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Abstract

Background: The glutamatergic modulator ketamine has created a blueprint for studying novel pharmaceuticals in the field.
Recent studies suggest that “classic” serotonergic psychedelics (SPs) may also have antidepressant efficacy. Both ketamine
and SPs appear to produce rapid, sustained antidepressant effects after a transient psychoactive period.

Methods: This review summarizes areas of overlap between SP and ketamine research and considers the possibility of a
common, downstream mechanism of action. The therapeutic relevance of the psychoactive state, overlapping cellular and
molecular effects, and overlapping electrophysiological and neuroimaging observations are all reviewed.

Results: Taken together, the evidence suggests a potentially shared mechanism wherein both ketamine and SPs may engender
rapid neuroplastic effects in a glutamatergic activity-dependent manner. It is postulated that, though distinct, both ketamine
and SPs appear to produce acute alterations in cortical network activity that may initially produce psychoactive effects and
later produce milder, sustained changes in network efficiency associated with therapeutic response. However, despite some
commonalities between the psychoactive component of these pharmacologically distinct therapies—such as engagement of
the downstream glutamatergic pathway—the connection between psychoactive impact and antidepressant efficacy remains
unclear and requires more rigorous research.

Conclusions: Rapid-acting antidepressants currently under investigation may share some downstream pharmacological
effects, suggesting that their antidepressant effects may come about via related mechanisms. Given the prototypic nature
of ketamine research and recent progress in this area, this platform could be used to investigate entirely new classes of
antidepressants with rapid and robust actions.
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Introduction

Our understanding of antidepressant pharmacotherapy dra-
matically changed with the discovery that subanesthetic doses
of the glutamatergic modulator ketamine exert antidepressant
effects in a matter of minutes and that these effects persistlong
after drug excretion (Hashimoto, 2019). For nearly half a century,
the antidepressant effects of most conventional monoaminergic
antidepressants took weeks to months to manifest, a consid-
erable lag time between regimen initiation and realization of
therapeutic effects (Drewniany et al., 2015).

In the past 2 decades, multiple randomized, placebo-
controlled trials have shown that i.v. subanesthetic-dose keta-
mine has rapid, robust, and relatively sustained antidepressant
effects in individuals with major depressive disorder (MDD)
(Berman et al., 2000; Zarate et al., 2006; Murrough et al., 2013;
Fava et al., 2020) or bipolar depression (Diazgranados et al., 2010;
Zarate et al.,, 2012). Ketamine also offers hope to the roughly 33%
of individuals with treatment-resistant depression (TRD) who
do not respond to conventional antidepressants (Gaynes et al.,
2009). A meta-analysis of 9 randomized, placebo-controlled trials
found that a single ketamine infusion exerted antidepressant
effects that typically began 40 minutes post-infusion, peaked
24 hours later, and lost superiority to placebo 10-12 days post-
infusion (Kishimoto et al., 2016). Despite this encouraging anti-
depressant profile, ketamine is associated with psychoactive
effects that peak at about 40 minutes post-infusion, requiring
medical supervision during administration (Kraus et al., 2017).
For the purposes of this paper, psychoactive states are defined
as profound alterations in consciousness, including domains of
perception, mood, thought, and self-awareness; these effects are
also alternatively referred to as hallucinogenic, psychotomim-
etic, or psychedelic (Nichols, 2016).

Building on these findings, investigators have scrutinized
ketamine’s pharmacological profile to not only understand its
antidepressant mechanism of action but also to develop similar,
glutamatergic-based agents that lack ketamine’s psychoactive
effects (Sanacora et al., 2012). More broadly, ketamine trials
have created a blueprint for studying novel pharmaceuticals
in the field (Kraus et al., 2019). In particular, thoughtfully de-
signed ketamine studies have shown that agents with abuse
potential in non-medical settings can nevertheless be adminis-
tered in a safe and scientifically rigorous fashion. The paradigm
shift triggered by ketamine’s therapeutic success has also cre-
ated a model whereby investigators can methodically explore
the potential therapeutic value of new or existing (but repur-
posed) substances that carry abuse liability risk. At the fore-
front of such work, several recent studies have suggested that
“classic” serotonergic psychedelics (SPs) may also have anti-
depressant efficacy; in particular, they appear to produce rapid,
sustained antidepressant effects after a transient psychoactive
period (Muttoni et al., 2019). Indeed, prior to being banned as
Schedule I drugs in 1967, SPs showed promise for treating a
number of psychiatric disorders, including depression, anxiety,
obsessive-compulsive disorder, and alcoholism (Rucker et al.,
2018). However, by today’s standards, these studies had serious
methodological flaws, including lack of control groups, lack of
adverse events reporting, lack of blinding, and unvalidated out-
come measures.

