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Abstract Despite efforts to develop more effective therapies, PTSD remains a
difficult disorder to treat. Insight into the dynamic nature of memory formation
and its required molecular machinery can provide an opportunity to target patholog-
ical memories for emotionally arousing events. As memories become labile upon
retrieval, novel information can update the strength and course of these consolidated
memories. Targeting the process of reconsolidation may offer a relevant approach to
attenuate fearful and traumatic memories. Specific molecular mechanisms that are
required for reconsolidation of arousing information include an intact functioning of
the glutamatergic signaling pathways and, more specifically, the integrity of NMDA
receptors. Ketamine, a noncompetitive NMDA-receptor antagonist, is receiving
increasing interest for a variety of psychiatric indications. This compound can also
be an interesting candidate for targeting emotional memories. We explore whether
single intravenous infusion of a subanesthetic dose of ketamine can be considered as
a viable augmentation strategy for trauma-focused psychotherapy in patients with
PTSD. As a consequence, a systematic approach is needed to assess the pharmaco-
dynamic effects of ketamine in relation to both psychotherapy and its pharmacoki-
netics prior to its application in patient populations. By using a “question-based drug
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development plan,” we can explore such aspects for novel drugs, and we formulated
five additional topics that need to be addressed concerning the psychotherapeutic
approach and phase orientation of pharmacological assisted psychotherapy.

Keywords Consolidation - Extinction learning - Ketamine - Memory -
Pharmacological assisted psychotherapy - Posttraumatic stress disorder -
Reconsolidation
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1 Introduction

Posttraumatic stress disorder (PTSD) can be considered as a disorder in which
emotional memory plays a key role (Yehuda and LeDoux 2007). Despite efforts to
develop more effective therapies, it remains a difficult disorder to treat (Jonas et al.
2013). Targeting the strength of highly affective memories has shown to be a novel
and promising approach to attenuate fearful and traumatic memories. Over the last
decade, this has reflected in an abundance of research on memory resulting in the
discovery that memories become labile upon retrieval. In this phase novel informa-
tion can be integrated and can alter the nature and strength of consolidated fear
memories (Quirk and Mueller 2008). This approach has opened opportunities for
exploration of a new strategy with compounds that could lead to significant clinical
improvements in treating PTSD.

In this review, we provide a rationale for targeting pathological memory forma-
tion with a pharmacological approach embedded in a psychological treatment. We
will specifically highlight the role of N-methyl-p-aspartate (NMDA )-receptor func-
tioning. We will argue that ketamine, a NMDA-receptor antagonist, potentially
holds promise in treatment of PTSD when administered as a single intravenous
(IV) infusion of a subanesthetic dose, especially as augmentation of trauma-focused



Subanesthetic Dose Ketamine in Posttraumatic Stress Disorder: A Role. ..

psychotherapy by attenuating reconsolidation of traumatic memories. Additionally,
we will provide a framework to systematically address all relevant topics for drug-
assisted psychotherapies, and we will apply this for ketamine-assisted psychotherapy
in PTSD.

2 Memory Formation and Glutamatergic Signaling
Through the NMDA Receptor

A well-studied translational model to understand formation of trauma-related mem-
ories is the Pavlovian fear-conditioning paradigm illustrated in Fig. 1 (Maren et al.
2013; Pavlov 1927; Pedreira and Maldonado 2003; Suzuki et al. 2004).
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Fig.1 A translational model to investigate trauma-related memories; a Pavlovian fear-conditioning
paradigm. (a) An animal is exposed to a cue (tone), the conditioned stimulus (CS), followed by an
aversive stimulus (shock), the unconditioned stimulus (US), several times. This US is an aversive
stimulus and subsequently elicits fear behavior in the animals, the conditioned response (CR). This
behavior represents a memory of the connection between the CS and the US, consolidation of the
fear memory. During presentation of the CS without the US (re-exposure), the animal now exhibits
fear behavior. A new (fear) memory is represented by a “memory trace” or “memory engram.” (b)
Depending on the frequency and duration of re-exposure, it can induce retrieval and reconsolidation
of the primary memory trace or result in extinction learning. 1. During brief re-exposure to the CS
without US (re-exposure), the fear memory is retrieved and returned to its unstable state and
subsequently restabilized (reconsolidation). When the memory is unstable, it is possible to integrate
new information into the same memory trace. 2. Extinction learning occurs if the duration or
frequency of re-exposure is sufficient to induce extinction learning. Extinction learning does not
affect the “old memory trace,” but rather it creates a “new memory trace.” Extinction learning
results in decrease of fear behavior exposed by the animals by antagonizing the primary formed
memory. Both reconsolidation and extinction learning can be involved in adaption of fear memory
and behavior (CR) in animals after re-exposure
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Consolidation, reconsolidation, and extinction learning have both common and
distinct steps in their biological pathways (Miller and Sweatt 2006; Nader 2015;
Suzuki et al. 2004). As consolidated memories become labile upon retrieval, novel
information can update the strength and course of these consolidated memories; this
process is reconsolidation (Miller and Sweatt 2006; Nader 2015). Extinction learn-
ing does not affect the “old memory trace” like in reconsolidation, but rather it
creates a “new memory trace,” and it is thought that the new memory antagonizes the
previous formed fear memory (Berman and Dudai 2001; Quirk and Mueller 2008).
The glutamatergic signaling pathway is important in synaptic plasticity and has a
crucial role during several stages of learning such as consolidation, retrieval, recon-
solidation, and extinction learning (Miller and Sweatt 2006; Quirk and Mueller
2008). More specifically, NMDA-receptor functioning has shown to be essential
during all these phases of learning (Miller and Sweatt 2006; Quirk and Mueller
2008). Disruptions in NMDA signaling can lead to deficits, e.g., chronic stress
exposure in rodents can disrupt NMDA-dependent hippocampal long-term potenti-
ation (Shors et al. 1989). On the other hand, manipulating NMDA-receptor func-
tioning after exposure to traumatic stress is a potential candidate mechanism to
modify reconsolidation and extinction learning (Quirk and Mueller 2008). For
example, the NMDA-receptor partial agonist p-cycloserine has shown to facilitate
extinction learning and lead to an attenuated fear response (Quirk and Mueller 2008;
Weber et al. 2007). On the other hand, NMDA-receptor antagonists can block
reconsolidation but may also block extinction learning resulting in undesirable
effects like prevention of extinction learning (Quirk and Mueller 2008). The duration
of re-exposure (CS exposure see Fig. 1) to the fear cue determines whether the
exposure will lead to reconsolidation or a shift to extinction. Suzuki et al. elegantly
demonstrated in animals that the extent of re-exposure can lead to different learning
mechanisms and opposite effects of NMDA-receptor antagonism. They showed that
a 3-min re-exposure to a conditioned stimulus (CS) induced reconsolidation (Fig. 1),
which could be blocked with an injection with a NMDA-receptor antagonist during
the 3-min re-exposure (Suzuki et al. 2004). When mice were re-exposed to the
CS for much longer, 30 min, the learning shifted to extinction. After a 30-min
re-exposure, the animals would normally show reduced fear behavior, but injection
of a NMDA-receptor antagonist prevented reduction of fear behavior and resulted
in a blockade of extinction learning (Duclot et al. 2016; Suzuki et al. 2004). The
potential dynamic of the NMDA receptor is complex since there are several binding
sites for antagonistic compounds. Competitive antagonism at different bindings
sites, like the glutamate or the glycine binding site, has been shown to block
reconsolidation (Das et al. 2013; Nader 2015). Thus, pharmacological compounds
that (temporarily) promote or inhibit the function of the NMDA receptor appear to be
a promising strategy to attenuate fear memory either by facilitating extinction or
blocking reconsolidation, respectively.
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3 Treatment Opportunities of Combining Psychotherapy
and Pharmacotherapy in PTSD

