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Abstract

Background: At ketamine and esketamine doses at which antidepressant doses are achieved, these agents are relatively selective, 
noncompetitive, N-methyl-D-aspartate receptor antagonists. However, at substantially higher doses, ketamine has shown mu-
opioid receptor (MOR–gene symbol: OPRM1) agonist effects. Preliminary clinical studies showed conflicting results on whether 
naltrexone, a MOR antagonist, blocks the antidepressant action of ketamine. We examined drug-induced or endogenous MOR 
involvement in the antidepressant and dissociative responses to esketamine by assessing the effects of a functional single 
nucleotide polymorphism rs1799971 (A118G) of OPRM1, which is known to alter MOR agonist-mediated responses.
Methods: Participants with treatment-resistant depression from 2 phase III, double-blind, controlled trials of esketamine (or 
placebo) nasal spray plus an oral antidepressant were genotyped for rs1799971. Participants received the experimental agents 
twice weekly for 4 weeks. Antidepressant responses were rated using the change in Montgomery–Åsberg Depression Rating 
Scale (MADRS) score on days 2 and 28 post-dose initiation, and dissociative side effects were assessed using the Clinician-
Administered Dissociative-States Scale at 40 minutes post-dose on days 1 and 25.
Results: In the esketamine + antidepressant arm, no significant genotype effect of single nucleotide polymorphism rs1799971 
(A118G) on MADRS score reductions was detected on either day 2 or 28. By contrast, in the antidepressant + placebo arm, there was 
a significant genotype effect on MADRS score reductions on day 2 and a nonsignificant trend on day 28 towards an improvement 
in depression symptoms in G-allele carriers. No significant genotype effects on dissociative responses were detected.
Conclusions: Variation in rs1799971 (A118G) did not affect the antidepressant response to esketamine  +  antidepressant. 
Antidepressant response to antidepressant + placebo was increased in G-allele carriers, compatible with previous reports 
that release of endorphins/enkephalins may play a role in mediating placebo effect.
Trial Registration: NCT02417064 and NCT02418585; www.clinicaltrials.gov
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Introduction
Ketamine and esketamine are N-methyl-D-aspartate receptor 
(NMDAR) antagonists that in subanesthetic doses exert robust 
and rapid antidepressant effects in individuals with treatment-
resistant depression (TRD) (Singh et al., 2016a, 2016b). However, 
ketamine has a known potential for abuse, and some individuals 
suffering from depression may be at risk (Kalsi et al., 2011; Schak 
et al., 2016). A recent report suggesting that the antidepressant 
effects of ketamine may be influenced by opiate receptor activa-
tion has added to this concern (Williams et al., 2018).

The inhibitory constant (Ki) values for ketamine and 
esketamine binding the NMDAR were approximately 1  μM 
and 0.5  μM, respectively (Zanos et  al., 2018). Ketamine and 
esketamine showed weak potency for the mu-opioid receptor 
(MOR; gene symbol: OPRM1) with Ki values of 42 μM and 11 or 
28.6  μM, respectively (Hustveit et al., 1995; Hirota et al., 1999). 
The half maximal effective concentration (EC50) of ketamine 
was 1000 μM for MOR in a functional assay (Hirota et al., 1999), 
while the estimated brain unbound ketamine level was approxi-
mately 1 μM when administered at antidepressant doses (Zanos 
et al., 2018) (see Discussion). These data suggest that ketamine 
and esketamine are relatively selective towards NMDAR at anti-
depressant doses. Thus, it appears highly unlikely that direct 
MOR agonist effects contribute to the antidepressant effects of 
ketamine as proposed by Williams et al. (Williams et al., 2018). 
It remains conceivable, however, that indirect MOR stimulation 
via release of endogenous opioid peptides may play a role in the 
antidepressant effects of ketamine and esketamine (Aalto et al., 
2005). Williams et al. showed that naltrexone, a potent MOR an-
tagonist that would putatively block both MOR-mediated and 
endogenous MOR stimulation, attenuated the antidepressant 
effects of ketamine (Williams et al., 2018). However, 2 follow-up 
reports did not observe the same blocking effects (Marton et al., 
2019; Yoon et al., 2019).

