocampal neurogenesis and extinction of trace fear conditioning. Exp. Brain Res 228, 481-491.
10.1007/s00221-013-3579-0. [PubMed: 23727882]

Cerne R, Lippa A, Poe MM, Smith JL, Jin X, Ping X, Golani LK, Cook JM, Witkin JM,

2022. GABAKines — advances in the discovery, development, and commercialization of
positive allosteric modulators of GABAA receptors. Pharmacol. Therapeut 234, 108035 10.1016/
j.pharmthera.2021.108035.

Chen W-C, Liu Y-B, Liu W-F, Zhou Y-Y, He H-F, Lin S, 2020. Neuropeptide Y is
an immunomodulatory factor: direct and indirect. Front. Immunol 11, 580378 10.3389/
fimmu.2020.580378. [PubMed: 33123166]

Chen X, van Gerven J, Cohen A, Jacobs G, 2019. Human pharmacology of positive GABA-A subtype-
selective receptor modulators for the treatment of anxiety. Acta Pharmacol. Sin 40, 571-582.
10.1038/s41401-018-0185-5. [PubMed: 30518829]

Christiansen DM, Berke ET, 2020. Gender- and sex-based contributors to sex differences in PTSD.
Curr. Psychiatr. Rep 22, 19. 10.1007/s11920-020-1140-y.

Cipriani A, Furukawa TA, Salanti G, Chaimani A, Atkinson LZ, Ogawa Y, Leucht S, Ruhe HG, Turner
EH, Higgins JPT, Egger M, Takeshima N, Hayasaka Y, Imai H, Shinohara K, Tajika A, loannidis
JPA, Geddes JR, 2018. Comparative efficacy and acceptability of 21 antidepressant drugs for
the acute treatment of adults with major depressive disorder: a systematic review and network
meta-analysis. Lancet 391, 1357-1366. 10.1016/S0140-6736(17)32802-7. [PubMed: 29477251]

Cisler JM, Privratsky AA, Sartin-Tarm A, Sellnow K, Ross M, Weaver S, Hahn E, Herringa RJ,
James GA, Kilts CD, 2020. | -DOPA and consolidation of fear extinction learning among women

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singewald et al.

Page 23

with posttraumatic stress disorder. Transl. Psychiatry 10, 1-11. 10.1038/s41398-020-00975-3.
[PubMed: 32066695]

Clifton NE, Thomas KL, Hall J, 2018. The effect of ketamine on the consolidation and extinction
of contextual fear memory. J. Psychopharmacol 32, 156-162. 10.1177/0269881117748903.
[PubMed: 29338491]

Costello H, Gould RL, Abrol E, Howard R, 2019. Systematic review and meta-analysis of the
association between peripheral inflammatory cytokines and generalised anxiety disorder. BMJ
Open 9, e027925. 10.1136/bmjopen-2018-027925.

Craske MG, Stein MB, Eley TC, Milad MR, Holmes A, Rapee RM, Wittchen HU, 2017. Anxiety
disorders. Nat. Rev. Dis. Prim 3, 17024 10.1038/nrdp.2017.24. [PubMed: 28470168]

Dadabayev AR, Joshi SA, Reda MH, Lake T, Hausman MS, Domino E, Liberzon I, 2020. Low dose
ketamine infusion for comorbid posttraumatic stress disorder and chronic pain: a randomized
double-blind clinical trial. Chronic Stress, 2470547020981670. 10.1177/2470547020981670.
Thousand Oaks) 4.

Daws RE, Timmermann C, Giribaldi B, Sexton JD, Wall MB, Erritzoe D, Roseman L, Nutt D,
Carhart-Harris R, 2022. Increased global integration in the brain after psilocybin therapy for
depression. Nat. Med 28, 844-851. 10.1038/s41591-022-01744-z. [PubMed: 35411074]

de Moraes Costa G, Zanatta FB, Ziegelmann PK, Soares Barros AJ, Mello CF, 2020. Pharmacological
treatments for adults with post-traumatic stress disorder: a network meta-analysis of comparative
efficacy and acceptability. J. Psychiatr. Res 130, 412-420. 10.1016/j.jpsychires.2020.07.046.
[PubMed: 32891916]

de Quervain D, Wolf OT, Roozendaal B, 2019. Glucocorticoid-induced enhancement of extinction-
from animal models to clinical trials. Psychopharmacology (Berl) 236, 183-199. 10.1007/
$00213-018-5116-0. [PubMed: 30610352]

de Vos CMH, Mason NL, Kuypers KPC, 2021. Psychedelics and neuroplasticity: a systematic review
unraveling the biological underpinnings of psychedelics. Front. Psychiatr 12.

de Vries YA, Roest AM, Burgerhof JGM, de Jonge P, 2018. Initial severity and antidepressant
efficacy for anxiety disorders, obsessive-compulsive disorder, and posttraumatic stress disorder: an
individual patient data meta-analysis. Depress. Anxiety 35, 515-522. 10.1002/da.22737. [PubMed:
29659102]

DePierro J, Lepow L, Feder A, Yehuda R, 2019. Translating molecular and neuroendocrine findings
in posttraumatic stress disorder and resilience to novel therapies. Biol. Psychiatr 86, 454-463.
10.1016/j.biopsych.2019.07.009.

Devinsky O, Kraft K, Rusch L, Fein M, Leone-Bay A, 2021. Improved bioavailability with dry
powder cannabidiol inhalation: a phase 1 clinical study. J. Pharm. Sci 110, 3946-3952. 10.1016/
j.xphs.2021.08.012. [PubMed: 34400185]

Dias R, Sheppard WFA, Fradley RL, Garrett EM, Stanley JL, Tye SJ, Goodacre S, Lincoln RJ, Cook
SM, Conley R, Hallett D, Humphries AC, Thompson SA, Wafford KA, Street LJ, Castro JL,
Whiting PJ, Rosahl TW, Atack JR, McKernan RM, Dawson GR, Reynolds DS, 2005. Evidence
for a significant role of alpha 3-containing GABAA receptors in mediating the anxiolytic effects
of benzodiazepines. J. Neurosci 25, 10682-10688. 10.1523/JNEUROSCI.1166-05.2005. [PubMed:
16291941]

Difede J, Rothbaum BO, Rizzo AA, Wyka K, Spielman L, Reist C, Roy MJ, Jovanovic T, Norrholm
SD, Cukor J, Olden M, Glatt CE, Lee FS, 2022. Enhancing exposure therapy for posttraumatic
stress disorder (PTSD): a randomized clinical trial of virtual reality and imaginal exposure
with a cognitive enhancer. Transl. Psychiatry 12, 299. 10.1038/s41398-022-02066-x. [PubMed:
35896533]

Dinan TG, Cryan JF, 2017. The microbiome-gut-brain Axis in health and disease. Gastroenterol. Clin.
N. Am 46, 77-89. 10.1016/j.gtc.2016.09.007.

Dobrovolsky A, Ichim TE, Ma D, Kesari S, Bogin V, 2017. Xenon in the treatment of panic disorder:
an open label study. J. Transl. Med 15, 137. 10.1186/s12967-017-1237-1. [PubMed: 28610592]

Drew L, 2022. Your brain on psychedelics. Nature 609, S92-S94. 10.1038/d41586-022-02874-7.
[PubMed: 36171369]

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singewald et al.

Page 24

Duits P, Cath DC, Lissek S, Hox JJ, Hamm AO, Engelhard 1M, van den Hout MA, Baas JMP, 2015.
Updated meta-analysis of classical fear conditioning in the anxiety disorders. Depress. Anxiety 32,
239-253. 10.1002/da.22353. [PubMed: 25703487]

Dunsmoor JE, Cisler JM, Fonzo GA, Creech SK, Nemeroff CB, 2022. Laboratory models of post-
traumatic stress disorder: the elusive bridge to translation. Neuron 110, 1754-1776. 10.1016/
j.neuron.2022.03.001. [PubMed: 35325617]

Elnazer HY, Sampson AP, Baldwin DS, 2021. Effects of celecoxib augmentation of antidepressant
or anxiolytic treatment on affective symptoms and inflammatory markers in patients with
anxiety disorders: exploratory study. Int. Clin. Psychopharmacol 36, 126-132. 10.1097/
Y1C.0000000000000356. [PubMed: 33724256]

Engin E, Benham RS, Rudolph U, 2018. An emerging circuit pharmacology of GABAA receptors.
Trends Pharmacol. Sci 39, 710-732. 10.1016/j.tips.2018.04.003. [PubMed: 29903580]

Esser R, Korn CW, Ganzer F, Haaker J, 2021. L-DOPA modulates activity in the vmPFC, nucleus
accumbens, and VTA during threat extinction learning in humans. Elife 10, €65280. 10.7554/
eLife.65280. [PubMed: 34473055]

Fanselow MS, Pennington ZT, 2017. The danger of LeDoux and pine’s two-system framework for fear.
Am. J. Psychiatr 174, 1120-1121. 10.1176/appi.ajp.2017.17070818. [PubMed: 29088929]

Farzaei MH, Bahramsoltani R, Rahimi R, Abbasabadi F, Abdollahi M, 2016. A systematic review
of plant-derived natural compounds for anxiety disorders. Curr. Top. Med. Chem 16, 1924-1942.
10.2174/1568026616666160204121039. [PubMed: 26845556]

Feder A, Costi S, Rutter SB, Collins AB, Govindarajulu U, Jha MK, Horn SR, Kautz M, Corniquel
M, Collins KA, Bevilacqua L, Glasgow AM, Brallier J, Pietrzak RH, Murrough JW, Charney DS,
2021. A randomized controlled trial of repeated ketamine administration for chronic posttraumatic
stress disorder. Am. J. Psychiatr 178, 193-202. 10.1176/appi.ajp.2020.20050596. [PubMed:
33397139]

Feder A, Parides MK, Murrough JW, Perez AM, Morgan JE, Saxena S, Kirkwood K, Aan Het Rot
M, Lapidus KAB, Wan L-B, losifescu D, Charney DS, 2014. Efficacy of intravenous ketamine for
treatment of chronic posttraumatic stress disorder: a randomized clinical trial. JAMA Psychiatr 71,
681-688. 10.1001/jamapsychiatry.2014.62.

Feder A, Rutter SB, Schiller D, Charney DS, 2020. The emergence of ketamine as a novel treatment
for posttraumatic stress disorder. Adv. Pharmacol 89, 261-286. 10.1016/bs.apha.2020.05.004.
[PubMed: 32616209]

Fedoce A, das G, Ferreira F, Bota RG, Bonet-Costa V, Sun PY, Davies KJA, 2018. The role
of oxidative stress in anxiety disorder: cause or consequence? Free Radic. Res 52, 737-750.
10.1080/10715762.2018.1475733. [PubMed: 29742940]

Feduccia AA, Mithoefer MC, 2018. MDMA-assisted psychotherapy for PTSD: are memory
reconsolidation and fear extinction underlying mechanisms? Prog. Neuro Psychopharmacol. Biol.
Psychiatr 84, 221-228. 10.1016/j.pnpbp.2018.03.003.

Felger JC, 2018. Imaging the role of inflammation in mood and anxiety-related disorders. Curr.
Neuropharmacol 16, 533-558. 10.2174/1570159X15666171123201142. [PubMed: 29173175]

Felsch CL, Kuypers KPC, 2022. Don’t be afraid, try to meditate- potential effects on neural activity
and connectivity of psilocybin-assisted mindfulness-based intervention for social anxiety disorder:
a systematic review. Neurosci. Biobehav. Rev 139, 104724 10.1016/j.neubiorev.2022.104724.
[PubMed: 35679988]

Fenster RJ, Lebois LAM, Ressler KJ, Suh J, 2018. Brain circuit dysfunction in post-traumatic stress
disorder: from mouse to man. Nat. Rev. Neurosci 19, 535-551. 10.1038/s41583-018-0039-7.
[PubMed: 30054570]

Ferraguti F, 2018. Metabotropic glutamate receptors as targets for novel anxiolytics. Curr. Opin.
Pharmacol. Neurosci 38, 37-42. 10.1016/j.coph.2018.02.004.