Evidence-based psychotherapies for PTSD are commonly divided as either trauma-
focused or non-trauma-focused. A key element in trauma-focused psychotherapy is
the exposure of the traumatic memory through speech, writing, or visualization. This
is considered a common and essential intervention because it is responsible for
the processing of traumatic memories (Schnyder et al. 2015). Targeting functional
processes like extinction learning and desensitization are capable to reduce the fear
response related to the traumatic memories (Garakani et al. 2006; Rauch et al. 2012).
While both trauma-focused and non-trauma-focused psychotherapies are considered
state-of-the-art treatments (Lancaster et al. 2016), almost all PTSD treatment guide-
lines recommend trauma-focused psychotherapies, and clinicians generally accept
these as the most effective treatment strategy (Bisson et al. 2007; Rauch et al. 2012).

Several central nervous system (CNS)-penetrating agents, such as antidepressants
and antipsychotics, are used as pharmacological treatments for patients with PTSD.
Overall, the aforementioned drugs are hypothesized to exert their therapeutic effects
by primarily modulating central monoaminergic neurocircuits (Casey 1997; Owens
et al. 1997). Some of these drugs have additional effects on the autonomic nervous
system (ANS) by either suppressing sympathetic activation or boosting parasympa-
thetic activity (Casey 1997; Davidson 2015). These drugs influence clinical symp-
tom clusters in PTSD such as anxiety, depressed mood and cognitive processes by
modulating central monoaminergic circuits, and hyperarousal and sleep disruption
via central and/or peripheral ANS effects in patients with PTSD (Davidson 2015).
Yet these mechanisms are often insufficient for symptom relief in PTSD since these
drugs alone or in different combinations have been shown to have only modest
therapeutic effects when compared to psychotherapeutic interventions (Jonas et al.
2013; Lee et al. 2016). We argue that this might be partly due to the fact that these
drugs do not target the key mechanism of the disorder, pathological memory
formation (Yehuda and LeDoux 2007). Therefore, new strategies for pharmacother-
apy that focus on pathological memory formation with pharmacological compounds,
manipulating the excitatory glutamate system, seem to be very promising (Garakani
et al. 2006; Rauch et al. 2012).

In everyday practice, it is common that patients are treated concurrently with
psychotherapy and pharmacotherapy. However, it is not yet established on which of
the treatments the efficacy is based (Hetrick et al. 2010). Moreover, therapeutic
combinations involving both, therapy and current drugs (antidepressants and anti-
psychotics), have not been designed to target the etiopathophysiology of the disor-
der. Hence, new studies are needed to determine how psycho- and pharmacotherapy
may have a synergistic effect. The possibility to manipulate consolidated traumatic
memories (McGaugh 1966; Vermetten et al. 2014) may provide an opportunity to
manipulate pathological memories even long after the incubation of PTSD. The
addition of pharmacological compounds could target underlying memory mecha-
nisms during psychotherapy and provide an opportunity to augment therapeutic
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efficiency (see Fig. 3c, d) (Vermetten and Krugers 2016). Currently, patients
undergo repeated exposure sessions to establish an improvement that is relying
partly on extinction learning (Craske 2015). Pharmacological compounds could
very well facilitate extinction learning that results in a faster reduction of the fear
response (Quirk and Mueller 2008). Another intervention strategy in this respect is to
block post-retrieval reconsolidation of a traumatic memory (Nader et al. 2013).
Theoretically, blocking reconsolidation could lead to a faster reduction of symptoms
in comparison with enhanced extinction learning (Nader 2015; Nader et al. 2013). It
may be so that fear reduction could possibly be established just after one session,
while several sessions are needed to achieve extinction learning.

The concept of enhancing or augmenting psychotherapy with pharmaco-
therapeutics is known as pharmacological or medication-assisted psychotherapy
(Vermetten et al. 2014). Preclinical research has discovered several compounds
with different receptor profiles (e.g., propranolol, cortisol, b-cycloserine, ketamine,
oxytocin, and MDMA) that have been identified as potential candidates to enhance
the effect of psychotherapy through several different mechanisms (Vermetten and
Krugers 2016). This review focuses in particular on the possibility of ketamine to
block reconsolidation of fear memories through NMDA -receptor antagonism. Fur-
thermore, a background on ketamine as a CNS drug for augmenting psychotherapies
in PTSD will be discussed.

4 Ketamine as a Central Nervous System Drug

4.1 Clinical Pharmacology of Ketamine

Ketamine is a pharmacological compound that was developed in the 1960s as an
anesthetic agent (Domino et al. 1965). It easily crosses the blood-brain barrier (BBB)
and affects a great variety of receptors. Ketamine often refers to a racemic mixture of
two enantiomers, S(+)-ketamine and R(—)-ketamine, but is also available as S(+)-
ketamine alone which is much more potent (Mion and Villevieille 2013). Demeth-
ylation of ketamine occurs within 2-3 min after IV infusion, and the metabolites
(norketamine and hydroxynorketamine among others) have pharmacological prop-
erties as well. Relevant information about the chemical structure, pharmacokinetics,
and pharmacodynamics is given in Box 1. Ketamine has a variety of dose-dependent
pharmacodynamic effects on the human brain that are mediated through different
receptors (Mion and Villevieille 2013; Oye et al. 1992). Its noncompetitive antag-
onism on the NMDA receptor is the most studied effect causing changes in opening
time and opening frequency of the channel pore (Li and Vlisides 2016; Orser et al.
1997). When administered in subanesthetic dosages (<0.5 mg/kg), ketamine has an
impact on mood, perception, and cognition (Bowdle et al. 1998; Krystal et al. 1994).
Mood is first described to be flattened with some drowsiness, while with higher
doses anxiety can occur (Li and Vlisides 2016). Ketamine can alter visual (height-
ened, dulled, and distorted), auditory, and tactile perception of the world and the self
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(Bowdle et al. 1998; Pomarol-Clotet et al. 2006). Cognition can be affected by
ketamine in a variety of ways, including vigilance and disrupted executive function-
ing (Krystal et al. 1994). Additionally, ketamine can induce referential thinking and
delusions such as paranoia and subjective changes in thinking (Bowdle et al. 1998;
Pomarol-Clotet et al. 2006). It was also shown that ketamine can induce amnesia
(Oye et al. 1992) and disruption of recall (Krystal et al. 1994). Due to these effects,
ketamine is used as a recreational drug especially among young people (Bearn and
O'Brien 2015). Besides the central effects, ketamine has several systemic effects like
increased heart rate and blood pressure through activation of the sympathetic ANS.
All these effects are transitory and are dependent of time to peak concentration and
elimination time (Kirby 2015; Li and Vlisides 2016).

Box 1: Pharmacological Structure, Pharmacokinetics,
and Neuropharmacology of Ketamine

Chemical Structure

Ketamine is phencyclidine derivate (CI-581, 2-chlorophenyl-2-
methylamino-cyclohexanone, C;3H;¢CINO) (Domino et al. 1965). Ketamine
primarily existed of a racemic mixture of two enantiomers S(+)-ketamine and
R(—)-ketamine. Where S(+)-ketamine has a CH3 group, R(—)-ketamine had
H alone. Nowadays also S(+)-ketamine alone has become available. S(+)-
ketamine is at least two times more potent compared to racemic ketamine
(Mion and Villevieille 2013).

Cl

NH

He” O

Chemical structure of S(+)ketamine

Pharmacokinetics

Ketamine is a lipid-soluble molecule with a large volume of distribution
which rapidly crosses the blood-brain barrier (BBB). There is low binding of
10-40% to plasma proteins (Mion and Villevieille 2013). The bioavailability

(continued)
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Box 1 (continued)

of ketamine is intramuscular 93%, oral 17-29%, and intranasal 8—45% (Li and
Vlisides 2016). Via demethylation, approximately 80% of ketamine is metab-
olized into norketamine and 15% into 6-hydroxynorketamine (Woolf and
Adams 1987). Subsequently, norketamine is metabolized by liver microsomal
cytochrome P450. CYP3A4 is the major enzyme involved in ketamine’s N-
demethylation (Hijazi and Boulieu 2002). Demethylation of ketamine occurs
within 2-3 min after injection of an intravenous (IV) bolus. Clearance of
ketamine is high and it has an elimination halftime of 2-3 h (Domino et al.
1984). Norketamine is detectable after 2—3 min with a peak concentration after
30 min. The elimination of norketamine is slower than ketamine, and contin-
uous IV administration of ketamine will result in an accumulation of
norketamine (Mion and Villevieille 2013).

Pharmacodynamics

The primary central nervous system effects are thought to be mediated by
binding on glutamate receptors (Mion and Villevieille 2013). The most known
mechanism of action is the noncompetitive antagonism of the NMDA receptor
through changes in opening time and opening frequency (Orser et al. 1997).
The binding affinity for the NMDA receptor is high; Ki values are S(+)-
ketamine 0.69 and for R(—)-ketamine 2.57 (Moaddel et al. 2013). Binding
affinity for dopamine d2 receptor (Ki value =0.5 pM) and serotonin 5-HT2
receptor (Ki value = 15 pM) has been found within the pharmacological
relevant range (Kapur and Seeman 2002). Ketamine also has the potential to
bind to others (non-glutamate receptors) such as monoaminergic, cholinergic,
opioid, muscarinic, and nicotinic receptors although with a much lower bind-
ing affinity (Mion and Villevieille 2013). Furthermore, metabolites of keta-
mine, such as norketamine and hydroxynorketamine, have pharmacological
properties as well. For example, (S)-norketamine has a high affinity for the
NMDA receptor, Ki value 2.25 (Moaddel et al. 2013).

Ketamine is used for anesthesia, for analgesia, and more recently for
psychiatric disorders like depression. It is not yet completely clear which
part of the effect is established by ketamine and which part by its metabolites.
Norketamine is thought to be involved in nociception but has a three times
smaller effect compared to ketamine (Li and Vlisides 2016). Recently
hydroxynorketamine has been showed to be responsible for the antidepressant
effect through binding on the AMPA receptors (Zanos et al. 2016).