Genetic variation in OPRM1 offers an opportunity to assess 
whether the antidepressant effects of ketamine and esketamine 
are influenced by MOR activation. The single nucleotide poly-
morphism (SNP) rs1799971 involves a nucleotide substitution 
at position 118 (A118G) in OPRM1, which results in a missense 
amino acid change (Asn44Asp) at an N-glycosylation site that 
affects the stability of the receptor protein (Bond et al., 1998; 
Huang et  al., 2012). In clinical and preclinical models, these 
SNPs have been shown to alter the binding and activity of en-
dogenous opioid peptides that mediate resilience to stress and 
the positive emotional expectancy to placebo administration 
(Bond et al., 1998). In genetically manipulated cells and brain 
tissue, the SNPs were associated with increased responses of 
endogenous opioid peptides (Bond et al., 1998), but decreased 
MOR mRNA expression, total MOR protein levels, and receptor 

binding (putatively as compensatory responses to the in-
creased sensitivity to endogenous opioid peptides) (Mague 
et al., 2009; Huang et al., 2012). Models of the OPRM GG variant’s 
influence on function have displayed lower morphine-induced 
hyperlocomotion (Mague et  al., 2009), reduced morphine-
induced analgesia (Mague et  al., 2009; Mahmoud et  al., 2011; 
Henderson-Redmond et  al., 2016), reduced buprenorphine-
induced analgesia (Browne et  al., 2017), blunted morphine-
induced hypothermia (Henderson-Redmond et  al., 2016), 
decreased MOR stimulation-induced excitatory responses 
in hippocampal neurons (Mague et  al., 2015), and decreased 
morphine-induced suppression of electroencephalogram 
gamma band power (Mague et al., 2015). In studies assessing 
the effects of this variant on the response to drugs with potent 
MOR agonism, mice expressing the GG variant showed attenu-
ation of antinociceptive and other responses to MOR agonists 
(Zubieta et  al., 2005). Collectively, these preclinical data indi-
cated that A118G was a functional variant of OPRM1.

Human G allele carriers of the rs1799971 polymorphism 
showed lower binding potential to [11C]carfentanil, a MOR-
specific tracer sensitive to displacement by endogenous opioid 
peptides in whole brain (Weerts et al., 2013) and in brain re-
gions involved in pain and affect (Peciña et al., 2015). For this 
radiotracer, a lower binding potential may thus reflect either 
increased endogenous ligand release or decreased receptor 
density or affinity. Crucially, a meta-analysis revealed that in-
dividuals homozygous for the OPRM1 (rs1799971) A-allele re-
quired less postsurgical opiate analgesic treatment compared 
with those homozygous for the G-allele (Choi et  al., 2017), 
implying the net effect of the GG genotype was to reduce sen-
sitivity to exogenous opioid receptor agonists. These clinical 
data provided further evidence that A118G was a functional 
variant.

To explore the role of MOR function on the antidepressant ac-
tion of esketamine, we examined whether this functional OPRM1 
variant altered the antidepressant effects of treatment with 
esketamine nasal spray. This analysis was performed as a post 
hoc assessment of data from pivotal trials that compared the 
antidepressant efficacy of esketamine nasal spray plus a newly 
initiated oral antidepressant (“esketamine” arm) compared with 
placebo nasal spray plus a newly initiated oral antidepressant 
(“placebo” arm) in patients with TRD. We also considered 2 add-
itional MOR missense SNPs (rs1799972 and rs34427887). In our 
cohort, however, minor alleles for rs1799972 and rs34427887 oc-
curred in 1.7% and 6.4% of the patients, respectively. As a result, 
statistical testing was not possible for rs1799972 and was under-
powered for rs34427887, so the primary analysis was based on 
comparisons involving the rs1799971 polymorphism.