Feuerbach D, Pezous N, Weiss M, Shakeri-Nejad K, Lingenhoehl K, Hoyer D, Hurth K, Bilbe G,
Pryce CR, McAllister K, Chaperon F, Kucher K, Johns D, Blaettler T, Lopez Lopez C, 2015.
AQWO51, a novel, potent and selective a7 nicotinic ACh receptor partial agonist: pharmacological
characterization and phase | evaluation. Br. J. Pharmacol 172, 1292-1304. 10.1111/bph.13001.
[PubMed: 25363835]

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singewald et al.

Page 25

Filiou MD, Sandi C, 2019. Anxiety and brain mitochondria: a bidirectional crosstalk. Trends Neurosci
42, 573-588. 10.1016/j.tins.2019.07.002. [PubMed: 31362874]

Flores A, Fullana MA, Soriano-Mas C, Andero R, 2018. Lost in translation: how to upgrade fear
memory research. Mol. Psychiatr 23, 2122-2132. 10.1038/s41380-017-0006-0.

Foa EB, McLean CP, 2016. The efficacy of exposure therapy for anxiety-related disorders and its
underlying mechanisms: the case of OCD and PTSD. Annu. Rev. Clin. Psychol 12, 1-28. 10.1146/
annurev-clinpsy-021815-093533.

Fortress AM, Smith IM, Pang KCH, 2018. Ketamine facilitates extinction of avoidance behavior
and enhances synaptic plasticity in a rat model of anxiety vulnerability: implications for the
pathophysiology and treatment of anxiety disorders. Neuropharmacology 137, 372-381. 10.1016/
j.neuropharm.2018.05.009. [PubMed: 29750979]

Fraser LM, Brown RE, Hussin A, Fontana M, Whittaker A, O’Leary TP, Lederle L, Holmes A,
Ramos A, 2010. Measuring anxiety- and locomotion-related behaviours in mice: a new way of
using old tests. Psychopharmacology (Berl) 211, 99-112. 10.1007/s00213-010-1873-0. [PubMed:
20454890]

Fuentes JJ, Fonseca F, Elices M, Farré M, Torrens M, 2020. Therapeutic use of LSD in psychiatry: a
systematic review of randomized-controlled clinical trials. Front. Psychiatr 10.

Garakani A, Freire RC, Buono FD, Thom RP, Larkin K, Funaro MC, Salehi M, Perez-Rodriguez MM,
2022. An umbrella review on the use of antipsychotics in anxiety disorders: a registered report
protocol. PLoS One 17, e0269772. 10.1371/journal.pone.0269772. [PubMed: 35709149]

Garakani A, Murrough JW, Freire RC, Thom RP, Larkin K, Buono FD, losifescu DV, 2020.
Pharmacotherapy of anxiety disorders: current and emerging treatment options. Front. Psychiatr
11, 595584 10.3389/fpsyt.2020.595584.

Gasparyan A, Navarro D, Navarrete F, Manzanares J, 2022. Pharmacological strategies for post-
traumatic stress disorder (PTSD): from animal to clinical studies. Neuropharmacology 218,
109211. 10.1016/j.neuropharm.2022.109211. [PubMed: 35973598]

Gautam V, Gaurav A, Masand N, Lee VS, Patil VM, 2022. Artificial intelligence and machine-learning
approaches in structure and ligand-based discovery of drugs affecting central nervous system. Mol.
Divers 10.1007/s11030-022-10489-3.

Gerhard DM, Pothula S, Liu R-J, Wu M, Li X-Y, Girgenti MJ, Taylor SR, Duman CH, Delpire
E, Picciotto M, Wohleb ES, Duman RS, 2020. GABA interneurons are the cellular trigger for
ketamine’s rapid antidepressant actions. J. Clin. Invest 130, 1336-1349. 10.1172/JC1130808.
[PubMed: 31743111]

Gerlicher AMV, Tiischer O, Kalisch R, 2019. L-DOPA improves extinction memory retrieval after
successful fear extinction. Psychopharmacology 10.1007/s00213-019-05301-4.

Ginshurg GS, Becker-Haimes EM, Keeton C, Kendall PC, lyengar S, Sakolsky D, Albano AM,

Peris T, Compton SN, Piacentini J, 2018. Results from the child/adolescent anxiety multimodal
extended long-term study (CAMELS): primary anxiety outcomes. J. Am. Acad. Child Adolesc.
Psychiatry 57, 471-480. 10.1016/j.jaac.2018.03.017. [PubMed: 29960692]

Girgenti MJ, Ghosal S, LoPresto D, Taylor JR, Duman RS, 2017. Ketamine accelerates fear
extinction via mTORCL1 signaling. Neurobiol. Dis 100, 1-8. 10.1016/j.nbd.2016.12.026. [PubMed:
28043916]

Glavonic E, Mitic M, Adzic M, 2022. Hallucinogenic drugs and their potential for treating fear-related
disorders: through the lens of fear extinction. J. Neurosci. Res 100, 947-969. 10.1002/jnr.25017.
[PubMed: 35165930]

Glue P, Medlicott NJ, Harland S, Neehoff S, Anderson-Fahey B, Le Nedelec M, Gray A, McNaughton
N, 2017. Ketamine’s dose-related effects on anxiety symptoms in patients with treatment
refractory anxiety disorders. J. Psychopharmacol 31, 1302-1305. 10.1177/0269881117705089.
[PubMed: 28441895]

Glue P, Neehoff S, Sabadel A, Broughton L, Le Nedelec M, Shadli S, McNaughton N, Medlicott
NJ, 2020a. Effects of ketamine in patients with treatment-refractory generalized anxiety and
social anxiety disorders: exploratory double-blind psychoactive-controlled replication study. J.
Psychopharmacol 34, 267-272. 10.1177/0269881119874457. [PubMed: 31526207]

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singewald et al.

Page 26

Glue P, Neehoff S, Sabadel A, Broughton L, Le Nedelec M, Shadli S, McNaughton N, Medlicott
NJ, 2020b. Effects of ketamine in patients with treatment-refractory generalized anxiety and
social anxiety disorders: exploratory double-blind psychoactive-controlled replication study. J.
Psychopharmacol 34, 267-272. 10.1177/0269881119874457. [PubMed: 31526207]

Glue P, Neehoff SM, Medlicott NJ, Gray A, Kibby G, McNaughton N, 2018. Safety and efficacy
of maintenance ketamine treatment in patients with treatment-refractory generalised anxiety
and social anxiety disorders. J. Psychopharmacol 32, 663-667. 10.1177/0269881118762073.
[PubMed: 29561204]

Gorka SM, Khorrami KJ, Manzler CA, Phan KL, 2022. Acute orexin antagonism selectively
modulates anticipatory anxiety in humans: implications for addiction and anxiety. Transl.
Psychiatry 12, 1-7. 10.1038/s41398-022-02090-x. [PubMed: 35013113]

Grabb MC, Hillefors M, Potter WZ, 2020. The NIMH *“fast-fail trials’ (FAST) initiative: rationale,
promise, and progress. Pharm. Med 34, 233-245. 10.1007/s40290-020-00343-y.

Griebel G, Holmes A, 2013. 50 years of hurdles and hope in anxiolytic drug discovery. Nat. Rev. Drug
Discov 12, 667-687. 10.1038/nrd4075. [PubMed: 23989795]

Grob CS, Danforth AL, Chopra GS, Hagerty M, McKay CR, Halberstadt AL, Greer GR, 2011. Pilot
study of psilocybin treatment for anxiety in patients with advanced-stage cancer. Arch. Gen.
Psychiatr 68, 71-78. 10.1001/archgenpsychiatry.2010.116. [PubMed: 20819978]

Gunduz-Cinar O, 2021. The endocannabinoid system in the amygdala and modulation of fear. Prog.
Neuro-Psychopharmacol. Biol. Psychiatry 105, 110116. 10.1016/j.pnpbp.2020.110116.

Gunduz-Cinar O, Brockway ET, Castillo LI, Pollack GA, Erguven T, Holmes A, 2020. Selective
sub-nucleus effects of intra-amygdala oxytocin on fear extinction. Behav. Brain Res 112798
10.1016/j.bbr.2020.112798. [PubMed: 32653556]

Gunduz-Cinar O, Flynn S, Brockway E, Kaugars K, Baldi R, Ramikie TS, Cinar R, Kunos G, Patel
S, Holmes A, 2016. Fluoxetine facilitates fear extinction through amygdala endocannabinoids.
Neuropsychopharmacology 41, 1598-1609. 10.1038/npp.2015.318. [PubMed: 26514583]

Gunduz-Cinar Ozge, Hill MN, McEwen BS, Holmes A, 2013a. Amygdala FAAH and anandamide:
mediating protection and recovery from stress. Trends Pharmacol. Sci 34, 637-644. 10.1016/
J.tips.2013.08.008. [PubMed: 24325918]

Gunduz-Cinar O, MacPherson KP, Cinar R, Gamble-George J, Sugden K, Williams B, Godlewski G,
Ramikie TS, Gorka AX, Alapafuja SO, Nikas SP, Makriyannis A, Poulton R, Patel S, Hariri AR,
Caspi A, Moffitt TE, Kunos G, Holmes A, 2013b. Convergent translational evidence of a role
for anandamide in amygdala-mediated fear extinction, threat processing and stress-reactivity. Mol.
Psychiatr 18, 813-823. 10.1038/mp.2012.72.

Gupta PR, Prabhavalkar K, 2021. Combination therapy with neuropeptides for the treatment of anxiety
disorder. Neuropeptides 102127. 10.1016/j.npep.2021.102127. [PubMed: 33607407]

Gustavsson A, Svensson M, Jacobi F, Allgulander C, Alonso J, Beghi E, Dodel R, Ekman M, Faravelli
C, Fratiglioni L, Gannon B, Jones DH, Jennum P, Jordanova A, Jénsson L, Karampampa K,
Knapp M, Kobelt G, Kurth T, Lieb R, Linde M, Ljungcrantz C, Maercker A, Melin B, Moscarelli
M, Musayev A, Norwood F, Preisig M, Pugliatti M, Rehm J, Salvador-Carulla L, Schlehofer
B, Simon R, Steinhausen H-C, Stovner LJ, Vallat J-M, Van den Bergh P, den Bergh PV, van
Os J, Vos P, Xu W, Wittchen H-U, Jénsson B, Olesen J, CDBE2010Study Group, 2011. Cost
of disorders of the brain in Europe 2010. Eur. Neuropsychopharmacol 21, 718-779. 10.1016/
j.euroneuro.2011.08.008. [PubMed: 21924589]

Haaker J, Gaburro S, Sah A, Gartmann N, Lonsdorf TB, 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-E2436. 10.1073/
pnas.1303061110. [PubMed: 23754384]

Hariri AR, Holmes A, 2015. Finding translation in stress research. Nat. Neurosci 18, 1347-1352.
10.1038/nn.4111. [PubMed: 26404709]

Hart G, Panayi MC, Harris JA, Westbrook RF, 2014. Benzodiazepine treatment can impair or
spare extinction, depending on when it is given. Behav. Res. Ther 56, 22-29. 10.1016/
j.brat.2014.02.004. [PubMed: 24755207]

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singewald et al.