Dosage depends strongly on the indication. Anesthesia is induced with
dosages that range from 1 to 4.5 mg/kg IV, and a coma can be maintained with
repeated dosages of 0.5-1 mg/kg IV. Because a coma is not induced by
ketamine, 0.5 mg/kg IV is considered a subanesthetic dose (Li and Vlisides
2016).
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4.2 Ketamine in Search of an Indication in Psychiatry

Because of its psychotropic effects (Krystal et al. 1994) and its ability to easily cross
the BBB (Peltoniemi et al. 2016), research of ketamine has expanded to the field of
psychiatry. Due to its effect on cognition and perception, ketamine can mimic
psychosis-like symptoms and be used as a model of schizophrenia in healthy
individuals without a prior or current history of psychotic disorder (Domino and
Luby 2012). Increased interest in the use of ketamine as a potential treatment for
psychiatric disorders emerged after the discovery of NMDA-receptor antagonism
reversing depressive-like behaviors in animals (Papp and Moryl 1994; Przegalinski
et al. 1997; Trullas and Skolnick 1990). Only two decades ago, Berman et al.
published the first paper about the rapid effects of ketamine on patients with
depressive episodes (Berman et al. 2000). They showed that a single IV infusion
of 0.5 mg/kg ketamine resulted in greater reduction of depressive symptoms com-
pared to placebo (Berman et al. 2000). This was replicated by Zarate et al. with a
second randomized controlled trial who reported the antidepressant effect lasted for
1 week (Zarate et al. 2006). Since then, research on ketamine as a treatment strategy
for depression has greatly expanded (Caddy et al. 2014). To extend the durability of
the antidepressant effect, the protocol has been adjusted with repeated IV infusion of
ketamine instead of a single IV infusion. A study using this protocol reported a
prolonged effect of more than 2 weeks (18 days) (Murrough et al. 2013b). Although
many studies (RCTs with passive and active placebo, open-label studies, case
reports) published that ketamine exerts a rapid effect on symptom reduction
(Caddy et al. 2014), the most recent meta-analysis concluded that this evidence is
quite promising but limited due to risk of bias and small study samples (Caddy et al.
2015). In addition to the interest in ketamine as treatment for depression, studies
have started to investigate the potential of ketamine as an acute treatment for suicidal
ideation. The first reports are positive and these studies conclude a beneficial effect
(Mallick and McCullumsmith 2016; Murrough et al. 2015; Price et al. 2009).
Although a lot of research has already been performed, more research is needed to
strengthen the evidence on ketamine as therapeutic drug in mood disorders and
suicidal ideations. This research needs to address the question about optimal dosing
and route of administration in order to establish a prolonged and sustained effect.
Additionally, it should aim to unravel the underlying biological mechanism through
which ketamine exerts its effect on mood symptoms. New insights have shown
that the antidepressant effect of ketamine is partially mediated through its
metabolite hydroxynorketamine, which appears to be NMDA receptor independent
and accomplished through the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid (AMPA) receptor (Zanos et al. 2016). Via this type of research, a more targeted
treatment approach with fewer side effects could be developed.
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4.3 Single IV Infusion of a Subanesthetic Dose Ketamine
as Treatment in PTSD

In 2014 Feder et al. published the first randomized controlled trial using ketamine as
treatment in patients with PTSD. In this proof of concept study, they compared a
single IV infusion of racemic ketamine of 0.5 mg/kg for 40 min with IV midazolam
as active comparator in 41 patients (Feder et al. 2014). The protocol used for this
symptom-focused study is similar to the first studies that investigated the effect of
ketamine on depression (R. M. Berman et al. 2000; Murrough et al. 2013a). Feder
et al. reported a rapid and significantly increased improvement of PTSD symptoms
in patients who received ketamine compared to midazolam. Reduction of subjective
stress was measured 24 h after infusion with a self-report questionnaire (Impact of
Event Scale — Revised). This questionnaire used subscales on symptoms of intru-
sion, avoidance, and hyperarousal. The reduction was significant for all three sub-
scales. As patients with PTSD often suffer from comorbid depression, the study also
discussed the effect of ketamine on depressive symptoms. They showed that keta-
mine infusion resulted in a significantly larger reduction in comorbid depressive
symptoms when compared to midazolam. It is important to note that baseline
depressive symptoms and the effects of treatment on depressive symptoms did not
predict the effect of ketamine on PTSD symptoms. Therefore, Feder et al. argued that
the improvement in symptoms of PTSD was not due to the effect on comorbid
depressive symptoms (Feder et al. 2014). Supportive evidence exists from three case
reports that demonstrated that ketamine decreases symptoms of PTSD in patients for
a period up to 2 weeks (D'Andrea and Andrew Sewell 2013; Donoghue et al. 2015;
Womble 2013). Another group highlighted the effect of ketamine on PTSD symp-
toms with a subanalysis of comorbid PTSD in patients with depression (Zeng et al.
2013).

An important contribution of the Feder study is that they were the first to show
that ketamine is safe and well tolerated in the treatment of PTSD. They do report
transient dissociative symptoms (Feder et al. 2014). This is specifically important
because ketamine can induce (in a dose-dependent manner) dissociative symptoms
and paranoid thoughts, which are symptoms reported by many patients with PTSD.
However, it is not reported to what extent patients already experienced dissociative
or cognitive symptoms at baseline. Furthermore, it should be noted that the Feder
study is performed with racemic ketamine (mixture of both enantiomers S(+)-
ketamine and R(—)-ketamine) and that side effects might be more prominent if
only S(+)-ketamine would have been used (Peltoniemi et al. 2016). To strengthen
these first promising results, a replication study is needed. The Feder study raises
questions concerning the underlying mechanisms. Are these effects mediated solely
through NMDA-receptor antagonism and how does it affect pathological memory
formation? Additional studies need to answer these questions.
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4.4 The Effects of Ketamine on Memory, Development of
Memory, and Stress Disorders

The impact of ketamine on the different stages of memory formation in humans has
not been systematically addressed. There is some circumstantial evidence on the
relationship between ketamine and its effect on memory and stress in humans from
retrospective observation studies in battlefield anesthetics (McGhee et al. 2008,
2014). They initially reported that perioperative use of ketamine would protect
against the development of PTSD. However, in a larger study, this was not repli-
cated, and they concluded that perioperative ketamine did not protect against acute
and delayed stress symptoms (McGhee et al. 2008, 2014). On the other hand,
another group reported that perioperative ketamine would even lead to a higher
percentage of PTSD symptoms (Schonenberg et al. 2005). These studies could
potentially give information whether ketamine can promote or inhibit memory
consolidation. However, interpretation is difficult because the exact time window
between the traumatic event (and thus the start of consolidation of the memory) and
the administration of ketamine is not mentioned. Even though another study showed
elevated symptoms of acute stress (dissociation, reexperiencing, hyperarousal,
avoidance) 3 days after administration of perioperative ketamine, it is difficult to
interpret this effect as an effect on traumatic memory due to the dissociative side
effects (Schonenberg et al. 2008). Due to this conflicting evidence, the relation of
perioperative ketamine administration after trauma and PTSD symptomology linked
to pathological memories remains unclear. However, these studies did identify that
something profound is going on with ketamine treatment after traumatic events,
which is emphasized by a qualitative study that interviewed clinicians who used
ketamine as an anesthetic (Wilson and Pokorny 2012). To obtain better knowledge
about the effect of ketamine on human memory formation, dose-range studies during
specific stages need to be performed.