Significance Statement
Ketamine and esketamine are N-methyl-D-aspartate receptor antagonists that produce robust and rapid antidepressant actions 
at subanesthetic doses. At substantially higher concentrations than needed for antidepressant effects, these agents stimulate the 
mu-opioid receptor (MOR–gene symbol: OPRM1). A small clinical study reported that MOR antagonism blocks the antidepressant 
action of ketamine, although this observation was inconsistent with evidence from other studies. Here, we examined whether 
the single nucleotide polymorphism rs1799971 (A118G) of OPRM1, which is known to alter MOR agonist-mediated responses, 
affected the antidepressant and dissociative responses to esketamine. Using data from 2 phase III studies of esketamine, we 
found no significant genotype effect on reductions in Montgomery–Åsberg Depression Rating Scale total score or on dissociative 
responses in patients with treatment-resistant depression treated with esketamine + oral antidepressant. These results did not 
support the hypothesis that the antidepressant effect of esketamine was mediated by MOR activation.
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Methods and Materials

Study Samples and Evaluations

Whole blood for DNA samples was obtained from adult male and 
female patients with TRD in 2 separate randomized, double-blind, 
active-controlled, phase III clinical trials: TRANSFORM-1 
(NCT02417064) (Fedgchin et al., 2019) and TRANSFORM-2 
(NCT02418585) (Popova et al., 2019). The details of the methods 
and main outcomes of these trials were described previously 
(Fedgchin et al., 2019; Popova et al., 2019). For both studies, the 
protocols and their respective amendments were reviewed by 
an independent ethics committee or institutional review board 
at each site. The studies were conducted in accordance with 
the Declaration of Helsinki, Good Clinical Practices, and applic-
able regulatory requirements. Written informed consent was 
obtained from all patients before participating in the study.

Past treatment resistance was established by demonstrating 
nonresponse to at least 2 different antidepressant drugs within 
the current major depressive episode. The antidepressant effect 
was assessed by the difference in the change in Montgomery–
Åsberg Depression Rating Scale (MADRS) total score on day 2 
(24 hours after the initial esketamine dose) and day 28 (study 
endpoint) between depressed patients randomized to receive 
esketamine nasal spray plus a newly initiated oral antidepressant 
(esketamine + antidepressant [AD]) vs patients randomized to re-
ceive placebo nasal spray plus a newly initiated oral antidepres-
sant (AD + placebo). The oral AD was selected as one to which the 
patient had not previously failed to tolerate (lifetime) or respond 
to (in the current depressive episode) from the following list: 
escitalopram, sertraline, duloxetine, or venlafaxine extended re-
lease. Measures of perceptual/dissociative effects were assessed 
by the Clinician-Administered Dissociative States Scale (CADSS) 
on study day 1 and day 25 at 40 minutes post treatment admin-
istration (corresponding to the time of maximum plasma con-
centration [Cmax] of esketamine, and approximately the highest 
CADSS total score, within each dosing session). Potential associ-
ations between the OPRM1 SNP and changes in MADRS total score 
at day 2 and day 28 were evaluated to test the a priori hypothesis. 
In an exploratory post hoc analysis, the effect of OPRM1 genotype 
and peak responses on the CADSS at day 1 and day 25 were also 
evaluated. Genomic DNA was extracted from whole blood using 
the FLEX STAR system (Autogen, Inc., Holliston, MA).

Genotyping

Patients were genotyped on the Illumina Omni2.5M v1.3 array 
and imputed to the 1000 Genomes reference panel (phase 3, v5) 
using MaCH/minimac (Howie et al., 2012). The SNP of interest in 
this analysis, rs1799971, was directly genotyped.

Statistical Analysis

Testing for associations was carried out with multiple linear re-
gression models of outcome as a function of MOR SNP using a 
dominant model chosen due to the low frequency of G/G cases, 
as only 2 patients with the G/G genotype were randomized to 
the placebo group and 4 to the esketamine group. The primary 
outcome consisted of the MADRS total score change from base-
line at day 2 and day 28. The peak CADSS response was rated 
on day 1 and day 25, each at 40 minutes post-dose; the change 
in peak CADSS response between day 1 and day 25 was also as-
sessed (the magnitude of dissociation ratings typically attenuates 
across repeated dosing sessions, in contrast to the antidepressant 

effect, which is persistent) (Daly et al., 2018; Popova et al., 2019). 
All models were fit separately for patients receiving esketamine 
and patients receiving placebo, with covariates for age, sex, body 
mass index, and 4 multidimensional scaling components for an-
cestry. Models for the changes in MADRS and peak CADSS ratings 
also included baseline MADRS score and peak CADSS score as 
covariates, respectively. Tests were carried out on combined co-
horts from the TRANSFORM-1 and TRANSFORM-2 studies with 2 
treatment categories of esketamine and placebo. For the quanti-
tative trait association conducted in this study and a minor allele 
frequency of 0.133 for rs1799971, a power calculation with n = 200 
patients per arm demonstrated 80% power to detect an R2 with 
change in clinical outcome as small as 0.164 at (alpha) α = .05.

Results

The baseline demographics and clinical characteristics of pa-
tients from TRANSFORM-1 and TRANSFORM-2 studies are 
summarized in Supplementary Table 1. The demographic 
and baseline clinical characteristics of patients with different 
rs1799971 (A118G) variants and treatment are shown in Table 1. 
The treatment groups in both studies were similar with respect 
to demographic and baseline clinical characteristics (Table  1). 
The frequency of the minor allele G was 0.13 in our study, which 
was similar to the frequency in larger population studies of this 
exonic variant (Lek et al., 2016).

In the esketamine + AD arm, no significant genotype effects 
of SNP rs1799971 (A118G) on MADRS  score reductions were 
detected on either day 2 (Table 2; Figure 1) or day 28 (Table 2; 
Figure 2). The mean (SD) reduction from baseline in MADRS total 
score was −9.62 (10.14) (AA genotype) and −10.49 (10.79) (AG/GG 
genotype) on day 2 and −20.95 (12.75) (AA genotype) and −23.16 
(13.53) (AG/GG genotype) on day 28.

In the AD  +  placebo arm, a significant genotype effect of 
SNP rs1799971 (A118G) on the MADRS score reduction on day 2 
was detected (Table 2; Figure 1) such that the patients with the 
AG and GG genotypes showed a greater reduction on MADRS 
total scores than those with the AA genotype. There was a 
nonsignificant trend towards a similar effect of SNP rs1799971 
(A118G) on MADRS score reductions on day 28, with the reduc-
tions in patients with the AG/GG genotypes being numerically 
greater than those in patients with the AA genotype (Figure 2). 
Post hoc linear models including an interaction term between 
A118G SNP and treatment arm showed a significant interaction 
on day 2 (P < .05) but not on day 28 (P = .52). The mean (SD) re-
duction from baseline in MADRS total score was −4.37 (8.08) (AA 
genotype) and −11.28 (10.44) (AG/GG genotype) on day 2 and 
−15.75 (14.67) (AA genotype) and −20.77 (14.59) (AG/GG genotype) 
on day 28.

When broken down by trial, further post hoc testing 
showed that the placebo associations with rs1799971 (A118G) 
polymorphism were largely driven by 1 of the 2 cohorts. In 
TRANSFORM-2, at day 2 visit, patients treated with AD + placebo 
responded with an additional improvement of 10.53 points on 
MADRS total scores (P < .001) for the G-allele carriers compared 
with 1.39 (P = .53) for noncarriers. A similar interaction was not 
seen for the response on day 28, suggesting that the association 
seen in the AD + placebo arm may not be generalized across co-
horts. No significant associations were seen for patients treated 
with esketamine + AD in either cohort.

In the post hoc exploration of genotype effects of SNP 
rs1799971 (A118G) on CADSS scores, no significant genotype 
effect was detected in either cohort on day 1 (first nasal spray 
treatment) or day 25 (last nasal spray treatment) (Table  3). In 

https://academic.oup.com/ijnp/article-lookup/doi/10.1093/ijnp/pyaa030#supplementary-data
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addition, no significant genotype effects of SNP rs1799971 
(A118G) were detected on the changes in CADSS scores between 
day 1 and day 25 (i.e., reflecting the magnitude of the attenu-
ation in this adverse event across repeated dosing) (Table 3).

In a secondary analysis, no significant effects or con-
sistent trends were detected for rs34427887 in any of the tests 
described above.

Discussion

In patients with TRD, this analysis did not reveal a significant 
genotype effect of OPRM1 rs1799971 (A118G) alleles on the anti-
depressant response to esketamine + AD on study days 2 or 
28 (Table 2; Figures 1 and 2). In contrast, the analysis revealed 
significant genotype effects of these OPRM1 alleles on the anti-
depressant response to AD + placebo on day 2 (Table 2; Figure 1). 
The improvement in depressive symptoms was observed in the 
AD + placebo arm and was more prominent in the G allele car-
riers (AG/GG genotypes combined) than in the A homozygotes 
(Table 2; Figure 1). These findings were not explained by group 
differences in the baseline demographics or clinical character-
istics of patients (Table 1). The partial R2 of 0.10 for the overall 
association was less than the minimum R2   of 0.16 that this ana-
lysis would be powered to detect at 80%. This association should 
be considered putative and would need to be confirmed in an in-
dependent cohort. On day 28, the rs1799971 (A118G) allele effect 
was no longer significant in the AD + placebo group, and there 
was no interaction between SNP and treatment arm (Table  2; 
Figure 2). Although not significant, the 2-point (esketamine + AD 
arm) and 5-point (AD + placebo arm) difference between the AA 
and AG/GG genotypes with regard to reduction in  the MADRS 
total score on day 28 may be clinically relevant. Finally, no sig-
nificant effect of genotype was found on the dissociation re-
sponses on study days 1 or 25 (Table 3).

Stimulating MOR has been proposed as a mode of action for 
some novel antidepressants (Lutz and Kieffer, 2013; Browne and 
Lucki, 2019). Preclinical studies showed MOR agonists produced 
antidepressant-like behavioral responses in animal models 
(Lutz and Kieffer, 2013). Recent studies showed that tianeptine 
was a selective full agonist at MOR and genetic deletion of 
MOR abolished the antidepressant-like action of tianeptine in 
mice given 10 or 30 mg/kg i.p. (Gassaway et al., 2014; Samuels 
et  al., 2017), although the extent to which antidepressant 
doses of tianeptine activate the MOR in humans remains un-
clear. Moreover, efforts to demonstrate MOR-mediated clinical 
antidepressant effects have been proven unsuccessful; for ex-
ample, the ETS6103 (tramadol, a potent controlled release MOR 
agonist) phase IIb trial failed to meet the primary endpoint of 
noninferiority compared with amitriptyline (ClinicalTrials.gov 
ID: NCT02014363). The mean reduction in MADRS scores was 
−6 for both doses tested of ETS6103 compared with −11 for 
amitriptyline.

As reviewed in the Introduction, Williams et al. reported that 
pretreatment with naltrexone, a MOR-preferring antagonist, at-
tenuated the antidepressant effect of ketamine, suggesting that 
normal function of the opioid system was required to realize 
the full antidepressant effects of treatment (Williams et  al., 
2018). In contrast, Marton et  al. (Marton et  al., 2019) reported 
that concurrent use of buprenorphine (a MOR partial agonist), 
methadone (a potent MOR agonist), or naltrexone (a MOR an-
tagonist) did not alter ketamine’s antidepressant activity in a 
small sample of patients with TRD (n = 7) compared with pa-
tients with TRD who did not receive agents with opioid agonist 
or antagonist effects (n = 27). Similarly, a recent paper by Yoon Ta

b
le

 2
. 

Ef
fe

ct
s 

of
 O

PR
M

1 
SN

P 
rs

17
99

97
1 

(A
11

8G
) V

ar
ia

ti
on

 o
n

 I
m

p
ro

ve
m

en
ts

 in
 D

ep
re

ss
io

n
 S

ev
er

it
y,

 A
ss

es
se

d
 a

s 
R

ed
u

ct
io

n
s 

fr
om

 B
as

el
in

e 
in

 t
h

e 
M

A
D

R
S 

Sc
or

e

Es
ke

ta
m

in
e 

+
 A

D
  

A
D

 +
 p

la
ce

bo

 
M

in
or

 a
ll

el
e 

fr
eq

u
en

cy
n

Sl
op

e
P 

va
lu

e
R

2  
p

ar
ti

al
M

in
or

 a
ll

el
e 

ef
fe

ct
n

Sl
op

e
P 

va
lu

e
R

2  
p

ar
ti

al
M

in
or

 a
ll

el
e 

ef
fe

ct

D
ay

 2
0.

13
22

9
−

0.
63

.6
9

<
0.

5 
%

N
on

e
16

9
−

6.
59

<
.0

01
10

%
G

re
at

er
 r

es
p

on
se

D
ay

 2
8

0.
13

23
2

−
1.

81
.3

4
<

0.
5 

%
N

on
e

17
2

−
4.

30
.0

7
2%

N
on

e

A
bb

re
vi

at
io

n
s:

 A
D

, a
n

ti
d

ep
re

ss
an

t;
 M

A
D

R
S,

 M
on

tg
om

er
y–

Å
sb

er
g 

D
ep

re
ss

io
n

 R
at

in
g 

Sc
al

e;
 P

 v
al

u
e,

 p
ro

ba
bi

li
ty

 o
f 

re
je

ct
in

g 
H

0:
 s

lo
p

e 
=

 0
 w

h
il

e 
H

0 
is

 t
ru

e;
 R

2 p
ar

ti
al
, p

ro
p

or
ti

on
 o

f 
va

ri
an

ce
 e

xp
la

in
ed

 b
y 

th
e 

SN
P 

re
gr

es
so

r;
 S

lo
p

e,
 r

eg
re

ss
io

n
 

co
ef

fi
ci

en
t 

fo
r 

th
e 

SN
P 

re
gr

es
so

r;
 S

N
P,

 s
in

gl
e 

n
u

cl
eo

ti
d

e 
p

ol
ym

or
p

h
is

m
.

D
at

a 
ar

e 
re

su
lt

s 
of

 r
eg

re
ss

io
n

 m
od

el
s 

fo
r 

ea
ch

 o
u

tc
om

e.

http://ClinicalTrials.gov


554  |  International Journal of Neuropsychopharmacology, 2020

et  al. reported 5 patients with TRD who had been chronically 
treated with naltrexone for a history of alcoholism showed ad-
equate antidepressant responses to ketamine administration 
(Yoon et  al., 2019). In preclinical studies of mice subjected to 
the chronic social defeat stress or lipopolysaccharide-treated 
models of depression, naltrexone did not block the antidepres-
sant effects of ketamine, also suggesting that opioid receptors 

did not play a role in the antidepressant-like behavioral effects 
of ketamine (Zhang and Hashimoto, 2019). Thus, while all 3 of 
the above-mentioned human pharmacological studies remain 
difficult to interpret due to their small samples sizes, it is note-
worthy that the results of 2 of the 3 converge with those of the 
current genetic study in providing no support for the hypoth-
esis that MOR stimulation plays a major role in mediating the 

Figure 1.  Effects of OPRM1 single nucleotide polymorphism (SNP) rs1799971 (A118G) alleles on improvements in depression severity, assessed as reductions from base-

line in the Montgomery–Åsberg Depression Rating Scale (MADRS) total score on day 2. Black dot, mean; boxed annotation: mean (SD); error bars, 95% mean confidence 

interval.

Figure 2.  Effects of OPRM1 single nucleotide polymorphism (SNP) rs1799971 (A118G) alleles on improvements in depression severity, assessed as reductions from 

baseline in the Montgomery–Åsberg Depression Rating Scale (MADRS) total score on day 28. Black dot, mean; boxed annotation, mean (SD); error bars, 95% mean con-

fidence interval.
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antidepressant actions of ketamine and esketamine (Williams 
et al., 2018; Marton et al., 2019; Yoon et al., 2019).

Williams et al. additionally showed that pretreatment with 
naltrexone did not affect dissociation responses as assessed 
by the CADSS in depressed patients treated with i.v. ketamine 
(Williams et al., 2018). These data are consistent with the results 
of the current study, which showed a lack of significant effects 
of the OPRM1 functional variants on dissociative side effects 
encountered in depressed patients treated with esketamine 
(Table  3). These clinical pharmacology and genetic data thus 
agree in providing no evidence for the involvement of MOR 
stimulation in the dissociation responses to ketamine and 
esketamine.

Moreover, the extant receptor pharmacology data provide 
no evidence that direct MOR stimulation contributes to the 
antidepressant effects of ketamine and esketamine. The dose-
antidepressant response relationship for ketamine reveals that 
increasing the dose beyond 0.5 mg/kg i.v. does not provide incre-
mental improvement in the antidepressant response (Fava et al., 
2018). This information is critical because the reported plasma 
Cmax of i.v. ketamine at this dose was just below 1  μM (Zanos 
et al., 2018). Using the ketamine brain to plasma ratio of 4.2 and 
the unbound fraction of ketamine in brain of 0.25 (Shaffer et al., 
2014), the estimated unbound concentration in brain of ketamine 
at the antidepressant dose level is also approximately 1 μM. This 
concentration is far lower than the EC50 of ketamine for MOR, 
which is reportedly 1000 μM in a functional assay (Hirota et al., 
1999), indicating that the brain concentrations achieved at anti-
depressant doses of ketamine would be too low to produce direct 
MOR receptor activation. In addition, the reported Ki values of 
ketamine and esketamine for MOR are 42.1 μM for ketamine and 
11 or 28.6 μM for esketamine (Zanos et al., 2018). Thus, the dif-
ference is 42-fold between the estimated ketamine brain Cmax 
level at antidepressant dose and ketamine’s Ki value for MOR. 
Similarly, using the reported plasma Cmax level of esketamine 
nasal spray (Janssen Research & Development, 2019) and the 
method for simulating brain unbound ketamine levels men-
tioned above, the estimated brain unbound Cmax value of 84 mg 
esketamine nasal spray is 0.4 μM. Thus, the difference between 
the estimated brain unbound Cmax and Ki values of esketamine 
for MOR is 28- or 72-fold. These differences between the brain 
concentrations achieved at antidepressant doses of ketamine 
and esketamine and their respective potencies for the MOR do 
not support the hypothesis that direct activation of MOR contrib-
utes to the antidepressant effects of these agents.

In addition, MOR stimulation is known to cause euphoria 
and respiratory depression. Neither ketamine nor esketamine 
induces respiratory depression when administered in the anti-
depressant dose range. For example, in the esketamine regis-
tration trials, no case of respiratory depression was observed 
across 78 244 esketamine dosing sessions, as assessed by re-
spiratory rate and oxygen saturation; in addition, euphoria 
was generally mild, occurring in about 4% of patients (Janssen 
Research & