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ARTICLE INFO ABSTRACT
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Subanesthetic-dose ketamine has recently been reported to improve hedonic pleasures associated with social
interactions and altruism in individuals with treatment-resistant depression. However, whether ketamine-
—among other glutamate receptor modulators—also improves empathy and/or prosocial behavior in humans
remains unknown. Under a framework grounded in neurobiology that proposes that prosocial behavior is pre-
ceded by empathy, this systematic review sought to: (1) explore the entactogenic effects of glutamate receptor
modulators observed in clinical trials (as either primary or secondary outcomes), and (2) synthesize the findings
regarding which glutamate receptor modulators produce entactogenic effects. Thirty studies that included self-
reported ratings, neuroimaging, and/or behavioral task outcomes met inclusion criteria suggesting potential
entactogenic effects associated with ketamine and, to less convincing extent, p-cycloserine (DCS). The findings
suggest that ketamine and DCS may modulate self- and other-perception, involving changes in activity in brain
regions involved in empathetic concerns and mentalizing, the ability to understand one’s own and others’
thoughts and feelings. These findings may guide potential therapeutic interventions for neuropsychiatric con-
ditions associated with impaired empathy and prosocial behavior, including mood disorders, neuro-
developmental disorders, psychotic disorders, and personality disorders.

p-cycloserine

Empathy

Entactogen

Glutamate receptor modulators
Prosocial behavior

own emotional response; and (4) taking action (prosocial behavior) and
experiencing satisfaction as a result of alleviating others’ distress

1. Introduction

“Entactogens” and “empathogens” are compounds that enhance
prosocial behaviors and empathy by affecting self-perception, social
interaction, and fear memories without necessarily possessing halluci-
nogenic properties (De Gregorio et al., 2021; Heifets and Olson, 2024).
While the terms prosocial behavior and empathy are often used inter-
changeably, the former typically refers to other-benefiting and social
affiliative behaviors seen in mammals, including humans, primates, and
rodents (Wu and Hong, 2022), and the latter is believed to be a much
more complex phenomenological ability specific to humans (Neumann
et al., 2015). Empathic individuals tend to engage in affiliative behav-
iors that seek to benefit others, necessitating the following components:
(1) perceiving others’ feelings and perspectives (other-perception); (2)
integrating emotional information (self-perception); (3) regulating one’s
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(reinforcement) (Wu and Hong, 2022). In humans, empathy drives
prosocial behavior and learning (Lockwood et al., 2016). Empathogenic
effects are characterized by an induced feeling of connection with others
(items 1 and 4 from the list above), while entactogenic effects denote
feeling more connected to oneself, hence the connotation of ‘touching
within’ (items 2 and 3 from the list above) (Stocker and Liechti, 2024).

The conceptual basis of our mechanistic framework for empathy,
prosocial behavior, and their neurobehavioral markers has been
explained elsewhere (Decety and Cowell, 2015; Wu and Hong, 2022).
Briefly, the framework states that perceiving others’ emotional states
triggers empathetic responses; when witnessing others’ suffering (oth-
er-perception), the perceiver adjusts their attentional processes to
salient cues and activates aversive behaviors that seek to alleviate the
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observer’s distress. This emotional resonance (self-perception) moti- effects by altering the internal hedonic experience associated with social
vates prosocial decision-making, often referred to as the "prosocial interactions. This invites further review of other potential studies sug-
drive". Execution of prosocial actions, followed by improvement in gesting that ketamine may have entactogenic effects and, if so, through
others’ conditions, reinforces empathetic behaviors through the expe- which pharmacodynamic mechanism(s) these might occur.
rience of reward or pleasure, further enhancing prosocial tendencies. Methylenedioxymethamphetamine (MDMA) is an amphetamine-like
In some neuropsychiatric conditions, disrupting any of the afore- compound with known empathogenic and entactogenic effects (Hysek
mentioned steps can impair empathy and prosocial behaviors and pro- et al., 2014), attributed largely to its action on the serotonergic (Rein
duce distressing symptoms, such as social withdrawal, isolation, and et al., 2024) and oxytocinergic systems (Atila et al., 2023), which may
antagonistic behavior. For example, individuals with autism spectrum underlie its promising results as an adjunctive treatment to psycho-
disorder (ASD) or schizophrenia may have difficulty both perceiving therapy for post-traumatic stress disorder (PTSD) (Feduccia et al., 2019;
others’ emotions and integrating their own emotional information. This Shahrour et al., 2024). Unlike MDMA, ketamine is a dissociative anes-
observation led to prior investigations of intranasal oxytocin for these thetic that, at subanesthetic doses, has rapid-acting antidepressant and
two disorders in an attempt to “rescue” empathic and prosocial behav- hallucinogenic properties, the latter broadly defined as producing
iors, but most clinical trials yielded negative results (Kiani et al., 2023; transient alterations in perception (Zarate et al., 2006). Although keta-
Sabe et al., 2021). Social relationships and empathy can also be dis- mine is primarily known as an N-methyl-d-aspartate receptor (NMDAR)
rupted in mood disorders such as major depressive disorder (MDD). antagonist, its (R,S) enantiomers and metabolites, such as hydrox-
Interestingly, subanesthetic-dose ketamine was recently found to ynorketamine (HNK), are more accurately defined as broad glutamate
improve social anhedonia in a sample of individuals with MDD, with receptor modulators due to their multiple pharmacologic actions in the
similar effects reverse-translated into an animal model (Hess et al., glutamate pathway (Henter et al., 2021). d-cycloserine (DCS), another

2024). Such findings suggest that ketamine may exert entactogenic compound with known NMDAR modulator effects through the glycine
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Fig. 1. Proposed Neurobiological Mechanisms of Action for Ketamine and p-Cycloserine (DCS) as Glutamate Receptor Modulators. p-cycloserine’s (DCS) mech-
anism of action: DCS is a broad-spectrum antibiotic that also acts as a functional N-methyl-p-aspartate receptor (NMDAR) modulator and partial agonist at the
glycine site. Increased NMDAR functioning is thought to enhance neuroplasticity and influence learning and memory. Ketamine’s mechanism of action: Racemic
(R,S)-ketamine and esketamine (collectively denoted as “K” for ketamine), affect various glutamatergic receptors shown in the figure. Ketamine binds at the primary
site on NMDARs. Two main theories have been proposed to explain ketamine’s mechanism of action. The first theory suggests that ketamine exerts its effects via
disinhibition, in which ketamine preferentially antagonizes NMDARs expressed on gamma-aminobutyric (GABA)-ergic inhibitory interneurons. Inhibiting the activity
of these inhibitory interneurons leads to disinhibition of excitatory pyramidal neurons. The second theory posits that ketamine directly inhibits NMDARSs; by sup-
pressing tonic NMDAR activation by circulating glutamate, ketamine is thought to decrease suppression of eukaryotic elongation factor 2 (EEF2; not shown in the
figure) and promote protein synthesis, including translation of brain-derived neurotrophic factor (BDNF). Both theories agree that circulating glutamate is a
downstream activator of alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs). Ketamine also antagonizes metabotropic glutamate re-
ceptor subtype 2 (mGluR2) on presynaptic neurons and enhances synaptic glutamate levels, which boost AMPAR transmission. AMPARs are also activated by
(2R,6R)-hydroxynorketamine (HNK), one of ketamine’s metabolites, which exerts antidepressant actions independent of the NMDAR inhibition mechanisms outlined
above. In addition to AMPAR activation, ketamine directly binds to tropomyosin receptor kinase B (TrkB) receptors, which de-suppresses mammalian target of
rapamycin complex 1 (mTORC1) function. This, in turn, promotes protein synthesis and BDNF expression, which increase neuronal synaptic density.
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site (Fig. 1), is used off-label to treat post-traumatic stress disorder
(PTSD) and has also been investigated in relation to empathy (Nowacki
et al., 2020). In this context, it is worth exploring whether glutamate
receptor modulators, as a drug class, have entactogenic effects. The
findings may shed light on additional pharmacological mechanisms
beyond the serotonergic and oxytocinergic systems elucidated by studies
on MDMA.

Under the framework that prosocial behavior is preceded by
empathy, this systematic review sought to: (1) explore the entactogenic
effects of glutamate receptor modulators observed in clinical trials (as
either primary or secondary outcomes), and (2) synthesize the findings
regarding which glutamate receptor modulators have been found to
produce entactogenic effects.

2. Methods

This review was conducted in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRIMSA)
reporting guidelines (Page et al., 2021). The protocol was pre-registered
on PROSPERO (registration code: CRD42024595078), where the full
details of the review process are available (see Supplement for the
PRISMA checklist and additional methodology).