Page 27

Hartogsohn I, 2016. Set and setting, psychedelics and the placebo response: an extra-
pharmacological perspective on psychopharmacology. J. Psychopharmacol 30, 1259-1267.
10.1177/0269881116677852. [PubMed: 27852960]

Heinig I, Pittig A, Richter J, Hummel K, Alt I, Dickhéver K, Gamer J, Hollandt M, Koelkebeck
K, Maenz A, Tennie S, Totzeck C, Yang Y, Arolt V, Deckert J, Domschke K, Fydrich T,

Hamm A, Hoyer J, Kircher T, Lueken U, Margraf J, Neudeck P, Pauli P, Rief W, Schneider

S, Straube B, Stréhle A, Wittchen H-U, 2017. Optimizing exposure-based CBT for anxiety
disorders via enhanced extinction: design and methods of a multicentre randomized clinical trial.
Int. J. Methods Psychiatr. Res 26 10.1002/mpr.1560 n/a—n/a.

Hess EM, Riggs LM, Michaelides M, Gould TD, 2022. Mechanisms of ketamine and its metabolites
as antidepressants. Biochem. Pharmacol 197, 114892 10.1016/j.bcp.2021.114892. [PubMed:
34968492]

Hettema J, Eley T, Smoller J, 2022. Anxiety genetics: updates on genome-wide association,
methylome-wide association, and childhood risk. Eur. Neuropsychopharmacol 63, el. 10.1016/
j.euroneuro.2022.07.012.

Higgins C, Chambers JA, Major K, Durham RC, 2021. Healthcare costs and quality of life
associated with the long-term outcome of anxiety disorders. Hist. Philos. Logic 34, 228-241.
10.1080/10615806.2020.1839731.

Hodgins GE, Blommel JG, Dunlop BW, losifescu D, Mathew SJ, Neylan TC, Mayberg HS, Harvey
PD, 2018. Placeho effects across self-report, clinician rating, and objective performance tasks
among women with post-traumatic stress disorder: investigation of placebo response in a
pharmacological treatment study of post-traumatic stress disorder. J. Clin. Psychopharmacol 38,
200-206. 10.1097/JCP.0000000000000858. [PubMed: 29505471]

Hofmeijer-Sevink MK, Batelaan NM, van Megen HIGM, Penninx BW, Cath DC, van den Hout MA,
van Balkom AJLM, 2012. Clinical relevance of comorbidity in anxiety disorders: a report from
The Netherlands Study of Depression and Anxiety (NESDA). J. Affect. Disord 137, 106-112.
10.1016/j.jad.2011.12.008. [PubMed: 22240085]

Hgjlund M, Andersen K, Ernst MT, Correll CU, Hallas J, 2022. Use of low-dose quetiapine increases
the risk of major adverse cardiovascular events: results from a nationwide active comparator-
controlled cohort study. World Psychiatr 21, 444-451. 10.1002/wps.21010.

Hokfelt T, Barde S, Xu Z-QD, Kuteeva E, Riiegg J, Le Maitre E, Risling M, Kehr J, Ihnatko R,
Theodorsson E, Palkovits M, Deakin W, Bagdy G, Juhasz G, Prud’homme HJ, Mechawar N,
Diaz-Heijtz R, Ogren SO, 2018. Neuropeptide and small transmitter coexistence: fundamental
studies and relevance to mental illness. Front. Neural Circ 12 10.3389/fncir.2018.00106.

Hollander E, Jacob S, Jou R, McNamara N, Sikich L, Tobe R, Smith J, Sanders K, Squassante L,
Murtagh L, Gleissl T, Wandel C, Veenstra-VanderWeele J, 2022. Balovaptan vs placebo for
social communication in childhood autism spectrum disorder: a randomized clinical trial. JAMA
Psychiatr 79, 760-769. 10.1001/jamapsychiatry.2022.1717.

Holmes A, 2008. Genetic variation in cortico-amygdala serotonin function and risk for stress-related
disease. Neurosci. Biobehav. Rev 32, 1293-1314. 10.1016/j.neubiorev.2008.03.006. [PubMed:
18439676]

Holmes A, Heilig M, Rupniak NMJ, Steckler T, Griebel G, 2003. Neuropeptide systems as novel
therapeutic targets for depression and anxiety disorders. Trends Pharmacol. Sci 24, 580-588.
10.1016/j.tips.2003.09.011. [PubMed: 14607081]

Holmes A, Quirk GJ, 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. 10.1016/
J.tips.2009.10.003. [PubMed: 20036429]

Hoskins MD, Bridges J, Sinnerton R, Nakamura A, Underwood JFG, Slater A, Lee MRD, Clarke
L, Lewis C, Roberts NP, Bisson JI, 2021a. Pharmacological therapy for post-traumatic stress
disorder: a systematic review and meta-analysis of monotherapy, augmentation and head-to-head
approaches. Eur. J. Psychotraumatol 12, 1802920 10.1080/20008198.2020.1802920. [PubMed:
34992738]

Hoskins MD, Sinnerton R, Nakamura A, Underwood JFG, Slater A, Lewis C, Roberts NP,

Bisson JI, Lee M, Clarke L, 2021b. Pharmacological-assisted psychotherapy for post traumatic

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singewald et al.

Page 28

stress disorder: a systematic review and meta-analysis. Eur. J. Psychotraumatol 12, 1853379
10.1080/20008198.2020.1853379. [PubMed: 33680344]

Hou R, Garner M, Holmes C, Osmond C, Teeling J, Lau L, Baldwin DS, 2017. Peripheral
inflammatory cytokines and immune balance in Generalised Anxiety Disorder: case-controlled
study. Brain Behav. Immun 62, 212-218. 10.1016/j.bbi.2017.01.021. [PubMed: 28161475]

Huang T, Li H, Tan S, Xie S, Cheng Q, Xiang Y, Zhou X, 2022. The efficacy and acceptability of
exposure therapy for the treatment of post-traumatic stress disorder in children and adolescents: a
systematic review and meta-analysis. BMC Psychiatr 22, 259. 10.1186/512888-022-03867-6.

Illingworth BJ, Lewis DJ, Lambarth AT, Stocking K, Duffy JM, Jelen LA, Rucker JJ, 2021.

A comparison of MDMA-assisted psychotherapy to non-assisted psychotherapy in treatment-
resistant PTSD: a systematic review and meta-analysis. J. Psychopharmacol 35, 501-511.
10.1177/0269881120965915. [PubMed: 33345689]

Insel T, Cuthbert B, Garvey M, Heinssen R, Pine DS, Quinn K, Sanislow C, Wang P, 2010. Research
domain criteria (RDoC): toward a new classification framework for research on mental disorders.
Am. J. Psychiatr 167, 748-751. 10.1176/appi.ajp.2010.09091379. [PubMed: 20595427]

Inserra A, Gregorio DD, Gobbi G, 2021. Psychedelics in psychiatry: neuroplastic, immunomodulatory,
and neurotransmitter mechanisms. Pharmacol. Rev 73, 202-277. 10.1124/pharmrev.120.000056.
[PubMed: 33328244]

Inslicht SS, Niles AN, Metzler TJ, Lipshitz SL, Otte C, Milad MR, Orr SP, Marmar CR, Neylan TC,
2021. Randomized controlled experimental study of hydrocortisone and D-cycloserine effects on
fear extinction in PTSD. Neuropsychopharmacology 1-8. 10.1038/s41386-021-01222-z.

Jacobson LH, Hoyer D, de Lecea L, 2022. Hypocretins (orexins): the ultimate translational
neuropeptides. J. Intern. Med 291, 533-556. 10.1111/joim.13406. [PubMed: 35043499]
Jakubovski E, Johnson JA, Nasir M, Miller-Vahl K, Bloch MH, 2019. Systematic review and meta-
analysis: dose—response curve of SSRIs and SNRIs in anxiety disorders. Depress. Anxiety 36,
198-212. 10.1002/da.22854. [PubMed: 30479005]

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. 10.1016/
j.psyneuen.2014.11.002. [PubMed: 25467221] This issue includes a Special Section on
Biomarkers in the Military - New Findings from Prospective Studies.

Jurek B, Neumann ID, 2018. The oxytocin receptor: from intracellular signaling to behavior. Physiol.
Rev 98, 1805-1908. 10.1152/physrev.00031.2017. [PubMed: 29897293]

Karpova NN, Pickenhagen A, Lindholm J, Tiraboschi E, Kulesskaya N, Agustsdéttir A, Antila H,
Popova D, Akamine Y, Bahi A, Sullivan R, Hen R, Drew LJ, Castrén E, 2011. Fear erasure in
mice requires synergy between antidepressant drugs and extinction training. Science 334, 1731-
1734. 10.1126/science.1214592. [PubMed: 22194582]

Karson A, Demirtas T, Bayramgurler D, Balci F, Utkan T, 2013. Chronic administration of infliximab
(TNF-a inhibitor) decreases depression and anxiety-like behaviour in rat model of chronic mild
stress. Basic Clin. Pharmacol. Toxicol 112, 335-340. 10.1111/bcpt.12037. [PubMed: 23167806]

Katona I, Freund TF, 2012. Multiple functions of endocannabinoid signaling in the brain. Annu. Rev.
Neurosci 35, 529-558. 10.1146/annurev-neuro-062111-150420. [PubMed: 22524785]

Katrinli S, Oliveira NCS, Felger JC, Michopoulos V, Smith AK, 2022. The role of the immune
system in posttraumatic stress disorder. Transl. Psychiatry 12, 313. 10.1038/s41398-022-02094-7.
[PubMed: 35927237]

Kaufmann P, Ort M, Golor G, Kornberger R, Dingemanse J, 2021. Multiple-dose clinical
pharmacology of the selective orexin-1 receptor antagonist ACT-539313. Prog. Neuro
Psychopharmacol. Biol. Psychiatr 108, 110166 10.1016/j.pnpbp.2020.110166.

Kelmendi B, Corlett P, Ranganathan M, D’Souza C, Krystal JH, 2016. The role of psychedelics
in palliative care reconsidered: a case for psilocybin. J. Psychopharmacol 30, 1212-1214.
10.1177/0269881116675781. [PubMed: 27909173]

Kennedy E, Niedzwiedz CL, 2022. The association of anxiety and stress-related disorders with C-
reactive protein (CRP) within UK Biobank. Brain Behav. Immun. Health 19, 100410. 10.1016/
j.bbih.2021.100410. [PubMed: 35028602]

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singewald et al.

Page 29

Kessler RC, Petukhova M, Sampson NA, Zaslavsky AM, Wittchen H-U, 2012. Twelve-month and
lifetime prevalence and lifetime morbid risk of anxiety and mood disorders in the United States.
Int. J. Methods Psychiatr. Res 21, 169-184. 10.1002/mpr.1359. [PubMed: 22865617]

Kim TD, Lee S, Yoon S, 2020. Inflammation in post-traumatic stress disorder (PTSD): a review
of potential correlates of PTSD with a neurological perspective. Antioxidants 9, E107. 10.3390/
antiox9020107.

Kim Y-K, Jeon SW, 2018. Neuroinflammation and the immune-kynurenine pathway in
anxiety disorders. Curr. Neuropharmacol 16, 574-582. 10.2174/1570159X15666170913110426.
[PubMed: 28901278]

King F, Hammond R, 2021. Psychedelics as reemerging treatments for anxiety disorders: possibilities
and challenges in a nascent field. FOC 19, 190-196. 10.1176/appi.focus.20200047.