From the outset, it should be noted that modern research
into the antidepressant effects of SPs is in its infancy, and
the rigor of these studies remains questionable. Broadly, rec-
reational use of SPs in the 1960s resulted in wide mistrust in
the medical community. These agents exert powerful and
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potentially life-altering effects. Adverse risks associated with
SP therapy include distressing experiences, prolonged psych-
osis, flashbacks, or persisting perceptual disturbances (Branchi,
2011; Johnson et al., 2019; Lascelles et al., 2019). The character-
istics that might predict unacceptable risks, such as personal
or family history of psychosis (Johnson et al., 2008), also remain
unknown. Furthermore, because SPs acutely increase serotonin
levels—an effect that alters neural plasticity—these powerful
agents can have both positive (e.g., improved capacity to re-
cover) and negative (increased vulnerability to depression) ef-
fects (Branchi, 2011). Nevertheless, their safety in clinical and
research settings (Dos Santos et al., 2018) as well as abuse/ad-
diction liability (Heal et al., 2018; Johnson et al., 2018) are con-
sidered to be within acceptable limits, although more research is
clearly needed to definitively establish their therapeutic safety
profile (Reiff et al., 2020).

Pharmacologically, SPs are defined as drugs that induce
subjectively similar psychoactive states via agonism at the
5-hydroxytryptamine receptor 2A (5-HT,,) receptor and binding
at other serotonergic receptors (Reiff et al., 2020). Specific SPs
currently under investigation for the treatment of mood and
anxiety disorders include psilocybin (the active ingredient
in “magic mushrooms”), lysergic acid diethylamide-25 (LSD),
2,5-Dimethoxy-4-iodoamphetamine (DOI), Ayahuasca (a plant
brew whose active component is N,N-dimethyltryptamine
[DMT]), and 5-methoxy-DMT (5-MeO-DMT from the Bufo alvarius
toad). These compounds have been used for centuries in trad-
itional rituals and ethno-medicinal settings by indigenous
peoples, particularly in the Americas (Carhart-Harris and
Goodwin, 2017; McKenna and Riba, 2018).

Two randomized, placebo-controlled, crossover trials, one
using low-dose psilocybin (1 or 3 mg/70 kg) as an active placebo
(n=51) and the other using niacin (n=29), found that psilocybin
(22 or 30 mg/70 kg) decreased Hospital Anxiety & Depression
Scale (HADS) scores in terminally ill cancer patients with mood
disorders; in 1 trial, more than 80% of participants met remis-
sion criteria (>50% HADS reduction to <7 overall score) the day
after administration. Furthermore, in both trials, 60%-80% of
participants met response criteria (>50% HADS reduction) at or
beyond 6 months (Griffiths et al., 2016; Ross et al., 2016). A third
randomized, placebo-controlled, crossover trial that examined
psilocybin (0.2 mg/kg) vs a niacin placebo (n=12) reported sig-
nificant improvement in Beck Depression Inventory scores in
individuals with advanced-stage cancer and anxiety disorders,
but only after 6 months (Grob et al., 2011). Finally, an open-label
trial of 20 TRD participants reported large group reductions
(Cohen’s d=1.4) in Self-Reported Quick Inventory of Depressive
Symptoms (QIDS-SR) scores 6 months after 2 psilocybin
sessions (Carhart-Harris et al., 2018). In light of these findings,
the FDA granted psilocybin breakthrough therapy designation
for 2 multi-site, phase 2 clinical trials for TRD, and in 2019 the
European Medicines Agency approved psilocybin for a phase 3
clinical trial for TRD (Compass Pathways, 2019; Haridy, 2019).

Though psilocybin is the most studied agent, antidepres-
sant effects have also been reported for other SPs. A random-
ized trial of Ayahuasca using a zinc-oxide brew that mimicked
Ayahuasca’s appearance and nausea-inducing side effects as an
active placebo found that 64% of 29 Ayahuasca-naive TRD par-
ticipants had a 50% reduction in depressive symptoms from
baseline 7 days later (Palhano-Fontes et al., 2019). In this study,
as well as in 2 open-label trials of 6 (Osdrio et al., 2015) and 14
(Sanches et al., 2016) depressed participants given Ayahuasca,
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significant reductions in depressive symptoms were observed
the following day. In addition, a placebo-controlled pilot study
found that LSD produced trend-level reductions in HADS scores
2 months post-administration in 12 participants experiencing
end-of-life anxiety (Gasser et al., 2014). Finally, a recent observa-
tional study found that 43 participants who inhaled 5-MeO-DMT
had significant reductions in depressive, anxiety, and stress
symptoms within 24 hours and that these effects persisted for 4
weeks (Uthaug et al., 2019); approximately three-quarters of the
participants were healthy volunteers (HVs), and the remaining
participants suffered from a variety of psychiatric disorders.

Although this evidence is still preliminary, future studies may
well suggest that SPs should be added to the armamentarium of
rapid-acting antidepressant drugs (RAADs). This, of course, begs
the question: Why do pharmacotherapies such as ketamine
and SPs—which are mechanistically distinct and do not share
the same pharmacodynamic profile—nevertheless share such
similar fundamental characteristics with regard to their ability
to rapidly alter mood? Uncovering how serotonergic RAADs
work would bring the field closer to being able to optimize their
application, develop novel drugs, and generally improve our
understanding of the molecular, neural, and pathophysiological
underpinnings of depression. Rather than exhaustively review
the clinical evidence for these pharmacotherapies, this paper
seeks to summarize areas of overlap between SP and ketamine
research—including converging cellular and molecular mech-
anisms as well as physiological, imaging, and behavioral find-
ings—and considers the possibility of a common, downstream
mechanism of action.