2.1. Inclusion criteria

Studies were included if they: (1) were conducted in humans; (2) had
participants between the ages of 7 to 75; (3) investigated pre-specified
glutamate receptor modulators, including broad glutamate receptor
modulators, NMDAR antagonists, their (R)- or (S)-enantiomers and
metabolites, and metabotropic glutamatergic modulators; (4) measured
empathy/prosocial behavior; (5) were randomized controlled trials
(RCTs), non-randomized controlled or uncontrolled studies, or obser-
vational/naturalistic studies; and (6) and were published in English. The
Supplement contains detailed inclusion criteria, including compound
names for all glutamate receptor modulators and a list of the empathy-
related self-report, behavioral, and neuroimaging outcomes that were
searched and included.

2.2. Exclusion criteria

Studies were excluded if they: (1) were animal, laboratory, and/or in-
vitro studies; (2) enrolled participants below the age of 7 or over the age
of 75; (3) did not include any glutamate receptor modulators; (4) did not
include outcomes pertaining to empathy and prosocial behavior as
outlined in the Supplement; (5) were systematic reviews, meta-analyses,
commentaries, or letters to the editor; (6) did not include individuals
with psychiatric disorders as well as healthy volunteers (HVs) as study
subjects (i.e., studies focused solely on patients with a medical illness);
(7) enrolled patients who were using ketamine for different indications,
such as anesthesia or recreationally; and (8) were not written in English.

2.3. Search strategy

The search sought to identify articles on studies that investigated
glutamate receptor modulators and outcomes (self-reported, behavioral,
and neuroimaging) pertaining to empathy. The articles were found and
incorporated using PubMed (MEDLINE), PsychInfo, and Embase. The
search was conducted on October 7, 2024 and was not restricted by date,
although it was restricted to the English language (see Supplement for
the finalized string search terms).

2.4. Data collection and synthesis
All titles and abstracts were uploaded into Rayyan review manage-

ment software (Ouzzani et al., 2016) and screened for eligibility by at
least two independent reviewers (HH, AT, MF). The two reviewers
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reached a consensus on eligible studies; conflicts were resolved by dis-
cussing the papers with an additional reviewer (YL). Full texts of
potentially eligible articles were again assessed using a similar approach
between at least two independent reviewers (HH, YL, AT, MF, MY), and
any conflicts were resolved through discussion between three reviewers.
Following the screening process (Fig. 2), data were extracted by HH and
AT from included publications. These data included: 1) study method-
ology (design, types of outcomes, diagnosis, intervention, dose, fre-
quency, route of administration, duration of treatment); 2) study results
(patient demographics, primary and/or secondary outcomes that met
inclusion criteria); and 3) interpretation of whether the glutamatergic
modulator had any entactogenic effect(s). A narrative synthesis of the
results was collected, guided by Synthesis Without Meta-Analysis
(SwiM) reporting guidelines (Campbell et al., 2020) to ensure the
comprehensive, appropriate, and representative reporting of the results.

2.5. Risk of bias (quality) assessment

Due to the variability in study designs and patient populations,
several risk of bias tools were used throughout the systematic review
process. To minimize bias during the screening phase, both abstract and
full-text reviews were conducted using a double-blind approach within
the Rayyan platform, and any discrepancies were resolved in consulta-
tion with a senior researcher. Once the initial double-blind screening
was completed, the reviewers were unblinded and discussed the articles
with an independent reviewer to address and resolve any remaining
conflicts. The following tools were applied: the JBI Critical Appraisal
Checklist for Case Reports (Moola et al., 2020), the ROBINS-I V2 for
Non-Randomized Studies of Interventions (NRSIs) (Sterne et al., 2016),
and the RoB 2 for RCTs (Sterne et al., 2019). Each study subsequently
received an overall risk of bias rating based on the specific guidelines of
the tool used.

3. Results

A total of 3449 articles were detected in the initial database search.
After uploading the Microsoft Excel file into the Rayyan system, 1,114
duplicate entries were removed, leaving 2,335 unique articles. After the
initial title and abstract screening, 213 articles were left for full-text
screening. Twenty-nine papers met the predefined inclusion criteria,
and one additional paper was identified via a reference list. Thirty pa-
pers were included in the final analysis, derived from 26 unique trials'
comprising 16 RCTs (two single-blind parallel group design, five double-
blind parallel group design, and nine double-blind crossover design), 12
non-randomized studies (11 single-arm open-label design and one
naturalistic design), and one case report. Of these, 16 studies investi-
gated the effects of racemic (R,S)-ketamine, six studies investigated
intravenous esketamine (ketamine’S-enantiomer, which is more potent
than racemic ketamine), two studies investigated intranasal esketamine,
and six studies investigated DCS (Table 1). No studies investigating any
other pre-specified glutamatergic modulators met inclusion criteria (see
Supplement).

The outcome types were heterogeneous. Five studies included
behavioral tasks without neuroimaging, four studies included ratings
without neuroimaging, three studies focused on neuroimaging alone, 15
studies examined neuroimaging-focused behavioral tasks, three studies
had multimodal outcomes that combined behavioral tasks, neuro-
imaging, or ratings, and one study included qualitative data from patient
experiences via a semi-structured interview. The study designs and key
findings of the 30 included papers are summarized in Table 1.

1 Three of these unique trials resulted in two publications each (Scheidegger
et al., 2016a, 2016b; Norwacki et al., 2020, 2021; Urbano et al., 2014, 2015).
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3,449 records identified by
a literature search
EMBASE:1616

PubMed: 643

Psyclnfo: 1190
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2,335 studies screened
against title and abstract
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213 studies assessed for
full-text eligibility
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30 total studies included systematic
review without meta-analysis

29 studies met inclusion criteria

1 study retrieved via hand search
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1,114 duplicate records removed

2,122 non-relevant studies excluded

184 studies excluded with reasons:
136 wrong outcome or outcome not
relevant to empathy
20 wrong study design
26 wrong population
2 wrong publication type

Fig. 2. Consort diagram of the systematic review.

3.1. Risk bias assessment

Most included RCT trials were deemed low risk except for four
studies, which were assessed as presenting some concerns pertaining to
missing outcome data or outcome measures (see Supplemental Table S2)
(Lundin et al., 2021; Norbury et al., 2021; Urbano et al., 2015; 2014). Six
NRSIs were assessed as presenting moderate risk of bias (Loureiro et al.,
2020; Murrough et al., 2015; Starr et al., 2020; Thai et al., 2020; Wei-
gand et al., 2022; Wu et al., 2023). Risk of bias in one case report
included in this review was assessed as low (Olivola et al., 2022).

3.2. Healthy volunteers

Studying the effects of glutamatergic modulators on HVs may shed
light on the entactogenic effects of the compounds isolated from any
psychopathological effects or social deficits associated with neuropsy-
chiatric conditions. Of the 22 studies that included HVs, 14 studied HVs
as the main population of interest rather than as a comparator group.
Many of these studies investigated changes in emotion recognition and
self-other perception, as measured by self-report ratings, behavioral
tasks, or neuroimaging or some combination of these outcome types.
Thirteen of the 14 studies investigated the effects of intravenous keta-
mine, and only one studied DCS.

Several well-designed, double-blind, placebo-controlled RCTs
measured behavioral tasks related to self- and other-perception during
neuroimaging in HVs. One recent novel study used functional magnetic
resonance imaging (fMRI) to investigate changes in self-report ratings
measuring social touch seeking (Social Touch Questionnaire) and
interoception (Multidimensional Assessment of Interoceptive Aware-
ness) as well as a behavioral task called the Self-Other Touch Paradigm.
The study found that, compared to placebo, ketamine increased social
touch seeking by self-report and reduced the neural distinction between

self- and other-produced affective touch (Kaldewaij et al., 2024).

Broadly, neuroimaging studies that used behavioral tasks pertaining
to emotion recognition (other-perception) found that ketamine modu-
lated neural activity involved in emotion processing, including facial
recognition tasks and tasks testing emotional memory formation. For
instance, one study found that fearful faces no longer activated the
amygdala and other limbic regions in HVs receiving ketamine versus
placebo (Abel et al., 2003). An fMRI study found that intravenous
esketamine resulted in negative blood oxygenation level dependent re-
sponses to negative and aversive stimuli in the pregenual anterior
cingulate cortex (pgACC) during an emotional picture-viewing task,
suggesting that esketamine may attenuate increased self-focus during
negative experiences (Lehmann et al., 2016). Schmidt and colleagues
used electroencephalography (EEG) to compare the effect of intravenous
esketamine versus oral psilocybin on emotional face perception tasks
and found that both agents reduced encoding of fearful faces as
expressed by reduction in N170 over parieto-occipital brain regions, but
that esketamine also impaired the encoding of happy facial expressions
(Schmidt et al., 2013). Another study found that, during emotion
memory formation, ketamine had both valence-specific effects
(decreasing connectivity between the amygdala and orbitofrontal cortex
in response to negative cues, thereby enhancing executive control and
memory processing relevant to social cognition) as well as
valence-unspecific effects (increasing connectivity between the left
medial prefrontal cortex (mPFC) and right hippocampus, thereby
reducing attentional orientation to negative cues) (Becker et al., 2017).
While the behavioral tasks employed across these studies as outcomes of
neural correlates were heterogeneous, the results collectively suggest
that ketamine appears to modulate neural response to negatively
valenced stimuli.

Non-randomized open label studies in HVs similarly found that ke-
tamine altered performance on cognitive tasks related to emotion
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Table 1

The Entactogenic Effects of Glutamate Receptor Modulators.
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Reference Study Design Study Diagnosis Glutamate Receptor Number of Mean Age Entactogenic Results Suggesting
Outcomes Modulator, Dosing, Participants (SD); Range Outcome Measured Entactogenic Effect
Frequency, Duration Treated and Sex (Years)
of Treatment
Abel et al. RCT, double- Behavioral HV IV ketamine (bolus N=8 males 28.75y; FERT during fMRI In response to fearful
(2003) blind, task assessed dose of 0.23 mg/kg 23-42y vs. neutral faces,
crossover during fMRI over 0-5 minutes, individuals showed
followed by 0.5mg/kg increased neural
from 5-45 minutes) or activity in the
normal saline placebo. cerebellum during the
placebo condition but
reduced activity in
the precuneus and
caudate nucleus post-
ketamine infusion.
Becker et al. RCT, double- fMRI HV IV ketamine (2 mg/ml N=21 males 25.1y (3.5) Event-related ESM Ketamine increased
(2017) blind with a constant target paradigm 5 minutes connectivity between
crossover plasma level of 100 post-infusion the left mPFC and the
ng/ml) or normal right hippocampus,
saline placebo. regardless of valence.
Ketamine also
decreased
connectivity between
the amygdala and
OFC in response to
negative cues.
Chen et al. RCT, double- Behavioral HV Single dose of 250 mg N=40 18-40y FERT, ECAT, FDOT, DCS increased
(2021) blind tasks DCS or placebo 19 males EREC, EMEM positive bias in
21 females emotional word
categorization in the
ECAT and free recall
in the EREC. No
significant differences
in the FERT, FDOT, or
EMEM.
Danyeli etal.  RCT, double- Self-reported HV IV esketamine (bolus N=35 males 25.1y (4.2) -5D-ASC Negative correlation
(2024) blind, rating scale 0.11 mg/kg followed (disembodiment and between PCC cortical
crossover scores and by a maintenance dose experience of unity) thickness and
structural (0.22 mg/kg) or -Cortical thickness of disembodiment
MRI placebo (0.9% saline) DMN regions (PCC, scores.
over 40 minutes pgACC)
Ebert et al., Open-label Behavioral HV IV ketamine (0.5 mg/ N=18 males 25.5y (4.6) Ekman 60 Faces Test Ketamine
(2012) tasks kg) significantly reduced
the ability to detect
sad expressions after
24 hours. There was a
trend in diminished
recognition of other
emotions but it was
not statistically
significant.
Gilbert et al. RCT, double- Behavioral TRD vs. HV IV ketamine (0.5 mg/ N=19 TRD (11 -TRD FDOT Based on dynamic
(2021) blind, task assessed kg) over 40 minutes or females, 8 36.7y (10.9) causal modeling from
crossover during MEG normal saline placebo males) -HV MEG activity,
N=15 HV 34.7y (11.8) ketamine
(11 females, 4 administration led to
males) slower NMDA signal
transmission in the
amygdala.
Hess et al., RCT, double- Rating scale MDD, BD I IV ketamine (0.5 mg/ N=68 42.82y SHAPS (not Ketamine treatment
(2024) blind, scores and II kg) over 40 minutes or 29 males 18-65y composite score, but was associated with
crossover normal saline placebo 39 females 4 questions greater likelihood of
design pertaining to social reporting feeling

pleasures)

enjoyment from being
with close friends or
family overall,
enjoyment
individuals felt when
seeing other people’s
smiling faces,
pleasure felt from
helping others, and
pleasure when
receiving praise from
other people.

(continued on next page)
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Table 1 (continued)

Psychiatry Research 349 (2025) 116513

Reference Study Design Study Diagnosis Glutamate Receptor Number of Mean Age Entactogenic Results Suggesting
Outcomes Modulator, Dosing, Participants (SD); Range Outcome Measured Entactogenic Effect
Frequency, Duration Treated and Sex (Years)
of Treatment

Kaldewaij RCT, double- Self-reported HV as IV ketamine (0.5 mg/ N=30 24.8y STQ, MAIA Ketamine lowered
etal. blind, rating scale ketamine- kg over 40 minutes) or 15 females 19-30y self-other touch STQ scores, indicating
(2024) crossover scores, induced normal saline placebo 15 males paradigm during a relative increase in

behavioral model of fMRI started 20 social touch seeking
task assessed altered minutes after start of (or decrease in social
during fMRI states of infusion touch avoidance)
self- during infusion.
perception Ketamine reduced the
neural distinction
between the self- and
other-produced
affective touch, as
evidenced by
enhanced
connectivity between
the right TPC,
somatosensory
cortex, and insula
during the other-
produced touch
condition.

Lehmann RCT, double- Behavioral HV 1V esketamine (0.25 N=17 (sex not 40.5y (7.5) -Emotional picture- Ketamine resulted in
et al. blind, task assessed mg/kg) or normal reported) viewing task during NBRs to negative and
(2016) crossover during fMRI saline placebo over 45 fMRI aversive stimuli in

minutes -ROIs: pACC and PACC emotional
dpPCC processing of HVs.

Loureiro Non- Behavioral TRD vs. HV TRD participants N=32 HV -ECT: 36.8y Emotional face Ketamine decreased
et al. randomized task assessed received ECT or N=44 TRD (11.0) discrimination task activation in
(2020) naturalistic during fMRI repeated IV ketamine -ECT: 17 -Ketamine: during fMRI amygdala seen on

design (0.5 mg/kg) -Ketamine: 27 37.3y (10.8) fMRI during
(sex not emotional face
reported) discrimination task.

Lundin et al. RCT, double- Behavioral TRD vs HV IV ketamine 0.5mg/kg  Baseline N=55 TRD: 35.77y  -Baseline MEG, TRD participants had
(2021) blind, task assessed over 40 minutes (31 TRD, 24 (9.61) ketamine infusion slower reaction times

crossover during MEG HV), post- HV: 32.96y MEG, and placebo post-ketamine than
ketamine (10.21) infusion MEG post-placebo, and
recordings -Emotional HVs had the opposite
N=45 (25 TRD, Evaluation Tasks reaction time pattern.
20 HV), post- during each MEG: TRD participants
placebo N=40 1) happy-neutral more accurately
(22 TRD, 18 facial expressions; identified negatively
HV) 2) sad-angry facial valenced faces than
HV: 14 females, expressions. HVs. In the left
10 males fusiform region,
TRD: 19 participants overall
females, 12 had larger M170
males amplitudes post-
ketamine than post-
placebo. TRD
participants who had
a greater
antidepressant
response to ketamine
had lower M170
amplitudes in the left
fusiform in response
to sad-angry faces and
higher amplitudes in
response to happy-
neutral faces post-
ketamine. In the right
fusiform, M170
amplitudes in TRD
post-ketamine
became more similar
to those of HVs post-
placebo.

Murrough Open-label Behavioral TRD vs. HV IV ketamine 0.5mg/kg ~ N=18 TRD -TRD: 38.1y -fMRI pre- and post- Compared with HVs
et al. task assessed over 40 minutes 8 females, 10 (13.8) ketamine at baseline, TRD
(2015) during fMRI males - HV: 35.0y -Two emotion participants showed

N=20 HV (8.9) perception tasks: reduced neural

9 females, 11
males

1) happy and neutral
facial expressions;

responses to positive
faces within the right

(continued on next page)
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Table 1 (continued)
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Reference Study Design

Study
Outcomes

Diagnosis

Number of
Participants
Treated and Sex

Glutamate Receptor
Modulator, Dosing,
Frequency, Duration
of Treatment

Mean Age
(SD); Range
(Years)

Entactogenic
Outcome Measured

Results Suggesting
Entactogenic Effect

RCT, double-
blind,
crossover

Norbury
et al.
(2021)

Nowacki
et al.,
(2020)

RCT, double-
blind

Nowacki
et al.,
(2021)

Olivola et al.,
(2022)

Case report

Behavioral
task assessed
during fMRI

Behavioral
tasks

Behavioral
tasks

PTSD

MDD
(N=116),
HV (N=116)

ASD,
comorbid
TRD

2) sad and neutral
facial expressions.

N=21
18 females
3 males

-Emotional face-
processing task and
face Stroop task
during fMRI
-Resting state fMRI
-ROIs: dorsal and
rostral ACC, vmPFC,
anterior
hippocampus,
anterior insula, and
amygdala

-Ketamine

42.3y (12.4)
-Midazolam
42.5y (14.1)

IV ketamine 0.5 mg/
kg or IV midazolam
0.045 mg/kg,
administered 3x/week
for 2 weeks.

Multifaceted
Empathy Test

Randomized to four
conditions:

1) Only MR
stimulation
(fludrocortisone 0.4
mg) + placebo,

2) Only NMDAR
stimulation (DCS 250
mg) + placebo,

3) MR + NMDAR
stimulation (both
drugs),

4) No stimulation
(placebo only)

N=232 34y
50 males 18-65y
182 females

FDOT, FERT

Intranasal esketamine RMET
(84 mg twice weekly
for 4 weeks, then once

weekly for 4 weeks).

N=1 female 24y

caudate. Ketamine
regulated neural
responses to positive
emotion within the
right caudate in TRD
individuals. Increased
caudate connectivity
during positive
emotion perception
was positively
correlated with
antidepressant effects
following ketamine
(as measured by
MADRS).
Improvements in
PTSD severity were
associated with
increased functional
connectivity between
the vmPFC and
amygdala during
emotional face-
viewing.
Improvement post-
ketamine infusion
was predicted by
decreased dorsal
anterior cingulate
activity during
emotional conflict
regulation and
increased task-free
connectivity between
the vmPFC and
anterior insula.
NMDAR stimulation
decreased cognitive
empathy in MDD
participants.
Independent of
receptor stimulation,
MDD participants
showed decreased
emotional empathy
for positive emotions
compared with HVs.
Emotional empathy
was not affected by
NMDAR stimulation
in MDD participants
or HVs.

MDD participants and
HVs did not differ in
performance on the
emotional dot probe
task and FERT
independent of
receptor stimulation.
NMDAR stimulation
had no effect on
selective attention on
the emotional dot
probe task and there
was increased
recognition accuracy
for angry, but not sad,
faces on FERT.
Slight increase in
social cognition
assessed by the
RMET, potentially

(continued on next page)
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Reference Study Design Study Diagnosis Glutamate Receptor Number of Mean Age Entactogenic Results Suggesting
Outcomes Modulator, Dosing, Participants (SD); Range Outcome Measured Entactogenic Effect
Frequency, Duration Treated and Sex (Years)
of Treatment
Maintenance dose of attributed to learning
twice monthly effect.

Reed et al. RCT, double- Behavioral TRD vs. HV IV ketamine (0.5 mg/ TRD: N=33 -TRD: 36.1y Attentional bias dot Ketamine

(2018) blind, task assessed kg over 40 minutes) or 12 male, 9.7) probe task with downregulated
crossover during fMRI normal saline placebo 21 female - HV: 33.9y emotional face inferior occipital
HV: N=26 (10.9) stimuli during fMRI gyrus, cingulate
10 male, with whole-brain gyrus, and precentral
16 female analysis gyrus activity during
the emotional dot
probe task

Scheidegger Open-label Behavioral HV IV esketamine (bolus N=23 25.5y (5) Working memory task  Ketamine abolished
et al. task assessed of 0.12mg/kg ~ 25 12 males involving Berlin enhancement of
(2016a) during fMRI min prior to the fMRI 11 females Affective Word List deactivation normally

task, followed by a under fMRI observed during

continuous infusion of cognitive effort in

0.25mg/kg/h during emotion-related

the entire scanning cortical midline

and task period) regions. In the right
dIPFC and the left
insula, activation due
to emotional content
was blunted
exclusively for
negative stimuli.

Scheidegger -Emotion-picture Ketamine reduced
et al. viewing task using neural reactivity in
(2016b) International the bilateral

Affective Picture amygdalo-

System under fMRI hippocampal complex

-ROIs: pgACC, during emotional

amygdala, stimulation, which

hippocampus correlated with
resting-state
connectivity to the
pgACC.

Schmidt RCT, double- Behavioral HV Participants were Esketamine Esketamine - 64-channel EEG. Both esketamine and
et al. blind task during randomized to group group: - Conscious and non- psilocybin impaired
(2013) EEG ketamine vs. placebo N=10 male 26y (5.39) conscious, two the encoding of

group or psilocybinvs.  Psilocybin Psilocybin emotional face fearful faces as
placebo group: group group: perception tasks: expressed by a

- IV esketamine (bolus ~ N=13 male 23y (2.22) 1) happy and neutral reduced N170 over
10 mg over 5 minutes, facial expressions; parieto-occipital
followed by 2) fearful and neutral ~ brain regions. Only
maintenance 0.006 facial expressions esketamine impaired
mg/kg/min) or the encoding of happy
normal saline placebo facial expressions.
over 80 minutes.

-Oral psilocybin (115

ng/kg) or lactulose

placebo administered

in gelatin capsules

Shiroma Open label Behavioral TRD Six repeated infusions N=15 male 52y FERT No significant
et al. task of IV ketamine 0.5 changes in repeated
(2015) mg/kg administered measures of emotion

over 40 minutes on a recognition after

M-W-F schedule over a completion of

12-day period infusions; authors
suggest correction of
emotional bias may
not be a necessary
prerequisite for
ketamine’s
antidepressant
effects, and/or that
TRD participants
represent a different
subset of neural
correlates from MDD
participants.

Sprenger Single-blind, fMRI HV Four infusions, each N=12 male 27y (4.6); -Pain ratings Esketamine decreased
etal. non- with fMRI session: 23-36y -Painful stimuli under  pain perception, a
(2006) randomized normal saline placebo, fMRI finding associated

then IV esketamine at

-ROIs: rostral ACC,

with dose-dependent

(continued on next page)
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Reference Study Design Study Diagnosis Glutamate Receptor Number of Mean Age Entactogenic Results Suggesting
Outcomes Modulator, Dosing, Participants (SD); Range Outcome Measured Entactogenic Effect
Frequency, Duration Treated and Sex (Years)
of Treatment
placebo- increasing doses of mid-cingulate ACC, decreased activation
controlled 0.05, 0.1, and 0.15 thalamus, S1, S2, of the ACC, insula,
mg/kg/hr PFC, inferior parietal and S2.
(participants were cortex, insula,
unaware of order of amygdala
placebo and different
doses of esketamine)
Starr et al. Open-label Self-reported TRD Esketamine as adjunct ~ N=23 46y Semi-structured TRD participants
(2020) qualitative to oral antidepressant 9 male 28-64y interviews reported changes in
data treatment 14 female activities with friends
and relatives (n=6)
and being around
others/more likely to
socialize/more
connected (n=4).
Sterpenich Open-label Behavioral TRD IV ketamine (0.5 mg/ N=10 51y -Game-like reward In the reward task,
et al. task assessed kg as bolus over 1 4 male 38-58y task and emotional ketamine increased
(2019) during fMRI minute) 6 female judgement task (i.e. activity in the OFC,
rating potentially ventral striatum, and
emotionally charged VTA that persisted for
images as positive, 1 week. In the
negative, neutral) emotional judgement
during fMRI task, ketamine
-Whole-brain analysis  rapidly modified
and ROIs involved in activity in the
reward and emotion amygdala and insula
processing: that decreased in
amygdala, insula, response to negative
ACC, OFC, ventral pictures. Ketamine
striatum also modified local
brain activity in
response to
emotionally negative,
positive, or neutral
stimuli in the
amygdala, insula,
ACC, and VTA.
Takiguchi RCT, double- Structural Schizo- Adjunctive DCS 50 mg  N=36 48.4y (16.1) -PANSS (negative DCS did not improve
et al. blind, MRI phrenia daily or placebo pill 22 male symptoms) negative, positive, or
(2017) crossover for six weeks in 14 female -EQS cognitive symptoms
crossover design with -White matter of schizophrenia.
three-week washout integrity White matter
period in between; integrity and
participants remained treatment effects of
on antipsychotics at DCS were context-
stable dose specific. No
association observed
between DCS and
negative symptoms of
PANSS, indicating
that NMDA and social
eagerness are not
directly related.
Thai et al. Open-label Behavioral TRD Six repeated infusions N=11 teenagers  17.02y -Word face Stroop Ketamine decreased
(2020) task assessed of IV ketamine 0.5 8 male (1.18); task activation in regions
during fMRI mg/kg over 40 3 female 14-18.3y -fMRI task (emotional  involved in

minutes over a 12-day
period

valence recognition)
ROIs: bilateral
hippocampus,
amygdala, subcallosal
cortex, ACC
(corticolimbic
network), bilateral
accumbens
(corticostriatal
network), precuneus,
PCC (DMN)

corticolimbic and
corticostriatal circuits
and the DMN across
conditions of word-
face pairings.
Ketamine did not
reduce negativity
bias, but improved
performance on
positive stimuli was
associated with
improved depressive
symptoms. This
suggests that clinical
improvement may
require attenuation of
the negativity bias via

(continued on next page)
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Reference Study Design

Study
Outcomes

Diagnosis

Glutamate Receptor
Modulator, Dosing,
Frequency, Duration
of Treatment

Number of
Participants
Treated and Sex

Mean Age
(SD); Range
(Years)

Entactogenic
Outcome Measured

Results Suggesting
Entactogenic Effect

Urbano et al. RCT, double-
(2014) blind

Urbano et al.
(2015).

Weigand
et al.
(2022)

Open-label

Wu Z, et al.
(2023)

Open-label

Rating scale
scores

Rating scale
scores

Behavioral
task

Behavioral
task assessed
during fMRI
and MRS

Rating scale
scores

ASD

MDD

MDD, BD

8 weeks of DCS at
either weekly or daily
dosing and a two-week
follow-up visit. Two
dosing strategies: 50
mg weekly (placebo
taken for the
remaining 6 days of
the week) or 50 mg
daily

IV esketamine 0.25
mg/kg or IV racemic
ketamine (1:1) 0.5
mg/kg, depending on
the center where the
participant was
treated

6 intravenous
infusions (0.5 mg/kg)
of ketamine over 2
weeks

10

N=20
14 male
6 female

N=24
10 male
14 female

N=103
52 male
51 female

17.9y (2.5)
14-25y

44.4y
(11.8);
25-64y

34.3y (11.6)

ABC Subscale 2
(social/lethargy)

ABC, SRS

Social Perception
Affecting Naming
subtest. Social
Perception Prosody
Face Matching task

-Emotion-picture
viewing task using
International
Affective Picture
System during fMRI
and MRS

-ROIs: NBRs in the
pgACC

GAF (includes
domains on social
ability and ability to
maintain normal
social life), SDS-2

DMN and limbic
regions and that re-
tuning these three
critical neural
networks may allow
more efficient
recruitment of the
reward network to
enhance social
pleasure.

The secondary
outcome

measures of the ABC
subscales showed no
clinical or statistical
differences between
the dosage groups on
subscale 2 (social/
lethargy) and
subscale 3
(stereotypies).

There was a
statistically
significant
improvement in the
SRS, as well as the
Social Perception
Affecting Naming
subtest after both DCS
dosing approaches.
There was no
improvement in the
Social-Perception-
Prosody-Face
Matching task.
There was a
statistically
significant
improvement in the
Social Perception
Affecting Naming
subtest after both DCS
dosing approaches.
There was no
improvement in the
Social Perception
Prosody Face
Matching task.
Activity in the pgACC
during an emotional
stimulation task
predicted the
antidepressant
efficacy of ketamine
and was associated
with glutamate
increase 24 hours
after infusion and
better clinical
outcomes. DMN
includes the pgACC,
and its aberrant
activation may be
associated with
decreased NBRs
during emotional
stimulation task in
depression.

Direct and indirect
effects of ketamine on
psychological and
social functioning on
SDS and GAF were

(continued on next page)
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Reference Study Design Study

Outcomes

Diagnosis
Modulator, Dosing,

Glutamate Receptor

Frequency, Duration

of Treatment

Number of Mean Age Entactogenic Results Suggesting
Participants (SD); Range Outcome Measured Entactogenic Effect
Treated and Sex (Years)

(social domain), SF-
MPQ

statistically
significant, regardless
of the presence of
pain. Improvement in
social functioning was
partially mediated by
improved depressive
symptoms, but a
stronger mediation
effect was observed
for reductions in
affective pain
measured by SF-MPQ.

Abbreviations: 5D-ASC: Dimensional Altered States of Consciousness questionnaire; ABC: Aberrant Behavior Checklist; ACC: anterior cingulate cortex; ASD: autism
spectrum disorder; BD I & II: bipolar disorder I & II; DCS: D-cycloserine; dIPFC: dorsolateral prefrontal cortex; DMN: default mode network; dPCC: dorsal posterior
cingulate cortex; ECAT: Emotional Categorization Task; ECT: electroconvulsive therapy; EEG: electroencephalography; EMEM: Emotional Recognition Memory Task;
EQS: Emotional Intelligence Scale; EREC: Emotional Recall Task; ESM: Experience Sampling Method; FDOT: Facial Dot-Probe Task; FERT: Facial Emotion Recognition
Task; fMRI: functional magnetic resonance imaging; GAF: Global Assessment of Functioning scale; HV: healthy volunteer; IV: intravenous; MADRS: Montgomery-
Asberg Depression Rating Scale; MAIA: Multidimensional Assessment of Interoceptive Awareness; MDD: major depressive disorder; MEG: magnetoencephalogra-
phy; mPFC: medial prefrontal cortex; MR: mineralocorticoid receptor; MRI: magnetic resonance imaging; MRS: magnetic resonance spectroscopy; NBRs: Negative
BOLD responses; NMDA: N-methyl-D-aspartate; NMDAR: NMDA receptor; OFC: orbitofrontal cortex; pACC: pregenual anterior cingulate cortex; PANSS: Positive and
Negative Syndrome Scale; PCC: posterior cingulate cortex; PFC: prefrontal cortex; pgACC: pregenual anterior cingulate cortex; PTSD: post-traumatic stress disorder;
RCT: randomized, controlled trial; RMET: Reading the Mind in the Eyes Test; ROL region of interest; SDS: Sheehan Disability Scale; SF-MPQ: Simple McGill Pain
Questionnaire; SHAPS: Snaith-Hamilton Pleasure Scale; SRS: Social Responsiveness Scale; STQ: Social Touch Questionnaire; TPC: temporoparietal cortex; TRD:
treatment-resistant depression; vmPFC: ventromedial prefrontal cortex; VTA: ventral tegmental area.

recognition and processing, such as reducing the ability to detect sad
expressions on the Ekman 60 Faces Test (Ebert et al., 2012); attenuating
cognitive efforts in emotion-related cortical midline activity (particu-
larly the right dorsolateral prefrontal cortex (dIPFC) and left insula)
during a working memory task using affective words (Scheidegger et al.,
2016b); and reducing neural reactivity in the bilateral
amygdala-hippocampal complex during emotion-picture viewing task,
which in turn correlated with resting-state connectivity to the pgACC, a
region previously implicated in the psychedelic-induced psychomimetic
state (Scheidegger et al., 2012).

Other double-blind, placebo-controlled RCTs included a neuro-
imaging component that examined correlates of ketamine’s neural ef-
fects on change in self-perception. For example, posterior cingulate
cortex (PCC) cortical thickness measured via structural MRI was nega-
tively correlated with self-reported disembodiment scores, suggesting
that ketamine may attenuate PCC-mediated self-referential thought
processes within the default mode network (DMN) (Danyeli et al.,
2024). The PCC has previously been associated with
psychedelic-induced alterations in sense of self (Doss et al., 2021; Pal-
hano-Fontes et al., 2015) and with ketamine’s mechanism of action (Li
et al., 2020).

The only study to examine the effects of DCS on emotion perception
in HVs reported mixed results. Chen and colleagues found that DCS
increased positive bias in emotional word categorization in the
Emotional Categorization Task (ECAT) and free recall in the Emotional
Recall Task (EREC), though no significant differences were found in
other tasks including the Facial Expression Recognition Task (FERT),
Facial Dot-Probe Task (FDOT), or Emotional Recognition Memory Task
(EMEM) (Chen et al., 2021). In contrast to the studies suggesting that
ketamine has possible emotional blunting effects (particularly to nega-
tively valenced stimuli), this study suggested that DCS may facilitate
bias towards positively valenced stimuli (i.e., participants were more
attentive towards positive emotions).

3.3. Schizophrenia

Only one study in individuals with schizophrenia met inclusion
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criteria (Takiguchi et al., 2017). This double-blind, placebo-controlled,
crossover RCT evaluated the effects of DCS (50 mg daily) on positive,
negative, and cognitive symptoms in individuals with schizophrenia.
DCS did not improve negative symptoms as measured by the Positive
and Negative Syndrome Scale (PANSS) nor cognitive symptoms per-
taining to interpersonal, intrapersonal, and situational domains as
measured by the emotional intelligence scale (EQS); however, response
to DCS was influenced by heterogeneity in neurobiological predictors,
including age of onset and white matter integrity measured by structural
MRI. The lack of response to DCS for negative and cognitive symptoms is
consistent with findings from prior studies investigating DCS as an
adjunctive treatment for schizophrenia (Buchanan et al., 2007; Goff
et al., 2005; 1999; Heresco-Levy et al., 2002).

3.4. ASD

Three papers examining the effects of glutamate receptor modulators
on empathy in individuals with ASD (without medical comorbidities or
other comorbid neurodevelopmental disorders) met inclusion criteria.
One case report found that an adult female with ASD and comorbid
treatment-resistant depression (TRD) who received intranasal esket-
amine for several weeks had a slightly improved performance on the
Reading the Mind in the Eyes Test (RMET), a measure of one’s ability to
recognize and understand another’s mental state (other-perception)
(Olivola et al., 2022).

Two papers examined the effects of DCS. One double-blind, placebo-
controlled RCT found that individuals with ASD treated with DCS for
eight weeks had statistically significant improvement in ASD-related
social deficits as measured by the Social Responsiveness Scale (SRS), a
self-reported measure (Urbano et al., 2014). In the same trial, DCS
demonstrated statistically significant improvements in the Social
Perception Affecting Naming subtest, though performance on the
Social-Perception-Prosody Face Matching Task did not improve (Urbano
et al., 2015).
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3.5. PTSD

Social isolation (Vlachos et al., 2020) and heightened empathic
ability (Wendt et al., 2022) are both thought to predispose individuals to
develop PTSD. One double-blind, parallel group RCT found that keta-
mine, compared to midazolam, was associated with increased functional
connectivity between the ventromedial PFC (vmPFC) and the amygdala
during an emotional face-processing task, regardless of the presence of
comorbid depressive symptoms. Improvement in PTSD symptoms also
predicted decreased dorsal ACC activity during emotional conflict
regulation (in the face Stroop paradigm) and increased task-free con-
nectivity between the vmPFC and the anterior insula. The authors sug-
gested that ketamine might exert entactogenic effects in individuals with
PTSD by modulating neural response to social threat signals (Norbury
et al., 2021). These findings suggest that ketamine-induced improve-
ments may be driven by suppression of dorsal ACC hyperactivity during
emotional conflicts and increased empathetic processes via the
enhanced connectivity between the vmPFC and anterior insula, enabling
individuals to more effectively manage conflicting social cues and pro-
cess empathetic signals, thereby supporting improved prosocial
learning.

3.6. Mood disorders

Mood disorders are frequently associated with impaired social
functioning and communication (Kupferberg and Hasler, 2024). Dysre-
gulated emotional processing such as attentional bias towards negative
emotional stimuli has also been reported, and correcting such biases has
been postulated as an antidepressant mechanism (Dalgleish and Watts,
1990; Ma, 2015). Our systematic review identified 13 studies of in-
dividuals with mood disorders that measured a pre-specified empa-
thy-related outcome. Ten studies used intravenous ketamine, one used
intranasal esketamine, and two used DCS (Table 1).

Several double-blind, placebo-controlled crossover pharmaco-
imaging RCTs found that ketamine attenuated attentional bias to
negative emotional stimuli. One magnetoencephalography (MEG) study
found that, in individuals with TRD versus HVs, ketamine slowed NMDA
signal transmission in the amygdala when performing the dot probe task
with emotional face stimuli (Gilbert et al., 2018). When using fMRI to
assess the same task, whole-brain analysis revealed an interaction be-
tween the drug group (ketamine vs. placebo) and emotional valence
(angry vs. happy) in the mPFC. Interestingly, ketamine appeared to
correct attentional bias towards angry and happy faces in TRD partici-
pants to the pattern seen in HVs; this change correlated with improved
depressive symptoms, suggesting that ketamine may reduce brain
response to negative stimuli and increase response to positive stimuli in
emotional processing regions (Gilbert et al., 2018). In a similar study
using an emotion evaluation task under MEG, MDD participants
exhibited higher accuracy for sad-angry than happy-neutral faces, and
HVs exhibited the opposite pattern, though the performance became
similar between the two groups post-ketamine (Lundin et al., 2021). It is
worth noting that ketamine’s deactivation of neural response to negative
stimuli in these studies of TRD participants mirror the results obtained in
the aforementioned similarly designed RCTs that examined HVs
(Lehmann et al., 2016; Scheidegger et al., 2016b).

Non-randomized studies in individuals with MDD or TRD post-
ketamine, though at higher risk of bias, obtained similar results. These
findings included decreased activation in the amygdala during an
emotional face discrimination task assessed via fMRI (Loureiro et al.,
2020); increased caudate connectivity during positive emotion percep-
tion in two separate emotion perception tasks that correlated with an-
tidepressant effects (Murrough et al., 2015); modification of activity in
the amygdala, insula, and anterior cingulate cortex (ACC) in response to
negative pictures during an emotional judgement task assessed via fMRI
(Sterpenich et al., 2019); and negative blood oxygenation level depen-
dent response in the pgACC during an emotional stimulation task using
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fMRI, which also predicted the antidepressant efficacy of ketamine and
glutamate increases observed using magnetic resonance spectroscopy
(MRS) (Weigand et al, 2022). However, although most
pharmaco-imaging studies highlighted changes in regions associated
with empathy seen via neuroimaging, Shiroma and colleagues observed
no differences, which challenges the theory that correcting negative
emotional bias is a prerequisite for ketamine’s antidepressant effects
(Shiroma et al., 2015).

Subjective improvement in hedonic pleasure associated with
engaging in prosocial behaviors has also been reported with varying
evidence levels. For example, one double-blind, placebo-controlled,
crossover RCT found that ketamine improved social hedonic pleasure, as
assessed via the Snaith-Hamilton Pleasure Scale (SHAPS) (Hess et al.,
2024). Another open-label trial of repeat-dose IV ketamine in teenagers
with TRD found that clinical improvement in depression was associated
with improved ability to identify positive stimuli on an emotional
valence identification task, even though ketamine did not reduce
negativity bias, as reported in other studies of adults with depression
(Thai et al., 2020). Another study that collected qualitative data via
semi-structured interviews found that, after administration of adjunc-
tive esketamine, TRD participants reported changes in activities with
friends and relatives and being around others/more likely to socialize
(Starr et al., 2020). Finally, an open-label trial of social functioning in
relation to mood and affective pain found that ketamine improved social
functioning in individuals with MDD and bipolar depression (BD), an
improvement partially mediated by improved depressive symptoms but
more strongly by reduced affective pain (Wu et al., 2023).

Only one trial studied DCS in MDD. In a double-blind, placebo-
controlled RCT, DCS decreased cognitive empathy measured with the
Multifaceted Empathy Test (MET) in MDD participants but not in HVs.
In both groups, DCS had no effect on emotional empathy measured by
the MET (Nowacki et al., 2020) or on the FERT (Nowacki et al., 2021).
Another study in the same sample showed that, independent of receptor
stimulation, MDD participants showed decreased emotional empathy for
positive emotions compared with HVs, and DCS increased recognition
accuracy for angry faces on the FERT (Nowacki et al., 2021). These re-
sults suggest that DCS (which stimulates NMDARs) may increase
attentional bias to negative emotional stimuli and decrease cognitive
empathy in MDD participants, contrary to ketamine, which mainly an-
tagonizes NMDARSs.

4. Discussion

This systematic review explored the potential entactogenic effects of
glutamate receptor modulators. Although both older and newer gluta-
mate receptor modulators were included in the search terms (see Sup-
plement), only 30 publications using ketamine (either racemic ketamine
or esketamine) and DCS met inclusion criteria—no studies investigating
any other pre-specified glutamatergic modulator met inclusion criteria.
Ketamine is an NMDAR antagonist and broad glutamatergic modulator
(Henter et al., 2021). DCS is a partial NMDAR agonist at the glycine
binding site and has been thought to promote synaptic plasticity for
learning and memory processes (Vestring et al., 2024). In this context,
the entactogenic effects observed with these compounds may be related
to their modulating effects primarily on NMDARs (Fig. 1).

4.1. Self- and other-perception

The findings reviewed above suggest that ketamine (both racemic
ketamine and esketamine) and DCS may modulate self- and other-
perception. Such effects may involve activity in the ACC, prefrontal
cortex (PFC), orbitofrontal cortex (OFC), insula, amygdala, ventral
tegmental area (VTA), cuneus, precuneus, or PCC, brain regions
involved in mentalizing (the ability to understand one’s own and others’
thoughts and feelings) and empathetic concerns (Lamm et al., 2019;
Stevens and Taber, 2021). Across randomized and non-randomized
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studies of both HVs and individuals with mood disorders or PTSD, ke-
tamine reduced cognitive processing of negative social cues on behav-
ioral tasks (Ebert et al., 2012), possibly by suppressing activity in the
PgACC, dIPFC, amygdala, PCC, or parieto-occipital brain regions (Abel
et al., 2003; Becker et al., 2017; Gilbert et al., 2018; Lehmann et al.,
2016; Loureiro et al., 2020; Norbury et al., 2021; Reed et al., 2019;
Scheidegger et al., 2016a; 2016b; Schmidt et al., 2013). These findings
are consistent with previous research showing that negative bias
correlated with pgACC activity (Ito et al., 2017), reduced dIPFC con-
nectivity (Amemori et al., 2024; Clarke et al., 2020), and increased
amygdala activity (Dannlowski et al., 2007). Other studies found
ketamine-induced enhanced response to positive social cues in brain
regions such as the dorsal ACC, amygdala, and insula (Sterpenich et al.,
2019). Collectively, this suggests that ketamine may reduce
amygdala-driven negative biases, offering a potential therapeutic
pathway in depression and PTSD.