Knudsen GM, 2022. Sustained effects of single doses of classical psychedelics in humans.
Neuropsychopharmacology 10.1038/s41386-022-01361-x.

Kraus C, Castrén E, Kasper S, Lanzenberger R, 2017. Serotonin and neuroplasticity -links between
molecular, functional and structural pathophysiology in depression. Neurosci. Biobehav. Rev 77,
317-326. 10.1016/j.neubiorev.2017.03.007. [PubMed: 28342763]

Krediet E, Bostoen T, Breeksema J, van Schagen A, Passie T, Vermetten E, 2020. Reviewing the
potential of psychedelics for the treatment of PTSD. Int. J. Neuropsychopharmacol 23, 385-400.
10.1093/ijnp/pyaa018. [PubMed: 32170326]

Krystal JH, Abdallah CG, Sanacora G, Charney DS, Duman RS, 2019. Ketamine: a paradigm shift
for depression research and treatment. Neuron 101, 774-778. 10.1016/j.neuron.2019.02.005.
[PubMed: 30844397]

Krystal JH, Charney DS, Duman RS, 2020. A new rapid-acting antidepressant. Cell 181, 7. 10.1016/
j.cell.2020.02.033. [PubMed: 32243798]

Krystal JH, Davis LL, Neylan TC, Raskind MA, Schnurr PP, Stein MB, Vessicchio J, Shiner B,
Gleason TD, Huang GD, 2017. It is time to address the crisis in the pharmacotherapy of
posttraumatic stress disorder: a consensus statement of the PTSD psychopharmacology working
group. Biol. Psycjiatr. Stress: Mech. Gut. Brain 82. 10.1016/j.biopsych.2017.03.007 e51-e59.

Krystal JH, Kelmendi B, Petrakis IL, 2021. Psychotherapy-supported MDMA treatment for PTSD.
Cell Rep. Med 2, 100378 10.1016/j.xcrm.2021.100378. [PubMed: 34467253]

Kundakovic M, Rocks D, 2022. Sex hormone fluctuation and increased female risk for depression and
anxiety disorders: from clinical evidence to molecular mechanisms. Front. Neuroendocrinol 66,
101010 10.1016/j.yfrne.2022.101010. [PubMed: 35716803]

Kupcova I, Danisovic L, Grgac |, Harsanyi S, 2022. Anxiety and depression: what do we know of
neuropeptides? Behav. Sci 12, 262. 10.3390/bs12080262. [PubMed: 36004833]

Lago TR, Brownstein MJ, Page E, Beydler E, Manbeck A, Beale A, Roberts C, Balderston N,
Damiano E, Pineles SL, Simon N, Ernst M, Grillon C, 2021. The novel vasopressin receptor
(V1aR) antagonist SRX246 reduces anxiety in an experimental model in humans: a randomized
proof-of-concept study. Psychopharmacology 238, 2393-2403. 10.1007/s00213-021-05861-4.
[PubMed: 33970290]

Lavender E, Hirasawa-Fujita M, Domino EF, 2020. Ketamine’s dose related multiple mechanisms of
actions: dissociative anesthetic to rapid antidepressant. Behav. Brain Res 390, 112631 10.1016/
j.bbr.2020.112631. [PubMed: 32437885]

LeDoux JE, Pine DS, 2016. Using neuroscience to help understand fear and anxiety: a two-system
framework. Am. J. Psychiatr 173, 1083-1093. 10.1176/appi.ajp.2016.16030353. [PubMed:
27609244]

Lee B, Pothula S, Wu M, Kang H, Girgenti MJ, Picciotto MR, DiLeone RJ, Taylor JR, Duman
RS, 2022. Positive modulation of N-methyl-D-aspartate receptors in the mPFC reduces the
spontaneous recovery of fear. Mol. Psychiatr 27, 2580-2589. 10.1038/s41380-022-01498-7.

Lee Y, Kim Y-K, 2021. Understanding the connection between the gut-brain Axis and stress/anxiety
disorders. Curr. Psychiatr. Rep 23, 22. 10.1007/s11920-021-01235-x.

Lehrner A, Hildebrandt T, Bierer LM, Flory JD, Bader HN, Makotkine I, Yehuda R, 2021. A
randomized, double-blind, placebo-controlled trial of hydrocortisone augmentation of Prolonged

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singewald et al.

Page 30

Exposure for PTSD in U.S. combat veterans. Behav. Res. Ther 144, 103924 10.1016/
j.brat.2021.103924. [PubMed: 34298438]

Leichsenring F, Steinert C, Rabung S, loannidis JPA, 2022. The efficacy of psychotherapies
and pharmacotherapies for mental disorders in adults: an umbrella review and meta-analytic
evaluation of recent meta-analyses. World Psychiatr 21, 133-145. 10.1002/wps.20941.

Li K, Nakajima M, Ibafiez-Tallon I, Heintz N, 2016. A cortical circuit for sexually dimorphic
oxytocin-dependent anxiety behaviors. Cell 167, 60-72. 10.1016/j.cell.2016.08.067 e11.
[PubMed: 27641503]

Liebowitz MR, Hanover R, Draine A, Lemming R, Careri J, Monti L, 2016. Effect of as-needed use of
intranasal PH94B on social and performance anxiety in individuals with social anxiety disorder.
Depress. Anxiety 33, 1081-1089. 10.1002/da.22546. [PubMed: 27561175]

Liebowitz MR, Salman E, Nicolini H, Rosenthal N, Hanover R, Monti L, 2014. Effect of an acute
intranasal aerosol dose of PH94B on social and performance anxiety in women with social
anxiety disorder. Aust. J. Pharm 171, 675-682. 10.1176/appi.ajp.2014.12101342.

Locher C, Koechlin H, Zion SR, Werner C, Pine DS, Kirsch I, Kessler RC, Kossowsky J,

2017. Efficacy and safety of selective serotonin reuptake inhibitors, serotonin-norepinephrine
reuptake inhibitors, and placebo for common psychiatric disorders among children and
adolescents: a systematic review and meta-analysis. JAMA Psychiatr 74, 1011-1020. 10.1001/
jamapsychiatry.2017.2432.

Longone P, di Michele F, D’Agati E, Romeo E, Pasini A, Rupprecht R, 2011. Neurosteroids as
neuromodulators in the treatment of anxiety disorders. Front. Endocrinol 2.

Luchkina NV, Bolshakov VY, 2018. Mechanisms of fear learning and extinction: synaptic plasticity—
fear memory connection. Psychopharmacology 10.1007/s00213-018-5104-4.

Lutz B, Marsicano G, Maldonado R, Hillard CJ, 2015. The endocannabinoid system in guarding
against fear, anxiety and stress. Nat. Rev. Neurosci 16, 705-718. 10.1038/nrn4036. [PubMed:
26585799]

Ly C, Greb AC, Cameron LP, Wong JM, Barragan EV, Wilson PC, Burbach KF, Zarandi SS, Sood A,
Paddy MR, Duim WC, Dennis MY, McAllister AK, Ori-McKenney KM, Gray JA, Olson DE,
2018. Psychedelics promote structural and functional neural plasticity. Cell Rep 23, 3170-3182.
10.1016/j.celrep.2018.05.022. [PubMed: 29898390]

Maier A, Dharan A, Oliver G, Berk M, Redston S, Back SE, Kalivas P, Ng C, Kanaan RA, 2020. A
multi-centre, double-blind, 12-week, randomized, placebo-controlled trial to assess the efficacy
of adjunctive N-Acetylcysteine for treatment-resistant PTSD: a study protocol. BMC Psychiatr
20, 397. 10.1186/512888-020-02793-9.

Makunts T, Cohen 1V, Lee KC, Abagyan R, 2018. Population scale retrospective analysis reveals
distinctive antidepressant and anxiolytic effects of diclofenac, ketoprofen and naproxen
in patients with pain. PLoS One 13, e0195521. 10.1371/journal.pone.0195521. [PubMed:
29668764]

Maldonado R, Cabafiero D, Martin-Garcia E, 2020. The endocannabinoid system in modulating
fear, anxiety, and stress. Dialogues Clin. Neurosci 22, 229-239. 10.31887/DCNS.2020.22.3/
rmaldonado. [PubMed: 33162766]

Maltsev DV, Spasov AA, Miroshnikov MV, Skripka MO, 2021. Current approaches to the search of
anxiolytic drugs. Russ. J. Bioorg. Chem 47, 622-652. 10.1134/S1068162021030122.

Maples-Keller, Jessica L, Norrholm SD, Burton M, Reiff C, Coghlan C, Jovanovic T, Yasinski C,
Jarboe K, Rakofsky J, Rauch S, Dunlop BW, Rothbaum BO, 2022a. A randomized controlled
trial of 3,4-methylenedioxymethamphetamine (MDMA) and fear extinction retention in healthy
adults. J. Psychopharmacol 36, 368-377. 10.1177/02698811211069124. [PubMed: 35166140]

Maples-Keller, Jessica L, Yasinski C, Stojek M, Ravi M, Watkins LE, Patton SC, Rothbaum AO,
Unongo M, Dunlop BW, Rauch SAM, Michopoulos V, Rothbaum BO, 2022b. The relations
between C-reactive protein and trauma exposure, PTSD and depression symptoms, and PTSD
psychotherapy treatment response in treatment seeking veterans and service members. Brain
Behav. Immun 101, 84-92. 10.1016/j.bbi.2021.12.025. [PubMed: 34990746]

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singewald et al.

Page 31

Marin M-F, Hammoud MZ, Klumpp H, Simon NM, Milad MR, 2020. Multimodal categorical and
dimensional approaches to understanding threat conditioning and its extinction in individuals
with anxiety disorders. JAMA Psychiatr 77, 1-10. 10.1001/jamapsychiatry.2019.4833.

Markowitz JC, Milrod BL, 2022. Lost in translation: the value of psychiatric clinical trials. J. Clin.
Psychiatr 83, 43385 10.4088/JCP.22com14647.

Marvar PJ, Andero R, Hurlemann R, Lago TR, Zelikowsky M, Dabrowska J, 2021. Limbic
neuropeptidergic modulators of emotion and their therapeutic potential for anxiety and
post-traumatic stress disorder. J. Neurosci 41, 901-910. 10.1523/JNEUROSCI.1647-20.2020.
[PubMed: 33472824]

Masataka N, 2019. Anxiolytic effects of repeated cannabidiol treatment in teenagers with social
anxiety disorders. Front. Psychol 10, 2466. 10.3389/fpsyg.2019.02466. [PubMed: 31787910]

Mataix-Cols D, de la Cruz LF, Monzani B, Rosenfield D, Andersson E, Pérez-Vigil A, Frumento P, de
Kleine RA, Difede J, Dunlop BW, Farrell LJ, Geller D, Gerardi M, Guastella AJ, Hofmann SG,
Hendriks G-J, Kushner MG, Lee FS, Lenze EJ, Levinson CA, McConnell H, Otto MW, Plag J,
Pollack MH, Ressler KJ, Rodebaugh TL, Rothbaum BO, Scheeringa MS, Siewert-Siegmund A,
Smits JAJ, Storch EA, Strohle A, Tart CD, Tolin DF, van Minnen A, Waters AM, Weems CF,
Wilhelm S, Wyka K, Davis M, Riick C, Altemus M, Anderson P, Cukor J, Finck C, Geffken
GR, Golfels F, Goodman WK, Gutner C, Heyman I, Jovanovic T, Lewin AB, McNamara
JP, Murphy TK, Norrholm S, Thuras P, 2017. D-cycloserine augmentation of exposure-based
cognitive behavior therapy for anxiety, obsessive-compulsive, and posttraumatic stress disorders:
a systematic review and meta-analysis of individual participant data. JAMA Psychiatr 74, 501—
510. 10.1001/jamapsychiatry.2016.3955.

Mathew SJ, Amiel JM, Coplan JD, Fitterling HA, Sackeim HA, Gorman JM, 2005. Open-label
trial of riluzole in generalized anxiety disorder. Am. J. Psychiatr 162, 2379-2381. 10.1176/
appi.ajp.162.12.2379. [PubMed: 16330605]

Mayo LM, Asratian A, Lindé J, Holm L, Nétt D, Augier G, Stensson N, Vecchiarelli HA, Balsevich
G, Aukema RJ, Ghafouri B, Spagnolo PA, Lee FS, Hill MN, Heilig M, 2020a. Protective effects
of elevated anandamide on stress and fear-related behaviors: translational evidence from humans
and mice. Mol. Psychiatr 25, 993-1005. 10.1038/s41380-018-0215-1.

Mayo LM, Asratian A, Lindé J, Morena M, Haataja R, Hammar V, Augier G, Hill MN, Heilig M,
2020b. Elevated anandamide, enhanced recall of fear extinction, and attenuated stress responses
following inhibition of fatty acid amide hydrolase: a randomized, controlled experimental
medicine trial. Biol. Psychiatr 87, 538-547. 10.1016/j.biopsych.2019.07.034.

Mayo LM, Rabinak CA, Hill MN, Heilig M, 2022. Targeting the endocannabinoid system
in the treatment of posttraumatic stress disorder: a promising case of preclinical-clinical
translation? Biological psychiatry. Novel Neuromodulators of Anxiety 91, 262—-272. 10.1016/
j.biopsych.2021.07.019.

Mazza MG, De Lorenzo R, Conte C, Poletti S, Vai B, Bollettini I, Melloni EMT, Furlan R,

Ciceri F, Rovere-Querini P, Benedetti F, 2020. Anxiety and depression in COVID-19 survivors:
role of inflammatory and clinical predictors. Brain Behav. Immun 89, 594-600. 10.1016/
J.bbi.2020.07.037. [PubMed: 32738287]

Mazza MG, Palladini M, De Lorenzo R, Magnaghi C, Poletti S, Furlan R, Ciceri F, COVID-19 BioB
Outpatient Clinic Study group, Rovere-Querini P, Benedetti F, 2021. Persistent psychopathology
and neurocognitive impairment in COVID-19 survivors: effect of inflammatory biomarkers at
three-month follow-up. Brain Behav. Immun 94, 138-147. 10.1016/j.bbi.2021.02.021. [PubMed:
33639239]

McClure-Begley TD, Roth BL, 2022. The promises and perils of psychedelic pharmacology for
psychiatry. Nat. Rev. Drug Discov 21, 463-473. 10.1038/s41573-022-00421-7. [PubMed:
35301459]

McLean CP, Asnaani A, Litz BT, Hofmann SG, 2011. Gender differences in anxiety disorders:
prevalence, course of illness, comorbidity and burden of illness. J. Psychiatr. Res 45, 1027-1035.
10.1016/j.jpsychires.2011.03.006. [PubMed: 21439576]

McLean CP, Levy HC, Miller ML, Tolin DF, 2022. Exposure therapy for PTSD in military
populations: a systematic review and meta-analysis of randomized clinical trials. J. Anxiety
Disord 90, 102607 10.1016/j.janxdis.2022.102607. [PubMed: 35926254]

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singewald et al.

Page 32

Melas PA, Scherma M, Fratta W, Cifani C, Fadda P, 2021. Cannabidiol as a potential treatment for
anxiety and mood disorders: molecular targets and epigenetic insights from preclinical research.
Int. J. Mol. Sci 22, 1863. 10.3390/ijms22041863. [PubMed: 33668469]

Merz CJ, Hamacher-Dang TC, Stark R, Wolf OT, Hermann A, 2018. Neural underpinnings of cortisol
effects on fear extinction. Neuropsychopharmacology 43, 384-392. 10.1038/npp.2017.227.
[PubMed: 28948980]

Michopoulos V, Norrholm SD, Stevens JS, Glover EM, Rothbaum BO, Gillespie CF, Schwartz
AC, Ressler KJ, Jovanovic T, 2017a. Dexamethasone facilitates fear extinction and safety
discrimination in PTSD: a placebo-controlled, double-blind study. Psychoneuroendocrinology
83, 65—71. 10.1016/j.psyneuen.2017.05.023. [PubMed: 28595089]

Michopoulos V, Powers A, Gillespie CF, Ressler KJ, Jovanovic T, 2017b. Inflammation in fear- and
anxiety-based disorders: PTSD, GAD, and beyond. Neuropsychopharmacology 42, 254-270.
10.1038/npp.2016.146. [PubMed: 27510423]

Millan MJ, 2022. Agomelatine for the treatment of generalized anxiety disorder: focus on its
distinctive mechanism of action. Therapeut. Adv. Psychopharmacol 12, 20451253221105130
10.1177/20451253221105128.

Mineur YS, Fote GM, Blakeman S, Cahuzac ELM, Newbold SA, Picciotto MR, 2016. Multiple
nicotinic acetylcholine receptor subtypes in the mouse amygdala regulate affective behaviors
and response to social stress. Neuropsychopharmacology 41, 1579-1587. 10.1038/npp.2015.316.
[PubMed: 26471256]

Mishra A, Patni P, Hegde S, Aleya L, Tewari D, 2021. Neuroplasticity and environment: a
pharmacotherapeutic approach toward preclinical and clinical understanding. Curr. Opin.
Environ. Sci. Health 19, 100210. 10.1016/j.coesh.2020.09.004.

Mitchell JM, Bogenschutz M, Lilienstein A, Harrison C, Kleiman S, Parker-Guilbert K, Ot’alora GM,
Garas W, Paleos C, Gorman I, Nicholas C, Mithoefer M, Carlin S, Poulter B, Mithoefer A,
Quevedo S, Wells G, Klaire SS, van der Kolk B, Tzarfaty K, Amiaz R, Worthy R, Shannon
S, Woolley JD, Marta C, Gelfand Y, Hapke E, Amar S, Wallach Y, Brown R, Hamilton S,

Wang JB, 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. Nat. Med 27, 1025-1033. 10.1038/s41591-021-01336-3. [PubMed: 33972795]

Mithoefer MC, Feduccia AA, 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 236, 2735-2745. 10.1007/
500213-019-05249-5. [PubMed: 31065731]

Morgan CA, Wang S, Southwick SM, Rasmusson A, Hazlett G, Hauger RL, Charney DS, 2000.
Plasma neuropeptide-Y concentrations in humans exposed to military survival training. Biol.
Psychiatr 47, 902-909. 10.1016/s0006-3223(99)00239-5.

Murphy SE, Capitdo LP, Giles SLC, Cowen PJ, Stringaris A, Harmer CJ, 2021. The knowns and
unknowns of SSRI treatment in young people with depression and anxiety: efficacy, predictors,
and mechanisms of action. Lancet Psychiatr 8, 824-835. 10.1016/S2215-0366(21)00154-1.

Naja WJ, Aoun MP, 2017. Oxytocin and anxiety disorders: translational and therapeutic aspects. Curr.
Psychiatr. Rep 19, 67. 10.1007/s11920-017-0819-1.

Nasir M, Trujillo D, Levine J, Dwyer JB, Rupp ZW, Bloch MH, 2020. Glutamate systems in DSM-5
anxiety disorders: their role and a review of glutamate and GABA psychopharmacology. Front.
Psychiatr 11, 1186. 10.3389/fpsyt.2020.548505.

Nestler EJ, Hyman SE, 2010. Animal models of neuropsychiatric disorders. Nat. Neurosci 13, 1161—
1169. 10.1038/nn.2647. [PubMed: 20877280]

Neumann ID, Slattery DA, 2016. Oxytocin in general anxiety and social fear: a translational approach.
Biol. Psychiatr 79, 213-221. 10.1016/j.biopsych.2015.06.004.

Nichols DE, 2022. Entactogens: how the name for a novel class of psychoactive agents originated.
Front. Psychiatr 13.

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singewald et al.

Page 33

Nikolova VL, Hall MRB, Hall LJ, Cleare AJ, Stone JM, Young AH, 2021. Perturbations in gut
microbiota composition in psychiatric disorders: a review and meta-analysis. JAMA Psychiatr 78,
1343-1354. 10.1001/jamapsychiatry.2021.2573.

Norwitz NG, Naidoo U, 2021. Nutrition as metabolic treatment for anxiety. Front. Psychiatr 12,
598119 10.3389/fpsyt.2021.598119.

Nutt D, Carhart-Harris R, 2020. The current status of psychedelics in psychiatry. JAMA Psychiatr
10.1001/jamapsychiatry.2020.2171.

Offor SJ, Orish CN, Frazzoli C, Orisakwe OE, 2021. Augmenting clinical interventions in psychiatric
disorders: systematic review and update on nutrition. Front. Psychiatr 12, 565583 10.3389/
fpsyt.2021.565583.

Oliver PA, Snyder AD, Feinn R, Malov S, McDiarmid G, Arias AJ, 2022. Clinical effectiveness of
intravenous racemic ketamine infusions in a large community sample of patients with treatment-
resistant depression, suicidal ideation, and generalized anxiety symptoms: a retrospective chart
review. J. Clin. Psychiatr 83, 21m14336. 10.4088/JCP.21m14336.

Otto MW, McHugh RK, Kantak KM, 2010. Combined pharmacotherapy and cognitive-behavioral
therapy for anxiety disorders: medication effects, glucocorticoids, and attenuated treatment
outcomes. Clin. Psychol 17, 91-103. 10.1111/j.1468-2850.2010.01198.x.

Pankevich DE, Altevogt BM, Dunlop J, Gage FH, Hyman SE, 2014. Improving and accelerating drug
development for nervous system disorders. Neuron 84, 546-553. 10.1016/j.neuron.2014.10.007.
[PubMed: 25442933]

Paredes D, Knippenberg AR, Bulin SE, Keppler LJ, Morilak DA, 2022. Adjunct treatment with
ketamine enhances the therapeutic effects of extinction learning after chronic unpredictable
stress. Neurobiol. Stress 19, 100468. 10.1016/j.ynstr.2022.100468. [PubMed: 35865972]

Patel S, Hill MN, Cheer JF, Wotjak CT, Holmes A, 2017. The endocannabinoid system as a target for
novel anxiolytic drugs. Neurosci. Biobehav. Rev. Transl. Neurosci. Mental Disorder.: Bridg. Gap
Anim Model. Him. Condit 76, 56-66. 10.1016/j.neubiorev.2016.12.033.

Peedicayil J, 2020. The potential role of epigenetic drugs in the treatment of anxiety disorders.
Neuropsychiatric Dis. Treat 16, 597-606. 10.2147/NDT.S242040.