Converging Evidence for Shared
Characteristics Between Ketamine and
Serotonergic Psychedelics

Rapid and Transient Psychoactive Effects

Arguably the most salient feature of these pharmacotherapies
is their rapid and transient induction of psychoactive symp-
toms. With regard to ketamine, a major goal of current research
is to produce a widely distributable antidepressant agent that
lacks psychoactive side effects. Thus, ketamine research has
largely sought to understand the mechanisms underlying its
antidepressant efficacy rather than study its psychoactive
profile. Furthermore, ketamine’s antidepressant effects occur
at subanesthetic doses (0.5 mg/kg) that appear to be relatively
well-tolerated and create mild, transient psychoactive effects.
For instance, a recent study assessing side effects associated
with a 0.5-mg/kg ketamine infusion in 163 participants with
TRD across 4 clinical trials reported that only 50% experienced
SP-like psychoactive effects (e.g., the sensation of floating), and
80% reported “feeling strange, weird, or bizarre” (Acevedo-Diaz
et al.,, 2020). This is not to say that ketamine’s psychoactive ef-
fects are not well-documented (Reiff et al., 2020). In fact, the
earliest descriptions of subanesthetic-dose ketamine (0.5 mg/
kg) administration in HVs reported effects such as altered per-
ception of time and space, loss of a sense of self, and visual hal-
lucinations (Krystal et al., 1994). Since then, multiple studies
have confirmed that psychoactive effects occur at or below this
standard antidepressant dose (Hoflich et al., 2015; Schartner
et al., 2017; Vlisides et al., 2018; Li and Mashour, 2019).
Nevertheless, due to the dosing disparity between keta-
mine and SPs, the prevalence of any kind of psychoactive effect
is far more common in clinical trials of SPs than of ketamine.

While the lowest dose of various SPs needed to produce anti-
depressant effects is presently unknown, the high dose of
psilocybin (~30 mg/70 kg) used in antidepressant trials causes
strong psychoactive effects in virtually all participants (Griffiths
et al.,, 2006), and therapeutic Ayahuasca doses are typically the
same as those used to elicit “visions” in religious ceremonies
(~1.67 mg/kg DMT) (Sanches et al., 2016).

Furthermore, far more research has examined the thera-
peutic relevance of psychoactive effects with regard to SPs than
ketamine. In particular, growing evidence suggests that par-
ticular experiences during the psychoactive period are uniquely
predictive of therapeutic outcome with SPs (Kyzar et al., 2017).
The most consistent finding thus far with regard to SPs is that
“mystical experiences” increase the likelihood and magnitude
of depressive symptom reductions (Barrett and Griffiths, 2018).
Mystical experiences—reportedly stable across time periods
and cultures—are broadly defined as psychological phenomena
where individuals report experiences of bliss, sacredness, tran-
scendence of space and time, and encounters with greater
truths (Johnson et al., 2019). With SP therapy, such experiences
appear to increase the likelihood and magnitude of depressive
symptom reductions (Barrett and Griffiths, 2018). In 1 of the 3
randomized, double-blind, placebo-controlled psilocybin trials
discussed above, scores on the 30-item Mystical Experience
Questionnaire (MEQ30) mediated the sustained reductions in
HADS scores observed 5 weeks later (n=51) (Griffiths et al., 2016).
In another such study, sustained reductions in HADS and Beck
Depression Inventory scores 6.5 months after treatment were
again mediated by MEQ30 scores (n=29) (Ross et al., 2016). In
addition, in the open-label study of 20 TRD participants treated
with psilocybin on 2 occasions, sustained QIDS-SR reductions
at 5 weeks were predicted by scores on a 5-Dimensional Altered
States of Consciousness Rating Scale (5D-ASC) subscale approxi-
mating the MEQ30 (Roseman et al., 2018). Therapeutic insights
are not reported in qualitative studies of ketamine treatment
and may help explain the heightened duration of antidepres-
sant effects associated with SPs (van Schalkwyk et al., 2018;
Carhart-Harris and Friston, 2019; Lascelles et al., 2019). However,
the necessity of such insights for the therapeutic efficacy of both
SPs and ketamine remains to be systematically investigated.

It should also be noted that the effects of subjective experi-
ences on overall drug action have not been detected in every
study. For instance, in the randomized, double-blind, placebo-
controlled study of Ayahuasca in 29 TRD participants, re-
searchers reported a negative correlation between an MEQ30
subscale (“transcendence of time and space”) and reduction in
Montgomery-Asberg Depression Rating Scale (MADRS) scores at
day 7 (Palhano-Fontes et al., 2019). In addition, the follow-up to
Ross and colleagues’ (Ross et al., 2016) clinical trial found that
persisting antidepressant effects 3.2-4.5 years later were no
longer mediated by individuals’ acute MEQ30 scores, though the
sample size had been reduced by approximately 50% in this ana-
lysis (Agin-Liebes et al., 2020).