The evidence reviewed above also underscores that ketamine’s
pharmacologic effects are associated with cognitive perception and
high-order executive functioning at neural and behavioral levels, with
valence-specific effects. Valence-specific neural response to emotional
stimuli precedes empathic decision-making processes before prosocial
behaviors or social affiliative behaviors are enacted. Interestingly, the
few studies examining DCS in MDD or schizophrenia found no clinically
meaningful changes in outcomes related to self- and other-perception
(Nowacki et al., 2020; Takiguchi et al., 2017), perhaps as a result of
the site-specific effects that each drug has within the NMDAR complex
(i.e., ketamine at the PCP site, and DCS at the glycine site).

Ketamine’s transient psychomimetic effects also appeared to affect
the distinction between self and others. For instance, one well-designed
study found that ketamine reduced the distinction between touch initi-
ated by oneself versus by others, potentially blurring the boundaries
between self and others in cutaneous sensation (Kaldewaij et al., 2024).
This reduction in sensitivity to self- and other-driven touch has been
positively associated with decreased neural activity in the
temporal-parietal cortex (van Buuren et al., 2022). Blurring of the
self-other interoceptive and proprioceptive boundaries during a
ketamine-induced psychomimetic state may represent a mechanistic
subcomponent of empathy, such that the act of “putting oneself in an-
other’s shoes” may require neural modulation of the self-other distinc-
tion (Lamm et al., 2016, 2019). Indeed, the self-other distinction appears
to be diminished in neural responses to distress in extraordinarily
altruistic individuals (Brethel-Haurwitz et al., 2018; Bukowski et al.,
2021).

4.2. Prosocial drive, reward-seeking, and reinforcement of prosocial
behavior

Prosocial behavior follows empathic resonance coupled with moti-
vational decision-making. No studies included in this systematic review
used self-report ratings (e.g. Prosociality Scale) (Luengo Kanacri et al.,
2021) or behavioral paradigms (Marsh et al., 2007; McDonald and
Kanske, 2023) that measure prosocial behaviors and motivation. Future
studies of glutamate receptor modulators beyond ketamine/esketamine
and DCS should incorporate such outcomes.

Hedonic pleasure associated with social affiliative behavior can drive
and reinforce prosocial behaviors. Preliminary findings suggest that
entactogens may promote prosocial behaviors, particularly in mood
disorders where the hedonic pleasure associated with social interaction
is compromised. For example, individuals with depression reported
enhanced social pleasure and improved cognitive and social functioning
following intravenous ketamine or intranasal esketamine administra-
tion, respectively (Hess et al., 2024; Starr et al., 2020). Interestingly,
many ketamine/esketamine studies assessed for inclusion in this sys-
tematic review used the SHAPS as an outcome measure, though many of
these were excluded from our final analysis because they reported the
SHAPS composite score only. If data are available, a focused
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sub-analysis of the SHAPS questions pertaining to social anhedonia from
ketamine/esketamine trials may be enlightening. Similarly, investi-
gating whether improvements in social anhedonia correlate with im-
provements in depressive symptoms may elucidate the relationship
between ketamine’s antidepressant and entactogenic effects.

Despite these promising findings, more research is needed to validate
the role of ketamine in fostering prosocial behaviors. Although Hess and
colleagues found that ketamine had entactogenic effects in a rodent
model of prosocial behavior (Hess et al., 2024), prosocial behaviors
measured via behavioral paradigms have yet to be tested in humans. It
remains unclear whether entactogens directly trigger prosocial behav-
iors or enhance the learning of such behaviors and what brain correlates
may underpin these effects.

4.3. Implications for the pharmacological mechanisms of entactogens and
potential transdiagnostic clinical applications

Deficits can occur across the spectrum of our framework that
cognitive and affective empathy drive prosocial behavior, which in turn
brings hedonic pleasure and reinforces prosocial learning. Although
antisocial personality disorder may be a prototypical model of empathic
deficits that lead to deficits in prosocial behaviors and learning, deficits
in social cognition and behavior are widely observed to varying severity
in a range of neuropsychiatric conditions, including schizophrenia, ASD,
personality disorders and, to a more subtle extent, mood disorders and
PTSD.

The findings presented in this systematic review convincingly
demonstrate that ketamine/esketamine may have entactogenic effects,
in part by reducing neural response to negative stimuli, which offers
possible clinical applications for depression and PTSD. A handful of
preliminary results also support the notion that ketamine/esketamine’s
ability to alleviate anhedonia symptoms improves pleasure associated
with social interactions. In this sense, real-world clinical applications
that leverage the entactogenic effects of ketamine or esketamine may be
quite impactful. Esketamine nasal spray, in particular, is comparatively
more accessible than other compounds studied in relation to empathy
and prosocial behavior, such as intranasal oxytocin or MDMA, which are
not commercially available; furthermore, the wide use of esketamine in
Europe has generated clinical data demonstrating its effect on di-
mensions connected to empathy and prosocial behavior, such as anhe-
donia and affective blunting (Pettorruso et al., 2023).

The underlying mechanisms of the entactogenic effects observed
with ketamine/esketamine are likely to overlap with the known mech-
anisms of MDMA, an established entactogen whose presumed mecha-
nism of action is modulation of the serotonergic and oxytocinergic
systems. While ketamine’s primary mechanism of action is NMDAR
antagonism, its broad modulatory effects on glutamate receptors may
have downstream effects on these systems (Fig. 1); in fact, rodent models
have demonstrated that ketamine activates both the serotonergic (Ago
et al., 2019; Fukumoto et al., 2016) and oxytocinergic systems (Edem
et al., 2023). Ketamine and phencyclidine (PCP) both occupy the same
binding site at the NMDAR, but PCP is not known to produce any
entactogenic effects. Therefore, the pharmacological mechanism un-
derlying ketamine’s entactogenic effects likely involves a mechanism
beyond simple NMDAR antagonism.

Furthermore, the phenomenology of ketamine administration
(notably dissociative and some hallucinogenic effects) is reported to be
quite distinct from those of classic serotonergic psychedelics such as
psilocybin and other known entactogens, such as substituted amphet-
amines (e.g., MDMA, methylenedioxyamphetamine), phenethylamines
(e.g., metaescaline), and cathinones (e.g., mephedrone). It is unclear
whether ketamine’s entactogenic effects are a product of downstream
serotonergic effects or specific to one or more of its broad glutamate
receptor modulating effects. Future research should seek to elucidate the
glutamate-related mechanisms that explain ketamine/esketamine’s
entactogenic effects in humans and both compare them with and
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distinguish them from the mechanisms of other known entactogens that
modulate the monoaminergic system (Table 2). Therapeutically, how-
ever, glutamate receptor modulators may be of more urgent interest
with regard to their clinical use in potentiating prosocial behaviors in
humans, given that they are more accessible, have fewer side effects, and
have less abuse potential than other known entactogens, which are
mostly substituted amphetamines and MDMA-related compounds.

Although some studies found that DCS facilitated clinical improve-
ment in ASD, results for DCS were mixed. Given its ability to promote
neuroplasticity (Forsyth et al., 2015) and reduce attention bias to
negative stimuli (Britton et al., 2007), DCS has been investigated as an
adjunctive treatment in social anxiety disorder (Hofmann et al., 2006),
phobic disorders (Aupperle et al., 2009), obsessive compulsive disorder
(Andersson et al., 2015), and PTSD (de Kleine et al., 2012), but some
well-designed trials found negative results (Hofmann et al., 2019). It
should be noted that fear extinction results from both change in
other-perception and learning; given the confounding factor of learning,
our review did not focus on fear extinction as an entactogenic outcome.
Nevertheless, the existing literature suggesting that DCS facilitates fear
extinction had study designs that used a cognitive or behavioral learning
component (i.e., psychotherapy). DCS has no dissociative or psycho-
mimetic effects and binds to the glycine-site receptor—a different area
of the NMDAR than ketamine. In this context, it may have overlapping
downstream effects with ketamine and other glycine site modulators to
produce potential entactogenic effects (Fig. 1), given that it appears to
also modulate self- and other-perception. Thus, comparing the entac-
togenic effects of ketamine/esketamine versus DCS may shed light on
possible mechanistic overlaps (such as neuroplastic properties) as well
as differences (entactogenic effects deriving from other glutamate re-
ceptor modulating effects and/or changes in the serotonergic and/or
oxytocinergic systems).

4.4. Limitations

Our systematic review results are limited by several factors. First,
very few studies were designed to assess the effects of glutamate re-
ceptor modulators on empathy and prosocial behaviors as the primary
outcome. Most of our included studies examined ketamine, and the few
studies investigating DCS limited our ability to fully compare entacto-
genic effects between these two compounds. It should also be noted that
our systematic review protocol included studies investigating glutamate
receptor modulators with known or suspected psychoactive effects but
did not include other compounds that interact with the NMDAR or other
glutamate receptors, such as memantine and magnesium. Studies that
focused on ketamine misuse or addiction were excluded due to the many
external variables that would be difficult to control for outside of the
study design.

Second, there are notable limitations to the sample size and study
design of the included studies that may have affected our ability to
compare results across studies. Study designs varied between open-
label, double-blind, crossover, and parallel randomized control trials.
The participant populations also varied from HVs to individuals with
mood disorders, neurodevelopmental disorders, and psychotic disor-
ders. Sample sizes were relatively small, and these also varied between
the included studies, ranging from one female participant in a case study
to 232 participants (116 with MDD, 116 HVs). Some of the studies
included in our review did not incorporate a proper control group.

Third, our risk of bias assessment identified four RCTs and six NRSIs
with moderate risk of bias. Several studies were found to have reliability
and bias concerns in the context of missing outcome data. The missing
data were not characterized with regard to whether this was random or
intentional, which may have affected the overall results. Future studies
should prioritize consistent reporting of all outcome data and trans-
parent assessment of missing data, both of which are both crucial for
minimizing bias and improving the validity of conclusions.

Finally, due to the nature of the systematic review, it is possible that

14

Psychiatry Research 349 (2025) 116513

some studies relevant to our topic were not identified and reviewed.
More broadly, the findings of this systematic review must be interpreted
with caution given the complexity of empathy and prosocial behaviors
in humans, the varying degrees of judgement assigned to the included
studies, and the variability in the outcomes and experimental designs of
the included studies.

4.5. Conclusions and future directions

This systematic review identified potential entactogenic effects
associated with ketamine and, to less convincing extent, DCS. NMDAR
modulators are generally safe and—given their broad pharmacologic
profile that also facilitates neuroplasticity and promotes learning—have
the potential to offer a safe and effective clinical solution for improving
empathy and prosocial behaviors. Therapeutic interventions that seek to
improve empathy and social functioning may also consider combining
potential entactogens with modalities known to positively affect social
cognition and behavior, such as intranasal oxytocin, cognitive behav-
ioral therapy, interpersonal psychotherapy, mindfulness-based cogni-
tive therapy, psychedelic-assisted psychotherapy, or neuromodulation
(Kupferberg and Hasler, 2024). Future studies may also wish to explore
whether newer glutamate receptor modulators such as HNK, Nuedexta,
AVP-786, GLYX-13, or basimglurant have similar entactogenic effects to
ketamine and DCS that can be measured via self-report, behavioral
tasks, and/or neuroimaging outcomes; Table 2 lists considerations for
future experimental designs.

Because empathy is a construct that has yet to be operationalized by
definitive biological correlates, there is considerable variability in the
outcomes of our reviewed studies (Table 1), as well as potential future
experimental designs (Table 2). Behavioral neuroimaging paradigms
that assess specific components of an entactogen’s mechanism of action
are of particular interest for bridging psychological constructs like
empathy with neurobiological correlates and for further evaluating the
entactogenic effects of psychotropics; these include social pain
(Ferguson et al., 2024), self-other distinction by touch (Kaldewaij et al.,
2024), and egocentricity bias in self- versus other-related affective states
(Silani et al., 2013). Results from rigorously conducted trials using
paradigms to assess self- and other-perception, affective regulation in
interpersonal domains, social reward processing, and empathy would
significantly advance the social processing domains within the NIMH
Research Domain Criteria, which have historically been underexplored.
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Table 2
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Considerations for Research Questions and Experimental Designs for Future Trials Investigating the Entactogenic Effects of Glutamate Receptor Modulators.

Research Questions

Glutamate Receptor Modulators to Investigate
as Candidate Entactogens

Self-Reported
Questionnaires to Consider
Pre- and Post-Drug

Behavioral Tasks and
Paradigms to Consider Pre-
and Post-Drug

Other Research Modalities and
Methodology to Consider Pre-
and Post-Drug

Do glutamate receptor
modulator(s) modify self-
and other-perception in a
prosocial way?

Do glutamate receptor
modulator(s) modify
emotional regulation
with regard to social
cues?

Do glutamate receptor
modulator(s) modify
performance in empathy-
proxy paradigms, such as
through pain?

Do glutamate receptor
modulator(s) modify
social reward processing
or prosocial drive?

IV ketamine ((R/S) or S-ketamine) and
derivatives

- esketamine nasal spray

- HNK

Glycine Site Modulators

- DCS, NRX-101 (DCS + Lurasidone)

- Rapastinel (GLYX-13)

- 4-Chlorokynurenine (AV-101)
Dextromethorphan and derivatives

- Deudextromethorphan (AVP-786), Nuedexta,
AXS-05 (Axsome)

mGluR modulators

- Basimglurant

- AZD2066

- TS-161

Non-competitive NMDA receptor antagonists
- Dextromethadone (REL-1017)

- Nitrous Oxide

1V ketamine ((R/S) or S-ketamine) and
derivatives

- Single infusion of racemic ketamine has been
shown to increase hedonic pleasure associated
with social interaction and prosocial acts (Hess
et al., 2024), but has yet to be investigated in
repeated administration of intravenous
ketamine/esketamine and intranasal
esketamine

- HNK

Glycine site modulators

- DCS, NRX-101 (DCS + Lurasidone)

- Rapastinel (GLYX-13)

- 4-Chlorokynurenine (AV-101)
Dextromethorphan and derivatives

- Deudextromethorphan (AVP-786), Nuedexta,
AXS-05 (Axsome)

mGluR modulators

- Basimglurant

- AZD2066

- TS-161

Non-competitive NMDA receptor antagonists

Questionnaires to assess

Tasks to assess other-

change in self-perception

perception and theory of mind

- Self-Perception Profiles

- Physical Self-Perception
Profile

Questionnaires to assess
change in other-perception
- Other-Perception
Assessment Tool

Specific questions within a

- The Picture Stories Task

- Reading the Mind in the Eyes
- Multifaceted Empathy Test

- Movie for the Assessment of
Social Cognition

- Emotional Stroop Task
Behavioral tasks under
neuroimaging

questionnaire that assess
self-perception pre- and
post-drug

- CADSS Questions 3, 4, 5, 6,
7, 8,18, 20, 21, and 22

Interpersonal Emotion
Regulation Questionnaire
Emotion Regulation of
Others and Self
Questionnaire

Social Pain Questionnaire
Hurt Feelings Scale

Questionnaires to assess

empathy
- Balanced Emotional

Empathy Scale

- Multidimensional
Emotional Empathy Scale

- Empathy Quotient

- Feeling and Thinking Scale
- Griffith Empathy Measure
- Toronto Empathy
Questionnaire

- Questionnaire of Cognitive
and Affective Empathy

- Hogan Empathy Scale

- Emotional Empathic
Tendency Scale
-Interpersonal Reactivity
Index

- Empathic Experience Scale
- Basic Empathy Scale
Questionnaires assessing

empathy within a specific

- Dextromethadone (REL-1017)
- Nitrous Oxide

context

- Jefferson Scale of
Physician Empathy

- Nursing Empathy Scale

- Consultation and
Relational Empathy
Measure

- Autism Quotient

- Scale of Ethnocultural
Empathy

Specific questions within a
questionnaire that assess
social anhedonia

- SHAPS Questions 2, 7, 13,
14

- Self Other Touch Paradigm
under fMRI

- A novel visuo-tactile
paradigm developed by Silani
et al. (2013) to assess
egocentricity bias in the
emotional domain under fMRI
Social Reappraisal Task
Conflict Resolution Task
Behavioral tasks under
neuroimaging

- Hariri Hammer task under
fMRI

- Picture Viewing Paradigm
under fMRI

EEG-coupled social pain vs.
physical pain (Ferguson et al.,
2024)

Empathy Selection Task
Social Value Orientation Test
Prosocial Learning Task

Qualitative data collection
Behavioral tasks under MEG
instead of fMRI

Comparison (via parallel
design or cross-over) of
glutamate receptor modulator
with other known entactogens
such as MDMA

Peripheral measurement (via
plasma or saliva) of oxytocin

Qualitative data collection
Behavioral tasks under MEG
instead of fMRI

Comparison (via parallel
design or cross-over) of
glutamate receptor modulator
with other known entactogens
such as MDMA

Peripheral measurement (via
plasma or saliva) of oxytocin
Qualitative data collection
Conducting social pain task
under MEG instead of EEG

Qualitative data collection
Conducting behavioral tasks
under fMRI or MEG
Comparison (via parallel
design or cross-over) of
glutamate receptor
modulators with other known
entactogens such as MDMA
Peripheral measurement (via
plasma or saliva) of oxytocin

Abbreviations: CADSS: Clinician-Administered Dissociative States Scale; DCS: D-cycloserine; EEG: electroencephalography; fMRI: functional magnetic resonance
imaging; HNK: hydroxynorketamine; IV: intravenous; MDMA: 3,4-Methylenedioxymethamphetamine; MEG: magnetoencephalography; mGluRs: metabotropic
glutamate receptors; NMDA: N-methyl-D-aspartate; SHAPS: Snaith Hamilton Pleasure Scale.
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