Peled-Avron L, Abu-Akel A, Shamay-Tsoory S, 2020. Exogenous effects of oxytocin in five
psychiatric disorders: a systematic review, meta-analyses and a personalized approach through
the lens of the social salience hypothesis. Neurosci. Biobehav. Rev 114, 70-95. 10.1016/
j.neubiorev.2020.04.023. [PubMed: 32348803]

Penninx BW, Pine DS, Holmes EA, Reif A, 2021a. Anxiety disorders. Lancet 397, 914-927. 10.1016/
S0140-6736(21)00359-7. [PubMed: 33581801]

Penninx BWJH, Pine DS, Holmes EA, Reif A, 2021b. Benzodiazepines for the long-term treatment of
anxiety disorders? - authors’ reply. Lancet 398, 120. 10.1016/S0140-6736(21)00931-4. [PubMed:
34246346]

Pérez de la Mora M, Borroto-Escuela DO, Crespo-Ramirez M, Rején-Orantes J, del C, Palacios-
Lagunas DA, Martinez-Mata MK, Sanchez-Luna D, Tesoro-Cruz E, Fuxe K, 2022. Dysfunctional
heteroreceptor complexes as novel targets for the treatment of major depressive and anxiety
disorders. Cells 11, 1826. 10.3390/cells11111826. [PubMed: 35681521]

Perkins A, Patrick F, Wise T, Meyer N, Mazibuko N, Oates AE, van der Bijl AHM, Danjou P,
O’Connor SM, Doolin E, Wooldridge C, Rathjen D, Macare C, Williams SCR, Young AH, 2021.
Cholinergic modulation of disorder-relevant human defensive behaviour in generalised anxiety
disorder. Transl. Psychiatry 11, 1-10. 10.1038/s41398-020-01141-5. [PubMed: 33414379]

Peruzzolo TL, Pinto JV, Roza TH, Shintani AO, Anzolin AP, Gnielka V, Kohmann AM, Marin AS,
Lorenzon VR, Brunoni AR, Kapczinski F, Passos IC, 2022. Inflammatory and oxidative stress
markers in post-traumatic stress disorder: a systematic review and meta-analysis. Mol. Psychiatr
1-14. 10.1038/541380-022-01564-0.

Pizzagalli DA, Smoski M, Ang Y-S, Whitton AE, Sanacora G, Mathew SJ, Nurnberger J, Lisanby
SH, losifescu DV, Murrough JW, Yang H, Weiner RD, Calabrese JR, Goodman W, Potter
WZ, Krystal AD, 2020. Selective kappaopioid antagonism ameliorates anhedonic behavior:
evidence from the fast-fail trial in mood and anxiety spectrum disorders (FAST-MAS).
Neuropsychopharmacology 45, 1656-1663. 10.1038/s41386-020-0738-4. [PubMed: 32544925]

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singewald et al.

Page 34

Popiel A, Zawadzki B, Pragtowska E, Teichman Y, 2015. Prolonged exposure, paroxetine and the
combination in the treatment of PTSD following a motor vehicle accident. A randomized
clinical trial - the “TRAKT” study. J. Behav. Ther. Exp. Psychiatr 48, 17-26. 10.1016/
j.jbtep.2015.01.002.

Popoli M, leraci A, Musazzi L, 2022. The role of the glutamate system in posttraumatic stress
disorder and glutamate-based treatments. In: Pavlovic ZM (Ed.), Glutamate and Neuropsychiatric
Disorders: Current and Emerging Treatments Springer International Publishing, Cham, pp. 163—
193. 10.1007/978-3-030-87480-3_5.

Pradhan B, Wainer |, Moaddel R, Torjman M, Goldberg M, Sabia M, Parikh T, Pumariega A,
2017. Trauma Interventions using Mindfulness Based Extinction and Reconsolidation (TIMBER)
psychotherapy prolong the therapeutic effects of single ketamine infusion on post-traumatic
stress disorder and comorbid depression: a pilot randomized, placebo-controlled, crossover
clinical trial. Asia pacif. J. Clin. Trials: Nervous Syst. Dis 2, 80-80.

Preller KH, Burt JB, Ji JL, Schleifer CH, Adkinson BD, Stampfli P, Seifritz E, Repovs G, Krystal
JH, Murray JD, Vollenweider FX, Anticevic A, 2018. Changes in global and thalamic brain
connectivity in LSD-induced altered states of consciousness are attributable to the 5-HT2A
receptor. Elife 7, €35082. 10.7554/eLife.35082. [PubMed: 30355445]

Preller KH, Duerler P, Burt JB, Ji JL, Adkinson B, Stampfli P, Seifritz E, Repovs G, Krystal JH,
Murray JD, Anticevic A, Vollenweider FX, 2020. Psilocybin induces time-dependent changes in
global functional connectivity. Biol. Psychiatr 88, 197-207. 10.1016/j.biopsych.2019.12.027.

Preller KH, Herdener M, Pokorny T, Planzer A, Kraehenmann R, Stdmpfli P, Liechti ME, Seifritz
E, Wollenweider FX, 2017. The fabric of meaning and subjective effects in LSD-induced states
depend on serotonin 2A receptor activation. Curr. Biol 27, 451-457. 10.1016/j.cub.2016.12.030.
[PubMed: 28132813]

Quagliato LA, Carta MG, Nardi AE, 2022. Panic disorder seeks more specific drugs for treatment:
might the amygdala Be the best target? J. Clin. Psychopharmacol 42, 427-428. 10.1097/
JCP.0000000000001591. [PubMed: 36099401]

Rasmusson AM, Pineles SL, Brown KD, Pinna G, 2022. A role for deficits in GABAergic
neurosteroids and their metabolites with NMDA receptor antagonist activity in the
pathophysiology of posttraumatic stress disorder. J. Neuroendocrinol 34, e13062 10.1111/
jne.13062. [PubMed: 34962690]

Rauch SAM, Kim HM, Powell C, Tuerk PW, Simon NM, Acierno R, Allard CB, Norman SB,
Venners MR, Rothbaum BO, Stein MB, Porter K, Martis B, King AP, Liberzon I, Phan KL,
Hoge CW, 2019. Efficacy of prolonged exposure therapy, sertraline hydrochloride, and their
combination among combat veterans with posttraumatic stress disorder. JAMA Psychiatr 76,
117-126. 10.1001/jamapsychiatry.2018.3412.

Raut SB, Canales JJ, Ravindran M, Eri R, Benedek DM, Ursano RJ, Johnson LR, 2022a.

Effects of propranolol on the modification of trauma memory reconsolidation in PTSD
patients: a systematic review and meta-analysis. J. Psychiatr. Res 150, 246-256. 10.1016/
j.jpsychires.2022.03.045. [PubMed: 35405409]

Raut SB, Marathe PA, van Eijk L, Eri R, Ravindran M, Benedek DM, Ursano RJ, Canales JJ,
Johnson LR, 2022h. Diverse therapeutic developments for post-traumatic stress disorder (PTSD)
indicate common mechanisms of memory modulation. Pharmacol. Ther 239, 108195 10.1016/
j.pharmthera.2022.108195. [PubMed: 35489438]

Ravi M, Miller AH, Michopoulos V, 2021. The immunology of stress and the impact of inflammation
on the brain and behavior. BJPsych Adv 27, 158-165. 10.1192/bja.2020.82. [PubMed:
34055387]

Reckweg JT, Uthaug MV, Szabo A, Davis AK, Lancelotta R, Mason NL, Ramaekers JG,

2022. The clinical pharmacology and potential therapeutic applications of 5-methoxy-N,N-
dimethyltryptamine (5-MeO-DMT). J. Neurochem 162, 128-146. 10.1111/jnc.15587. [PubMed:
35149998]

Reichmann F, Holzer P, 2016. Neuropeptide Y: a stressful review. Neuropeptides. Adv. NPY Res 55,

99-109. 10.1016/j.npep.2015.09.008.

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singewald et al.

Page 35

Reiff CM, Richman EE, Nemeroff CB, Carpenter LL, Widge AS, Rodriguez CI, Kalin NH, McDonald
WM, 2020. Psychedelics and psychedelic-assisted psychotherapy. Aust. J. Pharm 177, 391-410.
10.1176/appi.ajp.2019.19010035.

Renna ME, O’Toole MS, Spaeth PE, Lekander M, Mennin DS, 2018. The association between anxiety,
traumatic stress, and obsessive—compulsive disorders and chronic inflammation: a systematic
review and meta-analysis. Depress. Anxiety 35, 1081-1094. 10.1002/da.22790. [PubMed:
30199144]

Ressler KJ, 2020. Translating across circuits and genetics toward progress in fear- and anxiety-related
disorders. Aust. J. Pharm 177, 214-222. 10.1176/appi.ajp.2020.20010055.

Ressler KJ, Berretta S, Bolshakov VY, Rosso IM, Meloni EG, Rauch SL, Carlezon WA, 2022.
Post-traumatic stress disorder: clinical and translational neuroscience from cells to circuits. Nat.
Rev. Neurol 18, 273-288. 10.1038/541582-022-00635-8. [PubMed: 35352034]

Ressler KJ, Rothbaum BO, Tannenbaum L, Anderson P, Graap K, Zimand E, Hodges L, Davis
M, 2004. Cognitive enhancers as adjuncts to psychotherapy: use of D-cycloserine in phobic
individuals to facilitate extinction of fear. Arch. Gen. Psychiatr 61, 1136-1144. 10.1001/
archpsyc.61.11.1136. [PubMed: 15520361]

Richardson R, Ledgerwood L, Cranney J, 2004. Facilitation of fear extinction by D-cycloserine:
theoretical and clinical implications. Learn. Mem 11, 510-516. 10.1101/Im.78204. [PubMed:
15466301]

Richter-Levin G, Stork O, Schmidt MV, 2019. Animal models of PTSD: a challenge to be met. Mol.
Psychiatr 24, 1135-1156. 10.1038/s41380-018-0272-5.

Rooney S, Sah A, Unger MS, Kharitonova M, Sartori SB, Schwarzer C, Aigner L, Kettenmann H,
Wolf SA, Singewald N, 2020. Neuroinflammatory alterations in trait anxiety: modulatory effects
of minocycline. Transl. Psychiatry 10, 256. 10.1038/s41398-020-00942-y. [PubMed: 32732969]

Rosenfield D, Smits JAJ, Hofmann SG, Mataix-Cols D, de la Cruz LF, Andersson E, Riick C, Monzani
B, Pérez-Vigil A, Frumento P, Davis M, de Kleine RA, Difede J, Dunlop BW, Farrell LJ, Geller
D, Gerardi M, Guastella AJ, Hendriks G-J, Kushner MG, Lee FS, Lenze EJ, Levinson CA,
McConnell H, Plag J, Pollack MH, Ressler KJ, Rodebaugh TL, Rothbaum BO, Storch EA,
Stréhle A, Tart CD, Tolin DF, van Minnen A, Waters AM, Weems CF, Wilhelm S, Wyka K,
Altemus M, Anderson P, Cukor J, Finck C, Geffken GR, Golfels F, Goodman WK, Gutner CA,
Heyman I, Jovanovic T, Lewin AB, McNamara JP, Murphy TK, Norrholm S, Thuras P, Turner
C, Otto MW, 2019. Changes in dosing and dose timing of D-cycloserine explain its apparent
declining efficacy for augmenting exposure therapy for anxiety-related disorders: an individual
participant-data meta-analysis. J. Anxiety Disord 68, 102149 10.1016/j.janxdis.2019.102149.
[PubMed: 31698111]

Roy-Byrne P, 2015. Treatment-refractory anxiety; definition, risk factors, and treatment challenges.
Dialogues Clin. Neurosci 17, 191-206. [PubMed: 26246793]

Ruggero CJ, Kotov R, Hopwood CJ, First M, Clark LA, Skodol AE, Mullins-Sweatt SN, Patrick CJ,
Bach B, Cicero DC, Docherty A, Simms LJ, Bagby RM, Krueger RF, Callahan JL, Chmielewski
M, Conway CC, De Clercq B, Dornbach-Bender A, Eaton NR, Forbes MK, Forbush KT,
Haltigan JD, Miller JD, Morey LC, Patalay P, Regier DA, Reininghaus U, Shackman AJ,
Waszczuk MA, Watson D, Wright AGC, Zimmermann J, 2019. Integrating the hierarchical
Taxonomy of psychopathology (HiTOP) into clinical practice. J. Consult. Clin. Psychol 87,
1069-1084. 10.1037/ccp0000452. [PubMed: 31724426]

Sala N, Paoli C, Bonifacino T, Mingardi J, Schiavon E, La Via L, Milanese M, Tornese P, Datusalia
AK, Rosa J, Facchinetti R, Frumento G, Carini G, Salerno Scarzella F, Scuderi C, Forti L,
Barbon A, Bonanno G, Popoli M, Musazzi L, 2022. Acute ketamine facilitates fear memory
extinction in a rat model of PTSD along with restoring glutamatergic alterations and dendritic
atrophy in the prefrontal cortex. Front. Pharmacol 13, 759626 10.3389/fphar.2022.759626.
[PubMed: 35370690]

Salvadore G, Bonaventure P, Shekhar A, Johnson PL, Lord B, Shireman BT, Lebold TP, Nepomuceno
D, Dugovic C, Brooks S, Zuiker R, Bleys C, Tatikola K, Remmerie B, Jacobs GE, Schruers
K, Moyer J, Nash A, Van Nueten LGM, Drevets WC, 2020. Translational evaluation of
novel selective orexin-1 receptor antagonist JNJ-61393215 in an experimental model for panic

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singewald et al.