While the connection between ketamine’s psychoactive and
therapeutic effects has received far less attention, it appears
to be considerably weaker. For instance, a systematic review
of 8 studies found that the relationship between dissociation
and antidepressant effect was mixed, and only 3 of the 8 ana-
lyses found a relationship between antidepressant response
to ketamine and psychosis scores assessed via the Clinician-
Administered Dissociative States Scale (CADSS) (Mathai et al.,
2020). Furthermore, for those studies that did observe a sig-
nificant relationship, the explained variance of dissociative ex-
periences for antidepressant response was 12%-21% (Mathai



et al., 2020). Most clinical studies investigating ketamine’s psy-
choactive effects in TRD trials have used the CADSS, but the
only psychometric evaluation of the CADSS for this purpose
found that it failed to capture much of ketamine’s psychoactive
profile (van Schalkwyk et al.,, 2018). One observational study
of 31 participants undergoing repeated infusions at a commu-
nity ketamine clinic used the 5D-ASC, a questionnaire capable
of assessing the full spectrum of ketamine’s psychoactive ef-
fects, and found that participants’ subjective experience (e.g.,
drug-induced anxiety) during the first in a series of ketamine
infusions negatively predicted MADRS score reductions at the
end of approximately 2 weeks of infusions (Aust et al., 2019).
Unlike results observed with psilocybin, the 5D-ASC subscale
score—which approximates the MEQ30—was not associated
with long-term antidepressant effects.

It is also important to note that differences in therapeutic
setting constitute a major confound for comparing subjective
experiences and efficacy associated with these compounds
(Carhart-Harris et al., 2018). In accordance with guidelines es-
tablished by Johnson and colleagues, SPs are typically admin-
istered after extensive psychological preparation in soothing
surroundings that may include attractive furnishings and sup-
portive music (Johnson et al., 2008); research suggests that such
measures may reduce the chance of distressing reactions. In
an open-label trial of psilocybin for TRD (n=19), the manner in
which music was experienced during psilocybin administra-
tion predicted outcome at 1 week, while participants’ subjective
ratings of peak drug effect intensity did not (Kaelen et al., 2018).
In contrast, virtually nothing is known about the relationship
between the setting in which ketamine infusions take place,
subjective experience, and outcome; ketamine is typically ad-
ministered in more clinical settings such as hospitals or clinics.
While some clinicians have argued that the context in which
ketamine is administered heavily influences subjective experi-
ence and efficacy (Kolp et al., 2014), this claim requires further
investigation.

Thus, despite some commonalities between the psycho-
active component of these pharmacologically distinct therapies,
the connection between psychoactive impact and antidepres-
sant efficacy remains unclear and requires more rigorous re-
search. The evidence linking ketamine’s antidepressant effects
to its psychoactive effects is weak and, although early evidence
suggests that psychoactive effects observed in SP trials may be
linked to antidepressant effects, it is difficult to draw firm con-
clusions given small sample sizes, often improper trial designs,
and functional unblinding (Reiff et al., 2020). Indeed, though
some evidence suggests that type of psychoactive experience in-
fluences outcome, the hypothesis that the psychoactive effects
of RAADs correlate with target engagement or are byproducts
of various brain states marked by increased neuroplasticity re-
quires systematic investigation. Moreover, much remains un-
known regarding the extent of antidepressant and psychoactive
effects with SPs and the lowest dose needed to produce such
effects. Comparison studies optimized to compare antidepres-
sant doses of SPs vs ketamine are needed to fully evaluate this
question.

Cellular and Molecular Effects

Studies suggest that both ketamine and SPs rapidly facilitate
changes in neuroplasticity such as neurite growth, synapse for-
mation, and strengthened synaptic connections (Table 1). In
particular, evidence suggests that both ketamine and SPs in-
crease the expression of neuroplasticity-regulating genes. In
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rodents, i.p. ketamine injections resulted in an antidepressant
response observed concurrently with increased brain-derived
neutrotrophic factor (Bdnf) gene expression and translation
in the hippocampus and across the cortex (Garcia et al., 2008;
Autry et al., 2011; Silva Pereira et al., 2017). BDNF is known to
promote neuronal growth and plasticity and has often been im-
plicated in the pathophysiology of depression (Groves, 2007).
Other studies have shown that ketamine also induces glu-
tamate signaling-related neuroplasticity genes such as Activity
Related Cytoskeletal protein (Arc) and Homerla (de Bartolomeis
et al., 2013; Bagot et al., 2017). With regard to SPs, DOI injections
have been found to induce Bdnf expression in the rat neocortex
(Vaidya et al., 1997), and both LSD and DOI administration in
rodent models increased expression of Bdnf, Arc, Norl, egr-1,
sgk, Ania3, C/EBP-B, and Ikp-a (Nichols and Sanders-Bush, 2002;
Nichols et al., 2003; Gonzalez-Maeso et al., 2007; Martin et al.,
2014; Martin and Nichols, 2016). All of these genes have in some
way been linked to synaptic strength or neuronal growth and
can be induced through G-protein-coupled receptor pathways
linked primarily to stimulation of 5-HT,, receptors (Martin and
Nichols, 2017).