5 Novel Use of Ketamine to Target Traumatic Memories
in PTSD

5.1 Ketamine Targeting Pathological Memory Formation

The different stages of memory formation provide several treatment targets for
PTSD and can be distinguished as the event-based “golden hours” and exposure-
based “golden hours” (Fig. 2) (Vermetten and Krugers 2016). The event-based
“golden hours” provide an opportunity to investigate the potential of ketamine as
primary or secondary prevention of PTSD in high-risk groups. Thus, can ketamine
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Fig. 2 This figure illustrates the development of traumatic memories over time. Four time points
are identified for potential pharmacological interference with traumatic memory (formation).
A. Prior to the exposure and formation of the traumatic memory, the compound could enhance
resilience. B. Directly after exposure of a traumatic event, consolidation of the traumatic memory
can be blocked. C. Blocking of reconsolidation directly after exposure within the time window of
0-6 h. D. Facilitation of extinction learning of traumatic memories

enhance resilience prior to a traumatic event or alter consolidation directly after a
traumatic event?

A proof-of-mechanism study in mice showed the potential of ketamine to
enhance resilience (Fig. 2A) to a stress exposure (Brachman et al. 2016; McGowan
et al. 2017). They reported that injection of a subanesthetic dosage of ketamine prior
to exposure of the CS + US in a fear-conditioning paradigm (Fig. 1) (in addition to
the obvious effects on US perception) reduced fear behaviors in mice (McGowan
etal. 2017). It was shown that this protective effect was only present within a specific
time window. Injection of ketamine 1 week before CS + US exposure also enhanced
resilience. However, injection of ketamine 1 h or 1 month before CS + US exposure
did not result in this protective effect (McGowan et al. 2017). Furthermore, it is
reported that the effect lasted beyond the half-life period of ketamine (Brachman
et al. 2016; McGowan et al. 2017). Therefore the authors suggested that ketamine
treatment might be implemented as a vaccine-like strategy in high-risk groups
(Brachman et al. 2016; McGowan et al. 2017). The exact time window of this
putative protective effect in humans would need to be more carefully investigated.
For a successful translation of this approach to enhance resilience with ketamine,
many other aspects, such as the dosage and dissociative side effects, need to be
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carefully considered. Administration of ketamine directly after the traumatic event,
within the window of consolidation (Fig. 2B), is another opportunity. However
preclinical studies show inconsistent result of the effect that ketamine administration
has on consolidation of fear memories (Groeber Travis et al. 2015; Ito et al. 2015;
Juven-Wetzler et al. 2014; Suzuki et al. 2004). Due to this conflicting evidence, it is
currently too early to implement ketamine as an effective prevention strategy for
adverse memory formation after a traumatic event. Possible preclinical studies in
healthy humans could help to determine the effect of ketamine on consolidation of
fear-related and emotional memory.

Another novel and promising approach is to implement ketamine in trauma-
focused psychotherapies for PTSD, during exposure-based “golden hours™ (Fig. 2).
During reconsolidation and extinction learning, NMDA -receptor functioning is essen-
tial. We argued in Sect. 3 that blocking reconsolidation (Fig. 2C) might have a more
rapid effect compared to facilitation of extinction learning (Fig. 2D). There is con-
vincing evidence that NMDA-receptor antagonism blocks reconsolidation in preclin-
ical studies (Das et al. 2013; Duclot et al. 2016; Suzuki et al. 2004). Via antagonistic
binding to the NMDA receptor, ketamine has the potential to adapt NMDA-receptor
functioning (Orser et al. 1997). Therefore, we hypothesize that targeting reconsoli-
dation of pathological memory formation with ketamine during the exposure-based
“golden hours” is a potential treatment strategy for PTSD.

To our knowledge, only a few preclinical studies have investigated the effect of
ketamine on reconsolidation in a fear-conditioning paradigm in rodents (Duclot et al.
2016; Honsberger et al. 2015). Honsberger et al. found that an injection of ketamine
directly after re-exposure did not lead to reduction of fear behavior in an auditory
fear memory paradigm (Honsberger et al. 2015). However, Duclot et al. showed that
ketamine administration directly after re-exposure induced disruption of contextual
fear memory and led to a reduction of fear behavior. This study also showed that the
reduction of fear is dependent on the dosage of ketamine. A lower dose would lead to
fear reduction, whereas a higher dose of ketamine would not. This study showed that
ketamine is effective in blocking reconsolidation of fear memory in rodents in an
inverted U-shaped dose-response manner (Duclot et al. 2016). Girgenti et al. also
reported about their experiments with ketamine in a fear extinction paradigm.
Results showed that ketamine administration before re-exposure of 30 s reduced
fear behavior in animals (Girgenti et al. 2017). However, this study remains incon-
clusive whether this effect is due to blocking reconsolidation or facilitation of
extinction. Most evidence reports that extinction learning requires NMDA -receptor
functioning (Quirk and Mueller 2008), and Suzuki et al. reported that re-exposure
paradigm of 3 min induces reconsolidation (Suzuki et al. 2004). Therefore, we argue
that it seems more feasible that the effect that Girgenti et al. showed is the result of
NMDA -receptor-dependent blockade of reconsolidation. Preliminary results in
nonhuman primates also showed a reduction of fear behavior after ketamine was
administered during the reconsolidation phase (Philippens et al. 2017). These studies
trigger the demand to investigate the effect of ketamine on reconsolidation of fearful
memories in humans and, more specifically, to answer the question if ketamine is
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able to block reconsolidation of traumatic memories in patients with PTSD in
relation to re-exposure during psychotherapy.