Page 36

in rodents and humans. Transl. Psychiatry 10, 1-10. 10.1038/s41398-020-00937-9. [PubMed:
32066695]

Sanacora G, Yan Z, Popoli M, 2022. The stressed synapse 2.0: pathophysiological mechanisms
in stress-related neuropsychiatric disorders. Nat. Rev. Neurosci 23, 86-103. 10.1038/
541583-021-00540-x. [PubMed: 34893785]

Szafoni Sandra, 2022. Progress in Personalized Psychiatric Therapy with the Example of Using
Intranasal Oxytocin in PTSD Treatment

Santomauro DF, Herrera AMM, Shadid J, Zheng P, Ashbaugh C, Pigott DM, Abbafati C, Adolph C,
Amlag JO, Aravkin AY, Bang-Jensen BL, Bertolacci GJ, Bloom SS, Castellano R, Castro E,
Chakrabarti S, Chattopadhyay J, Cogen RM, Collins JK, Dai X, Dangel WJ, Dapper C, Deen A,
Erickson M, Ewald SB, Flaxman AD, Frostad JJ, Fullman N, Giles JR, Giref AZ, Guo G, He J,
Helak M, Hulland EN, Idrisov B, Lindstrom A, Linebarger E, Lotufo PA, Lozano R, Magistro B,
Malta DC, Mansson JC, Marinho F, Mokdad AH, Monasta L, Naik P, Nomura S, O’Halloran JK,
Ostroff SM, Pasovic M, Penberthy L, Jr RCR, Reinke G, Ribeiro ALP, Sholokhov A, Sorensen
RJD, Varavikova E, Vo AT, Walcott R, Watson S, Wiysonge CS, Zigler B, Hay S, Vos T, Murray
CJL, Whiteford HA, Ferrari AJ, 2021. Global prevalence and burden of depressive and anxiety
disorders in 204 countries and territories in 2020 due to the COVID-19 pandemic. Lancet 398,
1700-1712. 10.1016/S0140-6736(21)02143-7. [PubMed: 34634250]

Santos P, Herrmann AP, Elisabetsky E, Piato A, Santos P, Herrmann AP, Elisabetsky E, Piato A,

2018. Anxiolytic properties of compounds that counteract oxidative stress, neuroinflammation,
and glutamatergic dysfunction: a review. Br. J. Psychiatr 10.1590/1516-4446-2018-0005.

Sarris J, Marx W, Ashton MM, Ng CH, Galvao-Coelho N, Ayati Z, Zhang Z-J, Kasper S, Ravindran
A, Harvey BH, Lopresti A, Mischoulon D, Amsterdam J, Yatham LN, Berk M, 2021. Plant-based
Medicines (Phytoceuticals) in the Treatment of Psychiatric Disorders: a Meta-review of Meta-
analyses of Randomized Controlled Trials: les médicaments & base de plantes (phytoceutiques)
dans le traitement des troubles psychiatriques: une méta-revue des méta-analyses d’essais
randomises contrdlés. Can. J. Psychiatr 66, 849-862. 10.1177/0706743720979917.

Sarris J, Ravindran A, Yatham LN, Marx W, Rucklidge JJ, Mcintyre RS, Akhondzadeh S, Benedetti
F, Caneo C, Cramer H, Cribb L, de Manincor M, Dean O, Deslandes AC, Freeman MP,
Gangadhar B, Harvey BH, Kasper S, Lake J, Lopresti A, Lu L, Metri N-J, Mischoulon D,

Ng CH, Nishi D, Rahimi R, Seedat S, Sinclair J, Su K-P, Zhang Z-J, Berk M, 2022. Clinician
guidelines for the treatment of psychiatric disorders with nutraceuticals and phytoceuticals:
the World federation of societies of biological psychiatry (WFSBP) and Canadian network
for mood and anxiety treatments (CANMAT) taskforce. World J. Biol. Psychiatr 1-32.
10.1080/15622975.2021.2013041, 0.

Sartori SB, Singewald N, 2019. Novel pharmacological targets in drug development for the
treatment of anxiety and anxiety-related disorders. Pharmacol. Therapeut 204, 107402 10.1016/
j.pharmthera.2019.107402.

Sawamura T, Klengel T, Armario A, Jovanovic T, Norrholm SD, Ressler KJ, Andero R, 2016.
Dexamethasone treatment leads to enhanced fear extinction and dynamic Fkbp5 regulation
in amygdala. Neuropsychopharmacology 41, 832-846. 10.1038/npp.2015.210. [PubMed:
26174596]

Sayed S, Van Dam NT, Horn SR, Kautz MM, Parides M, Costi S, Collins KA, lacoviello B, losifescu
DV, Mathé AA, Southwick SM, Feder A, Charney DS, Murrough JW, 2018. A randomized
dose-ranging study of neuropeptide Y in patients with posttraumatic stress disorder. Int. J.
Neuropsychopharmacol 21, 3-11. 10.1093/ijnp/pyx109. [PubMed: 29186416]

Scherf-Clavel M, Weber H, Deckert J, Erhardt-Lehmann A, 2021. The role of pharmacogenetics in the
treatment of anxiety disorders and the future potential for targeted therapeutics. Expet Opin. Drug
Metabol. Toxicol 17, 1249-1260. 10.1080/17425255.2021.1991912.

Schimmel N, Breeksema JJ, Smith-Apeldoorn SY, Veraart J, van den Brink W, Schoevers RA,

2022. Psychedelics for the treatment of depression, anxiety, and existential distress in patients
with a terminal illness: a systematic review. Psychopharmacology (Berl) 239, 15-33. 10.1007/
500213-021-06027-y. [PubMed: 34812901]

Shansky RM, 2020. Sex differences in mechanisms of disease. Gene Brain Behav 19, 12646 10.1111/

gbb.12646.

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singewald et al.

Page 37

Shiroma PR, Thuras P, Wels J, Erbes C, Kehle-Forbes S, Polusny M, 2020. A proof-of-concept
study of subanesthetic intravenous ketamine combined with prolonged exposure therapy
among veterans with posttraumatic stress disorder. J. Clin. Psychiatr 81, 20113406. 10.4088/
JCP.20113406.

Silote GP, de Oliveira SFS, Ribeiro DE, Machado MS, Andreatini R, Joca SRL, Beijamini V,

2020. Ketamine effects on anxiety and fear-related behaviors: current literature evidence
and new findings. Prog. Neuro Psychopharmacol. Biol. Psychiatr 100, 109878 10.1016/
j.pnpbp.2020.109878.

Simpson CA, Diaz-Arteche C, Eliby D, Schwartz OS, Simmons JG, Cowan CSM, 2021. The gut
microbiota in anxiety and depression — a systematic review. Clin. Psychol. Rev 83, 101943
10.1016/j.cpr.2020.101943. [PubMed: 33271426]

Singewald N, Holmes A, 2019. Rodent models of impaired fear extinction. Psychopharmacology
(Berl.) 236, 21-32. 10.1007/s00213-018-5054-x. [PubMed: 30377749]

Singewald N, Schmuckermair C, Whittle N, Holmes A, Ressler KJ, 2015. Pharmacology of cognitive
enhancers for exposure-based therapy of fear, anxiety and trauma-related disorders. Pharmacol.
Ther 149, 150-190. 10.1016/j.pharmthera.2014.12.004. [PubMed: 25550231]

Slee A, Nazareth I, Bondaronek P, Liu Y, Cheng Z, Freemantle N, 2019. Pharmacological treatments
for generalised anxiety disorder: a systematic review and network meta-analysis. Lancet 393,
768-777.10.1016/S0140-6736(18)31793-8. [PubMed: 30712879]

Smith KW, Sicignano DJ, Hernandez AV, White CM, 2022. MDMA-assisted psychotherapy for
treatment of posttraumatic stress disorder: a systematic review with meta-analysis. J. Clin.
Pharmacol 62, 463-471. 10.1002/jcph.1995. [PubMed: 34708874]

Smits JAJ, Pollack MH, Rosenfield D, Otto MW, Dowd S, Carpenter J, Dutcher CD, Lewis EM,
Witcraft SM, Papini S, Curtiss J, Andrews L, Kind S, Conroy K, Hofmann SG, 2020. Dose
timing of D-cycloserine to augment exposure therapy for social anxiety disorder: a randomized
clinical trial. JAMA Netw. Open 3. 10.1001/jamanetworkopen.2020.6777 €206777—e206777.
[PubMed: 32496566]

Soares RB, Dinis-Oliveira RJ, Oliveira NG, 2022. An updated review on the psychoactive, toxic
and anticancer properties of Kava. J. Clin. Med 11, 4039. 10.3390/jcm11144039. [PubMed:
35887801]

Solis EC, van Hemert AM, Carlier IVE, Wardenaar KJ, Schoevers RA, Beekman ATF, Penninx
BWJH, Giltay EJ, 2021. The 9-year clinical course of depressive and anxiety disorders:
new NESDA findings. J. Affect. Disord 295, 1269-1279. 10.1016/j.jad.2021.08.108. [PubMed:
34706441]

Spangler PT, West JC, Dempsey CL, Possemato K, Bartolanzo D, Aliaga P, Zarate C, Vythilingam
M, Benedek DM, 2020. Randomized controlled trial of riluzole augmentation for posttraumatic
stress disorder: efficacy of a glutamatergic modulator for antidepressant-resistant symptoms. J.
Clin. Psychiatr 81, 20m13233. 10.4088/JCP.20m13233.

Spohrs J, Ulrich M, Grén G, Prost M, Plener PL, Fegert JM, Bindila L, Abler B, 2021. Fear extinction
learning and anandamide: an fMRI study in healthy humans. Transl. Psychiatry 11, 161. 10.1038/
$41398-020-01177-7. [PubMed: 33723207]

Steenen SA, van Westrhenen R, de Lange J, de Jongh A, 2022. Updated and rectified meta-analysis
shows no effect of propranolol versus placebo on traumatic memory reconsolidation disruption. J.
Psychiatry Neurosci 47, E336-E337. 10.1503/jpn.220072-1. [PubMed: 36130812]

Stein MB, Jain S, Simon NM, West JC, Marvar PJ, Bui E, He F, Benedek DM, Cassano P, Griffith
JL, Howlett J, Malgaroli M, Melaragno A, Seligowski AV, Shu I-W, Song S, Szuhany K, Taylor
CT, Ressler KJ, LOSe-PTSD Investigators, 2021. Randomized, placebo-controlled trial of the
angiotensin receptor antagonist losartan for posttraumatic stress disorder. Biol. Psychiatr 90,
473-481. 10.1016/j.biopsych.2021.05.012.