This gene induction may promote neuroplasticity and
some of the key downstream effects associated with RAADs.
Ketamine’s neuroplastic effects are well established (for review,
see Zanos and Gould, 2018). Briefly, in rats, ketamine adminis-
tration increased spine synapse number and synaptic strength
in the prefrontal cortex (PFC); both this effect and ketamine’s
antidepressant-like effects were abolished by pharmacological
blockade of mechanistic target of rapamycin (mTOR) or alpha-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPARS) (Li et al., 2010). In addition, in the Flinders Sensitive
Line rat model of depression, ketamine rapidly restored ap-
ical dendritic spine deficits in pyramidal neurons of the
hippocampal CA1 region within 60 minutes of infusion (Treccani
et al., 2019). Other studies have reported that BDNF is required
for ketamine’s antidepressant and synaptogenic effects (Autry
et al,, 2011, Liu et al., 2012; Lepack et al., 2014). In addition, pre-
clinical studies have suggested that these neuroplastic effects
may lead to antidepressant effects by altering cortical con-
nectivity and subsequent functionality. For instance, a recent
mouse model study of depression-like phenotypes found that
ketamine infusion selectively reversed stress-induced loss of
dendritic spines and coordinated the multicellular ensemble ac-
tivity of PFC neurons 2 days post-treatment, an effect associated
with a sustained, but not immediate, antidepressant response
(Moda-Sava et al., 2019).

Evidence suggests that SPs similarly promote neuroplasticity
(Nichols, 2016; Ly et al., 2018). In a recent study, DMT, LSD, and
DOI all led to increased spine density, dendritic branching, and
synapse formation in cultured rat cortices as measured by
super-resolution structured illumination microscopy (Ly et al.,
2018). In vivo treatment with LSD and DOI caused the same
effects in Drosophila brains, and ex vivo slice recordings also
revealed synaptic potentiation in the form of increased spike
amplitudes and frequencies (Ly et al., 2018). In addition, i.p. ad-
ministration of DMT at antidepressant-like concentrations led
to spinogenesis in rat cortices examined hours later. This effect
was abolished by mTOR blockade or antagonism of either the
5-HT,, receptor or tropomyosin-related kinase B (TrkB), BDNF’s
primary target and an upstream activator of mTOR. When re-
searchers performed the same assays with ketamine, they
found that SPs were significantly more potent and effective
than ketamine in promoting neuritogenesis (Ly et al., 2018),
suggesting that the longer duration of antidepressant effects
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associated with SP administration may result from more effi-
cacious neurotrophic induction. Similar results were obtained
via intracerebroventricular injections of 5-MeO-DMT in adult
mice; researchers reported increased neuronal proliferation
in the dentate gyrus as measured by a significant increase in
bromodeoxyuridine cells as well as increased dendritic tree
complexity in granule cells (Lima da Cruz et al., 2018).

Although many of these neuroplastic effects still need to be
verified in humans, clinical evidence supports BDNF’s role in
the rapid-acting properties of RAADs. However, the evidence is
mixed for ketamine, with some studies supporting these findings
(Laje et al., 2012; Duncan et al., 2013; Haile et al., 2014) and other
studies finding no such evidence (Machado-Vieira et al., 2009).
With regard to SPs, 1 clinical trial of Ayahuasca for TRD (n=28)
found that BDNF levels increased 48 hours post-treatment and
that this increase correlated with MADRS score reductions (de
Almeida et al., 2019). However, another study found no changes
in plasma BDNF levels in 28 HVs given LSD (Holze et al., 2020).
Regardless of the therapeutic agent examined, a key limitation
for all of these studies is the inability to directly assess BDNF
activity in the brain.

In terms of immediate drug effects, both ketamine and
SPs appear to trigger a “glutamate surge” (Razoux et al., 2007;
Vollenweider and Kometer, 2010). For ketamine, this effect is
well-documented and widely believed to be relevant to its anti-
depressant effects (Duman et al., 2016, 2019; Chowdhury et al.,
2017; Kadriu et al., 2019). Studies similarly suggest that SPs
cause a glutamate surge, primarily in layer V pyramidal neurons
expressing 5-HT,, receptors (Lambe and Aghajanian, 2006; De
Gregorio et al., 2018). For instance, systemic LSD or DOI admin-
istration increased glutamate concentrations as measured by
in vivo microdialysis in rat prefrontal and somatosensory cor-
tices (Scruggs et al., 2003; Muschamp et al., 2004). In both cases,
5-HT,, receptor antagonists abolished the glutamate surge.
Another rat study found that DOI injection increased expres-
sion of the early-activation gene cFos, a marker of neuronal ac-
tivity, in a subset of 5-HT,, receptor-expressing neurons (Martin
and Nichols, 2016). This active population was localized pri-
marily to the medial prefrontal cortex (mPFC), somatosensory
cortex, orbital cortex, and claustrum—regions overwhelmingly
composed of glutamate-releasing pyramidal neurons (Martin
and Nichols, 2016).