Ketamine is a promising candidate in the strategy of pharmacological assisted
psychotherapy. Ketamine may indeed be able to reinforce the effect of psychother-
apies. Patients might experience lower stress levels during therapy, and dropout rates
could potentially be reduced. As far as we know, no studies have been performed
with ketamine as additional treatment during trauma-focused psychotherapy. At the
time of writing, two clinical trials are registered for the investigation of ketamine in
combination with psychotherapy (The Cooper Health System n.d.).

In the next section, the steps that need to be taken to use ketamine as a method to
specifically target pathological memory via reconsolidation are discussed.

5.2 How to Investigate Ketamine-Assisted Psychotherapy for
PTSD That Targets Reconsolidation

Evidence that ketamine can modulate traumatic memory is predominantly circum-
stantial and originates mainly from preclinical animal data (Sect. 5.1) and retrospec-
tive observational studies in humans (Sect. 4.4). The implementation of ketamine as
a viable pharmacological strategy to enhance psychotherapies in PTSD therefore
requires further evaluation. To illustrate this point, the NMDA-receptor agonist D-
cycloserine has recently been proposed as a promising candidate for pharmacolog-
ically augmented fear extinction during trauma-focused psychotherapy for PTSD
(Rothbaum et al. 2014). Although numerous studies with p-cycloserine have been
conducted, they lack methodological standardization such as dose selection, timing
of administration relative to the psychotherapeutic invention, and primary outcome
parameters; for review, see Mataix-Cols et al. (2017). Together, these issues con-
tribute to wide range of compelling findings among research groups (for instance,
post hoc classifications of good and bad therapy session response) and raise ques-
tions regarding its reliability, as a consequence, limited applicability in research and
clinical practice. Thus the p-cycloserine case illustrates that designing a study to
investigate pharmacologically augmented fear extinction during psychotherapy is
not straightforward, since the compound’s pharmacology, the psychotherapeutic
intervention, and the functional CNS processes that underlie memory formation
that are targeted all need to be considered.

In this context, ketamine can be conceived of as a novel pharmacological
compound for the treatment of PTSD in general and the modulation of pathological
traumatic memories in particular. As a consequence, a systematic approach is needed
to assess its pharmacodynamic effects in relation to both psychotherapy and its
pharmacokinetics prior to its application in patient populations. The “question-based
drug development” approach has been proposed as a model to explore such aspects
for novel drugs (Cohen et al. 2015). This approach consists of six questions that
systematically address the most relevant aspects during drug development of a novel
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pharmacological treatment (Cohen et al. 2015). In addition, we formulated five
topics that need to be addressed concerning the psychotherapeutic approach and
phase orientation of pharmacological assisted psychotherapy (see Box 2). We
believe that addressing these questions and topics represents a crucial step in
designing a study for drug-assisted psychotherapy, which systematically addresses
below.

Box 2: Five Essential Topics for Designing Pharmacological Assisted
Psychotherapy, in Addition to the ‘“Question-Based Drug Development”
Approach

Concerning the psychotherapeutic intervention

* Describe the therapeutic process that is targeted with the medication
(*memory processing).

* Outline the psychotherapeutic approach for the combined approach
(*trauma-focused psychotherapy).

* Define the essential therapy conditions in order to affect the target process
(*prediction error, proper amount of emotional involvement).

Concerning phase orientation

* Define the timing of drug administration in relation to the psychotherapeu-
tic intervention (*after retrieval of the traumatic memory within the
reconsolidation window).

* Define the proper frequency of the combined intervention (*hypothesized
one time, since repeated infusion might prevent extinction).

*Short answers for ketamine-assisted psychotherapy to block reconsolidation
which is extensively explained in Sect. 5.4.

5.3 ‘“Question-Based Drug Development” Approach
5.3.1 Does Ketamine Reach the Site of Action?

When administered intravenously in humans, ketamine has a high bioavailability,
readily crosses the BBB, and dose-dependently induces transient psychomimetic
effects in healthy humans (Krystal et al. 1994) and patients with mood disorders
(Berman et al. 2000; Feder et al. 2014) around the maximal ketamine plasma
concentration (Cmax) (Kleinloog et al. 2015). In addition, ketamine displays rela-
tively high in vitro binding affinity for the NMDA receptor (see Box 1), with S(+)-
ketamine having a higher affinity than R(—)-ketamine or the racemic mixture.
Together, these findings provide confidence that ketamine reaches the NMDA
receptors located within the CNS. It should be noted though that ketamine’s active
metabolites norketamine and hydroxynorketamine have also been demonstrated
to have CNS effects. In fact, they have been implicated to contribute to both
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the antidepressant and the nociceptive effects of ketamine (Box 1) (Mion and
Villevieille 2013; Zanos et al. 2016). The exact extent to which the pharmacody-
namic effects of ketamine in humans can be attributed to ketamine itself or to these
metabolites still remains to be established and is subject to ongoing investigation.

5.3.2 Does Ketamine Exert an On-Target Pharmacological Effect?

For ketamine to effectively block reconsolidation of traumatic memories, it relies on
its properties as central NMDA-receptor antagonist and possibly on some of its
active metabolites, such as norketamine (Moaddel et al. 2013) (Box 1). Several
potentially viable pharmacological biomarkers for NMDA-receptor antagonism
have been suggested in literature. For example, gamma-band electroencephalogra-
phy (EEG) has been proposed as a putative translational biomarker for antagonism
of the NMDA receptor (Sanacora et al. 2014). In addition, in healthy volunteers
ketamine demonstrates concentration-dependent decreases in saccadic peak velocity
and smooth pursuit eye movements and increases of the total Positive and Negative
Syndrome Scale (PANSS) (Kleinloog et al. 2015). Taken together, several candidate
biomarkers for NMDA-receptor antagonism exist which may be applied to quantify
ketamine’s NMDA-receptor antagonistic properties in health and disease.