Sternbach LH, 1979. The benzodiazepine story. J. Med. Chem 22, 1-7. 10.1021/jm00187a001.
[PubMed: 34039]

Suarez-Jimenez B, Albajes-Eizagirre A, Lazarov A, Zhu X, Harrison BJ, Radua J, Neria Y, Fullana
MA, 2020. Neural signatures of conditioning, extinction learning, and extinction recall in
posttraumatic stress disorder: a meta-analysis of functional magnetic resonance imaging studies.
Psychol. Med 50, 1442-1451. 10.1017/S0033291719001387. [PubMed: 31258096]

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singewald et al.

Page 38

Summers CH, Yaeger JDW, Staton CD, Arendt DH, Summers TR, 2020. Orexin/hypocretin receptor
modulation of anxiolytic and antidepressive responses during social stress and decision-making:
potential for therapy. Brain Research, Making orexin-based therapies for addiction a reality:
What are the steps from here?, 1731. 10.1016/j.brainres.2018.12.036.

Taquet M, Luciano S, Geddes JR, Harrison PJ, 2021. Bidirectional associations between COVID-19
and psychiatric disorder: retrospective cohort studies of 62 354 COVID-19 cases in the USA.
Lancet Psychiatr 8, 130-140. 10.1016/S2215-0366(20)30462-4.

Tibrewal P, Looi JCL, Allison S, Bastiampillai T, 2021. Benzodiazepines for the long-term treatment
of anxiety disorders? Lancet 398, 119-120. 10.1016/S0140-6736(21)00934-X.

Tricklebank MD, Robbins TW, Simmons C, Wong EHF, 2021. Time to re-engage psychiatric drug
discovery by strengthening confidence in preclinical psychopharmacology. Psychopharmacology
238, 1417-1436. 10.1007/s00213-021-05787-x. [PubMed: 33694032]

Tully JL, Dahlén AD, Haggarty CJ, Schiéth HB, Brooks S, 2022. Ketamine treatment for refractory
anxiety: a systematic review. Br. J. Clin. Pharmacol 10.1111/bcp.15374.

Tural U, losifescu DV, 2020. Neuropeptide Y in PTSD, MDD, and chronic stress: a systematic review
and meta-analysis. J. Neurosci. Res 98, 950-963. 10.1002/jnr.24589. [PubMed: 32048334]

Turna J, Patterson B, VVan Ameringen M, 2017. Is cannabis treatment for anxiety, mood, and related
disorders ready for prime time? Depress. Anxiety 34, 1006-1017. 10.1002/da.22664. [PubMed:
28636769]

van der Doef TF, Zaragoza Domingo S, Jacobs GE, Drevets WC, Marston HM, Nathan PJ, Tome
MB, Tamminga CA, van Gerven JMA, Kas MJH, 2018. New approaches in psychiatric
drug development. Eur. Neuropsychopharmacol 28, 983-993. 10.1016/j.euroneuro.2018.06.006.
[PubMed: 30056086]

van Loenen |, Scholten W, Muntingh A, Smit J, Batelaan N, 2022. The effectiveness of virtual reality
exposure-based cognitive behavioral therapy for severe anxiety disorders, obsessive-compulsive
disorder, and posttraumatic stress disorder: meta-analysis. J. Med. Internet Res 24, e26736
10.2196/26736. [PubMed: 35142632]

VanderZwaag J, Halvorson T, Dolhan K, Simongicova E, Ben-Azu B, Tremblay M-E, 2022. The
missing piece? A case for microglia’s prominent role in the therapeutic action of anesthetics,
ketamine, and psychedelics. Neurochem. Res 10.1007/s11064-022-03772-0.

Vargas MV, Meyer R, Avanes AA, Rus M, Olson DE, 2021. Psychedelics and other psychoplastogens
for treating mental illness. Front. Psychiatr 12, 727117 10.3389/fpsyt.2021.727117.

Vizeli P, Straumann |, Duthaler U, Varghese N, Eckert A, Paulus MP, Risbrough V, Liechti ME, 2022.
Effects of 3,4-methylenedioxymethamphetamine on conditioned fear extinction and retention in a
crossover study in healthy subjects. Front. Pharmacol 13.

\ollenweider FX, Smallridge JW, 2022. Classic psychedelic drugs: update on biological mechanisms.
Pharmacopsychiatry 55, 121-138. 10.1055/a-1721-2914. [PubMed: 35079988]

Weeks BS, Weeks SD, Kim A, Kessler L, Perez PP, 2021. Physiological and Cellular Targets of
Neurotrophic Anxiolytic Phytochemicals in Food and Dietary Supplements. IntechOpen 10.5772/
intechopen.97565.

Wen Z, Seo J, Pace-Schott EF, Milad MR, 2022. Abnormal dynamic functional connectivity
during fear extinction learning in PTSD and anxiety disorders. Mol. Psychiatr 1-9. 10.1038/
541380-022-01462-5.

Weston NM, Gibbs D, Bird CIV, Daniel A, Jelen LA, Knight G, Goldsmith D, Young AH, Rucker JJ,
2020. Historic psychedelic drug trials and the treatment of anxiety disorders. Depress. Anxiety
37, 1261-1279. 10.1002/da.23065. [PubMed: 32627308]

Whittaker E, Dadabayev AR, Joshi SA, Glue P, 2021. Systematic review and meta-analysis of
randomized controlled trials of ketamine in the treatment of refractory anxiety spectrum
disorders. Ther. Adv. Psychopharmacol 11, 20451253211056744 10.1177/20451253211056743.

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. 10.1038/tp.2016.231 €974—€974. [PubMed: 27922638]

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Singewald et al.

Page 39

Whittle N, Singewald N, 2014. HDAC inhibitors as cognitive enhancers in fear, anxiety and
trauma therapy: where do we stand? Biochem. Soc. Trans 42, 569-581. 10.1042/BST20130233.
[PubMed: 24646280]

Williams T, Phillips NJ, Stein DJ, Ipser JC, 2022. Pharmacotherapy for post traumatic stress disorder
(PTSD). Cochrane Database Syst. Rev 10.1002/14651858.CD002795.pub3.

Wise T, Patrick F, Meyer N, Mazibuko N, Oates AE, van der Bijl AHM, Danjou P, O’Connor SM,
Doolin E, Wooldridge C, Rathjen D, Macare C, Williams SCR, Perkins A, Young AH, 2020.
Cholinergic modulation of disorder-relevant neural circuits in generalized anxiety disorder. Biol.
Psychiatr 87, 908-915. 10.1016/j.biopsych.2019.12.013.

Witkin JM, Lippa A, Smith JL, Jin X, Ping X, Biggerstaff A, Kivell BM, Knutson DE, Sharmin D,
Pandey KP, Mian MY, Cook JM, Cerne R, 2022. The imidazodiazepine, KRM-11-81: an example
of a newly emerging generation of GABAKines for neurological and psychiatric disorders.
Pharmacol. Biochem. Behav 173321 10.1016/j.pbb.2021.173321. [PubMed: 35041859]

Wittchen HU, Jacobi F, Rehm J, Gustavsson A, Svensson M, Jonsson B, Olesen J, Allgulander C,
Alonso J, Faravelli C, Fratiglioni L, Jennum P, Lieb R, Maercker A, van Os J, Preisig M,
Salvador-Carulla L, Simon R, Steinhausen H-C, 2011. The size and burden of mental disorders
and other disorders of the brain in Europe 2010. Eur. Neuropsychopharmacol 21, 655-679.
10.1016/j.euroneuro.2011.07.018. [PubMed: 21896369]

Won E, Kim Y-K, 2020. Neuroinflammation-associated alterations of the brain as potential neural
biomarkers in anxiety disorders. Int. J. Mol. Sci 21, 6546. 10.3390/ijms21186546. [PubMed:
32906843]

Yaeger JDW, Krupp KT, Jacobs BM, Onserio BO, Meyerink BL, Cain JT, Ronan PJ, Renner KJ,
DiLeone RJ, Summers CH, 2022. Orexin 1 receptor antagonism in the basolateral amygdala
shifts the balance from pro- to antistress signaling and behavior. Biol. Psychiatr 91, 841-852.
10.1016/j.biopsych.2021.12.019.

Yang R, Wu GWY, Verhoeven JE, Gautam A, Reus VI, Kang JI, Flory JD, Abu-Amara D, PTSD
Systems Biology Consortium, Hood L, Doyle FJ, Yehuda R, Marmar CR, Jett M, Hammamieh
R, Mellon SH, Wolkowitz OM, 2021. A DNA methylation clock associated with age-related
illnesses and mortality is accelerated in men with combat PTSD. Mol. Psychiatr 26, 4999-5009.
10.1038/s41380-020-0755-z.

Young MB, Norrholm SD, Khoury LM, Jovanovic T, Rauch SAM, Reiff CM, Dunlop BW, Rothbaum
BO, Howell LL, 2017. Inhibition of serotonin transporters disrupts the enhancement of fear
memory extinction by 3,4-methylenedioxymethamphetamine (MDMA). Psychopharmacology
234, 2883-2895. 10.1007/s00213-017-4684-8. [PubMed: 28741031]

Yu C-L, Yang F-C, Yang S-N, Tseng P-T, Stubbs B, Yeh T-C, Hsu C-W, Li DJ, Liang C-S, 2021.
Psilocybin for end-of-life anxiety symptoms: a systematic review and meta-analysis. Psychiatry
Investig 18, 958-967. 10.30773/pi.2021.0209.

Zalachoras |, Hollis F, Ramos-Fernandez E, Trovo L, Sonnay S, Geiser E, Preitner N, Steiner
P, Sandi C, Morat6 L, 2020. Therapeutic potential of glutathione-enhancers in stress-related
psychopathologies. Neurosci. Biobehav. Rev 114, 134-155. 10.1016/j.neubiorev.2020.03.015.
[PubMed: 32438253]

Zhang W, Yan Y, Wu Y, Yang H, Zhu P, Yan F, Zhao R, Tian P, Wang T, Fan Q, Su Z, 2022. Medicinal
herbs for the treatment of anxiety: a systematic review and network meta-analysis. Pharmacol.
Res 179, 106204 10.1016/j.phrs.2022.106204. [PubMed: 35378276]

Zorumski CF, Paul SM, Covey DF, Mennerick S, 2019. Neurosteroids as novel antidepressants
and anxiolytics: GABA-A receptors and beyond. Neurobiol. Stress 11, 100196. 10.1016/
J.ynstr.2019.100196. [PubMed: 31649968]

Neuropharmacology. Author manuscript; available in PMC 2024 March 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Singewald et al.

N

acute

BNC210, aloradine,
cannabidiaol, darigabat,
ketamine, NBTX-001,
cyclobenzabrine, LSD,
riluzole, JZP150, oxytocin

neuroplasticity

sustained

ketamine, LSD

psychotherapeutic
@ approaches

%+ N,

Fig. 1.

Examples of drugs in clinical development designed to produce acute and/or enduring

MDMA, LSD, psilocybin, oxytocin

improved adherence/therapeutic learning:

extinction facilitation:
MDMA, L-DOPA, D-cycloserine, oxytocin,
JZP150, dronabinol, NBTX-001,
hydrocortison

interference with fear-reconsolidation:
MDMA, propranolol, (hydrocrtison)
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