The increases in cortical glutamate noted in preclinical
ketamine studies have been confirmed via carbon-13 magnetic
resonance spectroscopy in both HVs and depressed human
participants (Abdallah et al., 2018b). Such proof-of-concept
studies are sparse for SPs. One PET study reported that LSD
administration in HVs increased metabolism in the primarily
glutamatergic frontal cortices, suggesting increased glutamate
signaling (Carhart-Harris et al., 2016). A recent double-blind,
placebo-controlled trial using ultra-high field 7T MRS found that
psilocybin (0.17 mg/kg) acutely induced region-dependent alter-
ations in PFC glutamate levels that correlated with behavioral
changes during the psychoactive state (Mason et al., 2020).

With regard to ketamine, the glutamate surge associ-
ated with its administration translates into increased AMPAR
throughput, which likely triggers BDNF release and activates
mTOR (Duman, 2018; Olson, 2018). This AMPA activity appears
to be critical, as rodent studies found that AMPA antagonists
abolished ketamine’s behavioral, antidepressant, and mTOR-
stimulating effects (Moghaddam et al., 1997; Maeng et al., 2008;
Li et al,, 2010). To date, few studies have directly examined the
relevance of AMPAR throughput in SPs, although AMPAR acti-
vation is known to be necessary for the behavioral effects and
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sustained glutamatergic activity of DOI in rodents (Zhang and
Marek, 2008; Marek, 2018).

Despite the evidence suggesting that SPs may exhibit similar
molecular and cellular effects as ketamine (see Table 1; Figure 1),
it should be noted that this evidence exists only for a few SPs
and primarily for DOI, which has not been clinically investi-
gated. Hence, there are far more evidence-based data stemming
from preclinical and translational research for ketamine’s cel-
lular and molecular mechanisms than for that of SPs (see
Table 1). Moreover, no studies investigating SPs have yet es-
tablished a link between these molecular/cellular effects and
antidepressant efficacy in rodent models of depression, a gap
that should be addressed in future preclinical studies. However,
studies have shown that DMT (Cameron et al., 2018), LSD, and
psilocybin (Hibicke et al., 2020) all exert antidepressant-like ef-
fects in rats, as assessed via the forced swim test. Interestingly,
and consistent with the clinical literature, one such study re-
ported that LSD and psilocybin—but not ketamine—produced
antidepressant-like effects that persisted 5 weeks later (Hibicke
et al., 2020).

It should also be noted that, although similar, important
differences remain with regard to the precise mechanisms
underlying these drugs’ actions in the brain. For example,
ketamine disinhibits thalamo-cortical communication specif-
ically via upstream cortical and subcortical somatostatin and
parvalbumin gamma aminobutyric acid (GABA)-ergic neurons
(Gerhard et al., 2020), whereas SPs seem to directly activate pyr-
amidal neurons (Puig et al., 2003) as well as cause extrasynaptic
glutamate spillover (Lambe and Aghajanian, 2006). Such dif-
ferences may explain the varied psychoactive phenomenology
and/or duration of antidepressant efficacy between ketamine
and SPs and warrant additional study (Carhart-Harris and
Friston, 2019).

Electrophysiological and Neuroimaging Observations

The psychoactive effects of both ketamine and SPs are accom-
panied by acute (during administration) and delayed (meas-
ured hours after dosing) electrophysiological and hemodynamic
changes in brain activity (see Table 2). A recent study in HVs re-
ported that subanesthetic-dose ketamine, LSD, and psilocybin
all similarly increased spontaneous magnetoencephalography
(MEG) signal complexity as measured by Lempel-Ziv complexity
(Schartner et al., 2017); notably, Lempel-Ziv complexity meas-
ures the number of different electrophysiological timeseries pat-
terns and their rate of occurrence—here, a canonical measure
for “level of consciousness.” In that study, the psychoactive ef-
fects of both SPs and ketamine led to greater signal complexity
than normal waking consciousness, reflecting an elevated level
of consciousness following drug administration (Schartner
etal., 2017).

One MEG study that directly compared ketamine, LSD, and
psilocybin found that all 3 drugs induced altered states of con-
sciousness characterized by decreased spectral power and lower
source-level functional connectivity (Pallavicini et al., 2019).
Indeed, power reductions in low-frequency signals as measured
by resting-state MEG/EEG are among the most consistently re-
ported observations following ketamine and SP administration,
with reduced alpha band power most closely tracking psycho-
active/hallucinatory effects (Muthukumaraswamy et al., 2013;
Tagliazucchi et al., 2014; de la Salle et al., 2016; Atasoy et al.,
2018; Vlisides et al., 2018). Similar alterations in alpha band
power have also been reported in response to illusory stimuli
following psilocybin administration in HVs (Kometer et al.,
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2013). Such reductions in low-frequency oscillations may also
indicate a general trend toward decreased long-range commu-
nication and increased modularity during psychoactive states
(Buzsaki, 2011).

Interestingly, while ketamine has consistently been re-
ported to acutely increase gamma band power in HVs (Gilbert
and Zarate, 2020)—a phenomenon linked to pyramidal cell dis-
inhibition downstream of NMDAR antagonism (Homayoun and
Moghaddam, 2007; Widman and McMahon, 2018)—studies as-
sessing the effects of SPs on gamma power have yielded mixed
results. For example, in HVs, decreased gamma power was ob-
served in frontal and motor regions following psilocybin admin-
istration during a visuomotor task (Muthukumaraswamy et al.,
2013), and increased resting-state gamma power was noted 1
hour after Ayahuasca ingestion (Schenberg et al., 2015). Gamma
power may be of particular interest because delayed gamma
power increases following ketamine’s psychoactive period
may be a putative biomarker of antidepressant response in
TRD (Gilbert and Zarate, 2020), potentially reflecting increased
synaptic efficiency and synaptogenesis mediated by AMPAR
glutamatergic throughput (Cornwell et al., 2012; Nugent et al.,
2019). To our knowledge, no study has yet examined the delayed
effects of SPs on gamma power in TRD.

These acute electrophysiological findings are complemented
by functional magnetic resonance imaging (fMRI) studies
measuring resting-state functional connectivity (RSFC) changes
following drug administration (see Table 2). However, little of
this work has examined SPs. Three studies exploring ketamine’s
effects on connectivity measured via global brain connectivity
(GBC)—a graph-based measure of intrinsic whole-brain network
connectivity (Cole et al., 2012)—suggested it may be a biomarker
of antidepressant response; individuals who responded to keta-
mine had higher delta GBCr values in the PFC, caudate, and
insula (Abdallah et al., 2017, 2018a, 2018b). Nevertheless, a re-
cent randomized, placebo-controlled trial did not replicate this
finding 48 hours post-ketamine (Kraus et al., 2020). Although
only 1 study examined the effect of SPs on GBC, it found that,
unlike ketamine, LSD acutely decreased GBC in the PFC in HVs
(Preller et al., 2018).

Another area of particular interest is alterations in default
mode network (DMN) functional connectivity, consistent with
a growing body of literature reporting the relevance of DMN ac-
tivity to the pathophysiology of depression (Whitfield-Gabrieli
and Ford, 2012; Barrett and Griffiths, 2018; Li et al.,, 2018).
A double-blind, placebo-controlled, crossover study of 33 indi-
viduals with MDD and 25 HVs who received ketamine found
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that the MDD group had increased connectivity between the
DMN and other nodes at 2 days, but not 10 days, post-treatment
(Evans et al., 2018). RSFC between the DMN and the insula (part
of the salience network), which was reduced in MDD partici-
pants compared with HVs prior to treatment, normalized in
MDD participants following ketamine and returned to baseline
at the time point when most participants relapsed (Evans et al.,
2018). With regard to SPs, a recent study looked at changes in
RSFC in 19 TRD participants 1 day after the second of 2 psilo-
cybin administrations (8 days after the first) and found increased
DMN connectivity post-treatment (Carhart-Harris and Goodwin,
2017); stronger RSFC between particular nodes predicted sus-
tained response 5 weeks later.

One consistent fMRI finding is that the effects of RAADs cor-
relate with increased functional connectivity between resting-
state functional networks and decreased within-network
functional connectivity, sometimes referred to as “network
disintegration” (Bonhomme et al., 2016; Atasoy et al., 2018;
Mueller et al., 2018; Fleming et al., 2019). As regards the DMN
in particular, 1 randomized, double-blind, placebo-controlled,
crossover study of 24 HVs given subanesthetic-dose keta-
mine recently replicated findings from an earlier study of 8
HVs reporting acute decreases in functional connectivity to
the mPFC node of the DMN (Bonhomme et al., 2016; Zacharias
et al., 2020). The earlier study also noted between-network
disintegration; the strength of the typical anti-correlations
between the DMN and other functional networks was sig-
nificantly weaker post-ketamine administration (Bonhomme
et al.,, 2016). Similarly, an uncontrolled study of 15 HVs who
received psilocybin found decreased mPFC activity and func-
tional connectivity with the posterior cingulate cortex node
of the DMN (Carhart-Harris et al., 2012). In another study of 10
HVs, Ayahuasca decreased activity in all DMN nodes and de-
creased functional connectivity between the posterior cingu-
late cortex and precuneus nodes (Palhano-Fontes et al., 2015).
Finally, an LSD study of 20 HVs also observed decreased RSFC
within the DMN coupled with increased connectivity between
the DMN and other large-scale brain networks (Carhart-Harris
et al., 2016).

One final area of research overlap concerns drug-induced
changes in emotional face processing in the amygdala.
Separate analyses of fMRI data collected from TRD partici-
pants in an open-label psilocybin trial found that increased
day 1 amygdala activation in response to fearful vs neutral
face stimuli predicted QIDS-SR score reductions at 1 week
(Roseman et al., 2018); in addition, reduced ventromedial PFC-
amygdala functional connectivity correlated with Ruminative
Response Scale scores at day 7 (Mertens et al., 2020). In con-
trast, near-opposite findings have been reported in response
to ketamine. For example, reductions in MADRS scores correl-
ated with reduced amygdala responsivity to angry face stimuli
and increased responsivity to happy face stimuli 2 days post-
ketamine in 33 TRD participants (Reed et al., 2018). In another
study of 27 MDD participants, repeated doses of ketamine de-
creased amygdala responsivity to both fearful and happy face
stimuli 1 to 3 days after 4 serial ketamine infusions (Loureiro
et al.,, 2020). These intriguing preliminary findings suggest
that the antidepressant effects of both ketamine and SPs in-
volve changes in brain network connectivity and function-
ality; nevertheless, the small sample sizes and lack of controls
in SP studies, as well as the large variety of ketamine studies,
suggest that few converging findings can confidently be con-
cluded at this time. Additional research is needed to better
illuminate these links.

Alterations in DMN
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Abbreviations: + + +, strong evidence (3 or more studies); + +, moderate evidence (2 studies), +, weak evidence (1 study); DMN, default mode network; HV, healthy volunteer; PFC, prefrontal cortex.

Table 2. Common Electrophysiological and Neuroimaging Effects of Ketamine and Serotonergic Psychedelics

Ketamine
Serotonergic



Activity-Induced Neuroplasticity: an Exploration of
Common Cellular and Circuit-Based Mechanisms

Taken together, the evidence reviewed above suggests a poten-
tially shared mechanism wherein both ketamine and SPs may
engender rapid neuroplastic effects in a glutamatergic activity-
dependent manner. These different RAADs, though seemingly
distinct, both appear to produce acute alterations in cortical
network activity that may initially produce psychoactive effects
and later produce milder, sustained changes in network effi-
ciency associated with therapeutic response.

In this context, the first step in serotonergic RAAD pharmaco-
therapy is molecular binding (see Figure 1). Notably, serotonergic
RAADs primarily exert their actions by stimulating 5-HT,, re-
ceptors, which, in turn, leads to glutamate-dependent in-
creases in pyramidal neuron activity in the PFC (Puig et al., 2003;
Béique et al., 2007), thus modulating prefrontal network activity
(Vollenweider and Kometer, 2010). This extracellular glutamate
surge also triggers the activation of AMPARSs located in the same
neurons throughout the cortex. Given the central and ubiqui-
tous role that glutamate-AMPA signaling plays in the cortex
and in conscious experience, this increase in cortical excitatory
signaling may be the origin of the entropic brain state underlying
these agents’ psychoactive effects (Buzsaki, 2011). In this model,
high AMPA throughput would lead to BDNF release and mTOR
signaling (Cavalleri et al., 2018), triggering upregulation of plasti-
city genes associated with neural growth, strengthening certain
synapses, and causing new synapses to form. In this manner,
the effects of SPs and of ketamine would be accompanied by a
highly plastic brain state capable of “rewiring” functional brain
circuits. At present, however, the preliminary nature of many of
the SP studies discussed above means that a common mech-
anism between SPs and ketamine remains largely speculative;
further investigation is warranted.

Directions for Future Research

As reviewed above, RAADs currently under investigation may
share downstream pharmacological effects, suggesting that
their antidepressant effects may come about via related mech-
anisms. Given the prototypic nature of ketamine research and
recent progress in this area, this platform could be applied to
the investigation of entirely new classes of antidepressants with
rapid and robust actions. In this context, research examining the
therapeutic mechanisms of SPs should assess the “glutamate
surge,” potentiation of AMPAR throughput, and plasticity prop-
erties in SPs as rigorously as in ketamine studies, connecting
them to preclinical models of depression. A more complete
understanding of the cellular and molecular mechanisms of
SPs could lead to convergent drug targets with ketamine re-
search, accelerating antidepressant drug development. As noted
throughout this article, research into the mechanisms of action
of RAADs remains in its infancy, and multiple research avenues
of likely relevance exist. As one notable example, multiple pre-
clinical (Réus et al., 2015) and clinical (Chen et al., 2018) studies
suggest that ketamine may exert its antidepressant effects at
least in part by reducing inflammatory tone, and similar evi-
dence is emerging for SPs (Flanagan and Nichols, 2018; Galvao-
Coelho et al., 2020).

Another key area of research is whether SPs would exert
similar pharmacological efficacy in the absence of concomitant
psychological support. Another avenue for further research in-
cludes understanding the disparity in symptom relief duration
for ketamine vs SPs; in particular, understanding how SPs confer
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sustained symptom relief may be key to characterizing treat-
ments that best reduce risk of relapse. An important caveat,
however, is that, to date, the quantity and robustness of the
preclinical and clinical data for ketamine far supersede those
currently available for SPs. An additional caveat is that many
SP studies have been open-label—a significant limitation that
needs to be addressed (Carhart-Harris et al., 2018)—and often
conducted in participants with subsyndromal illness or mild de-
pressive or anxious symptoms (Griffiths et al., 2016) who are not
representative of the TRD population studied in ketamine trials
(Schatzberg, 2020).

In the short term, rigorously controlled studies using active
placebos that minimize issues of functional unblinding (an issue
that also plagues ketamine research) should examine SPs to in-
vestigate the most successful ways to elicit antidepressant ef-
fects. Given the powerful and potentially life-altering effects of
these agents, further research is particularly needed to determine
clinical efficacy, optimal dosing, and administration characteris-
tics. Ultimately, identifying common downstream mechanisms
of action for these rapid-acting—but pharmacologically distinct
—antidepressants has the potential to improve treatments for
depression and other stress-related brain disorders.
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