5.3.3 Does Ketamine Display Off-Target Pharmacological Effects?

Ketamine and its metabolites can bind to several non-glutamate receptors which may
result in off-target pharmacological effects. Binding affinity for other receptors than
the NMDA-receptor is generally much lower and can therefore be considered
pharmacologically irrelevant (Hirota et al. 2002; Moaddel et al. 2013), with the
exception of the dopamine 2 receptor (D2) and serotonin 5-HT?2 receptor (Kapur and
Seeman 2002). Ketamine is associated with concentration-dependent increases in
peripheral serum prolactin (Kleinloog et al. 2015). Since prolactin release is modu-
lated by dopamine in central tuberoinfindibular projections, these findings suggest
that ketamine has potent D2 antagonistic properties. Ketamine is associated with
the occurrence of transient increases in both systolic and diastolic blood pressure.
The precise mechanism however is poorly understood and assumed to result from
centrally mediated ANS activation.

5.3.4 Does Ketamine Display On-Target Pathophysiological Effects?

Central to this question is whether ketamine modulates memory reconsolidation by
antagonizing the NMDA receptor and by doing that can enhance the effect of
psychotherapy in PTSD. Preclinical research has shown that ketamine can block
reconsolidation in rodents (Duclot et al. 2016) and nonhuman primates (Philippens
et al. 2017). Investigators observed a reduction of fear behavior in a contextual fear
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paradigm and concluded that reconsolidation of the fear memory was blocked.
Whether ketamine can block reconsolidation of fear memory in humans is yet
to be studied. No reliable biomarker that quantifies the disruption of memory
reconsolidation by an intervention, whether psychotherapeutic or pharmacological,
yet exists and will need to be developed. The on-target pathophysiological response
in patients with PTSD to ketamine would be the reduction of fear related to the
traumatic memory, which is most commonly measured with questionnaires. An
elegant example of a stepped approach is the study by the group of Kindt investi-
gating the effect that propranolol (noradrenergic -blocker) has on reconsolidation
(Kindt et al. 2009; Soeter and Kindt 2015). First a fear-conditioning model induced
emotional (fear) memories in healthy human subjects, by applying painful shocks
related to specific visual cues. They showed that after re-exposure to these specific
cues, reconsolidation of the (fear) memories can be blocked by propranolol admin-
istration (Kindt et al. 2009; Schwabe et al. 2012). They measured fear reduction with
the startle response, which is one of the most robust biological methods to measure
fear in healthy humans (Kindt et al. 2009). For the next step, they successfully
translated these results for patients with spider phobia. They showed if patients are
treated with propranolol concurrent with exposure to real spiders, patients displayed
a reduction of fear behavior toward real spiders. Thus this study elegantly showed
that propranolol blocked reconsolidation of fear memories in patients with spider
phobia (Soeter and Kindt 2015). An important next step now is to investigate if
propranolol can block reconsolidation of traumatic memories in PTSD (Brunet et al.
2008; Kindt and van Emmerik 2016). Thus, a fear memory paradigm in healthy
humans provides a more objective marker to determine if ketamine can indeed block
reconsolidation of human memories and will help to determine the on-target phar-
macological effect in patients with PTSD.

5.3.5 Does Ketamine Have Any Off-Target Pathophysiological Effects?

Ketamine has a high in vitro affinity for the central D2 receptor (see Box 1) and
induces transient increases in systolic and diastolic blood pressure. D2-mediated
sustained hyperprolactinemia with antipsychotic drugs is associated with the occur-
rence of untoward effects such as galactorrhea and sexual dysfunction (Bostwick
et al. 2009). However, since the incidental administration of ketamine during
psychotherapy in PTSD is not expected to result in sustained hyperprolactinemia,
unwanted clinical symptoms are not anticipated. Also, transient blood pressure
elevations are not expected to cause safety issues, provided that PTSD patients
with hypertension are carefully selected and blood pressure is monitored during
trials with ketamine. Both clinicians and patients should be aware that ketamine is an
addictive drug that has a strong potential to be abused (Kirby 2015). This is
specifically important since numbers of substance abuse are high in patients with
PTSD (Kessler et al. 1995).
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5.3.6 What Is Ketamine’s “Therapeutic Window”
for Pharmacologically Assisted Psychotherapy Targeting
Reconsolidation?

The most frequently applied dosing regimen for both depression and PTSD currently
is 0.5 mg/kg ketamine over 40 min (Feder et al. 2014; Zarate et al. 2006). Notably,
these dosages are based on consensus derived from clinical experience with keta-
mine in depression research and dose-ranging studies with ketamine as anesthetic
agent (Berman et al. 2000; Domino et al. 1984; Zarate et al. 2006). In addition a
single study in depression demonstrated similar antidepressant effects for both
the 0.2 and 0.5 mg/kg dose (Singh et al. 2016). Together, these findings raise the
issue of dose selection for pharmacologically assisted psychotherapy that targets
reconsolidation in PTSD. Moreover, an inadequate dose may be associated with no
effect, while supratherapeutic doses may be associated with burdensome side effects
or loss of effect due to a specific stimulatory effects and/or dissociative symptoms
that might obscure desirable effects on memory. It is not yet known what the
required dose is to block reconsolidation of a memory and more specifically of
traumatic memory in PTSD.

The issues raised by this question-based approach might challenge researchers to
think thoroughly about the design of studies with ketamine in PTSD. We emphasize
the benefits of a stepped approach to first investigate the potential of ketamine to
block reconsolidation in healthy humans with a fear memory paradigm. This pro-
vides an opportunity to determine if ketamine can indeed block reconsolidation of
memories in humans in a controlled setting. During this experiment, it might be
considered to add a dose-ranging element in order to determine the plasma concen-
tration that is required to block reconsolidation of memories in healthy humans.
Simultaneously the occurrence of side effects can be monitored for these plasma
concentrations. A subsequent step is to examine if reconsolidation of traumatic
memories can be blocked after re-exposure during psychotherapy in patients with
PTSD. Notably, the sensitivity to ketamine and the robustness of the traumatic
memories in patients with PTSD can differ greatly from trauma controls. An
important step is to determine the sensitivity of patients with PTSD to ketamine,
compared with the sensitivity of healthy controls. EEG or saccadic peak velocity and
smooth pursuit eye movements combined with the PANSS might be considered as
biomarkers for the on-target effects of NMDA-receptor antagonism (Kleinloog et al.
2015; Mion and Villevieille 2013; Sanacora et al. 2014). These biomarkers can be
helpful to determine the differences in sensitivity by measuring NMDA -receptor
antagonism of ketamine in patients with PTSD and compare the results with healthy
controls. When done for various doses and plasma concentrations, this provides
information on how to translate results from a fear-conditioning paradigm in healthy
humans to a study design for patients with PTSD. The results from a healthy subject
design can also be useful for other specific anxiety disorders, which are somewhat
easier to investigate due to less generalization of fear and more straightforward
retrieval of memories. Thus, a stepped approach to unravel the optimal dosing for
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blockade of reconsolidation can be helpful before implementing ketamine as addi-
tional treatment during psychotherapy in patients with PTSD. Remaining topics
that need to be addressed for pharmacological assisted psychotherapy concern the
psychotherapeutic approach and phase orientation of both interventions, and these
will be discussed in the next paragraph.

5.4 Ketamine Embedded in a Psychotherapeutic Process

To investigate if ketamine has an effect on reconsolidation of traumatic memories, it
is important to expand the scope from the “question-based drug development”
approach and consider also clinical aspects of pharmacological assisted psychother-
apy. Researchers need to carefully think about how to best optimize the psychother-
apeutic process and how medication and therapy may fit for optimal effect. A proper
framework to carefully design studies that investigate medication-assisted psycho-
therapy is missing. We formulated five topics that need to be addressed in any study
design of medication-assisted psychotherapy, also for ketamine-assisted psychother-
apy. These issues need to be framed.

5.4.1 Describe the Therapeutic Process That Is Targeted with the
Medication

For ketamine this is memory processing. With ketamine the goal is to change the
memory engram of the consolidated traumatic memory by interfering with
reconsolidation. It also may have an additional effect on affective processing,
since the memories may be revisited in a slightly less fearful state, allowing more
ease to revisit them. Perhaps we do not know enough yet to make a clear-cut
distinction between manipulations of reconsolidation as opposed to extinction learn-
ing in current psychotherapies.

5.4.2 Outline the Psychotherapeutic Approach for the Combined
Approach

For ketamine a trauma-focused psychotherapy is preferred. All specific techniques
that are essential for re-exposure to the traumatic memory can be used, CPT, EMDR,
or other exposure-based interventions. There are several protocols that describe these
techniques (Schnyder et al. 2015).

5.4.3 Define the Essential Therapy Conditions in Order to Affect the
Target Process

During re-exposure the aim is to retrieve and destabilize the traumatic memory. Only
then it is possible to update the memory engram or interfere with subsequent
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reconsolidation. Memory “de”stabilization can occur merely under the circum-
stances that there is something new to learn during retrieval (Sevenster et al.
2012). Based on prior experience and patterns of response, the brain expects
(or predicts) what will happen with a certain stimulus or situation. A memory enters
the unstable (labile) phase in the case that the outcome of “what is about to happen”
is not fully predictable (Krawczyk et al. 2017). For that reason the time and the
magnitude of the exposure should be planned in a proper way in order to be able to
block reconsolidation of the memory. Yet, the intensity/quantity of emotional
involvement of patients during exposure needs to be addressed in order for this
strategy to be well evaluated; over-involvement could lead to dissociation and
anxious flashbacks, while under-involvement may lead to avoidance. An experi-
enced therapist is able to establish balanced and well-tolerated spot-on exposure and
prevent avoidance, which would be preferred over a more standardized design, such
as listening to a tape of the traumatic event when cognitive avoidance may be more
likely to occur. To identify the right “hot spots™ for retrieval and destabilization of
traumatic memories in PTSD is quite a task, and to establish the right dose of
exposure in such a study could perhaps prove to be one of the most challenging
aspects. Since our therapeutic strategy targets reconsolidation of traumatic memo-
ries, a critical parameter is that a significant level of distress in patients should
originate from these intrusive traumatic memories and flashbacks. Notably, this
strategy may not necessarily need to affect all symptoms of PTSD, like feelings of
distrust and guilt that are often reported in patients.

5.4.4 Define the Timing of Drug Administration in Relation to the
Psychotherapeutic Intervention

In this strategy it concerns the relation between timing of ketamine administration
and opportunity of proper reconsolidation of the memory. There is some evidence
that NMDA-receptor antagonism by ketamine can interfere with (or even prevent)
retrieval of the memory (Milton et al. 2013), and therefore ketamine should not be
administered before retrieval, thus not before exposure. In addition, the time-specific
nature of the reconsolidation window needs to be taken into account, which is
generally considered 0-6 h after retrieval (Nader et al. 2000). These aspects together
with the pharmacological knowledge of ketamine (Tmax, elimination time, effect of
metabolites, etc.) determine the best timing of administration.

5.4.5 Define the Proper Frequency of the Combined Intervention

The frequency of administration relies on the clinical goals. Overall, this strategy
aims to make psychotherapies for PTSD more effective, e.g., an increased symptom
reduction or obtaining a more robust and sustainable effect. It can be argued that one
exposure session and a single infusion of ketamine should be investigated first. In
this way, the effect of ketamine on reconsolidation of memory after exposure can be
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identified. However, reintegration sessions, independent of ketamine-assisted
re-exposure session, are also important to integrate new learning into the patient’s
life. On another note, assuming that NMDA-receptor antagonism blocks extinction
learning and if ketamine is integrated in multiple sessions, long-term studies can also
induce undesirable effects. At this moment, there is no empirical evidence for the
frequency in a psychotherapeutic approach.

6 Conclusion

To improve the treatment of PTSD, research should focus on targeting one of the
core pathophysiological mechanisms, disrupted memory formation. Targeting
NMDA receptors by using ketamine can be effective to change the retention of
emotional and traumatic memories. There are promising first results for ketamine
infusion without memory retrieval in PTSD. We argue that ketamine infusion after
memory retrieval to block reconsolidation is another promising strategy for the
treatment of PTSD. We propose the “question-based drug development plan™ and
the additional five topics as a framework for developing medication-assisted psy-
chotherapy. By using this framework for ketamine-assisted psychotherapy to block
reconsolidation in patients with PTSD, we showed that ketamine has potential but as
well the gaps in the knowledge that need to be investigated. Additional preclinical
research is needed to expand the understanding of the contribution of the NMDA
receptor in the modulation, acquisition, and storage of memories for traumatic
events before and after consolidation. This information will help to clarify whether
targeting NMDA receptors with ketamine can indeed successfully contribute to the
treatment of patients with PTSD.
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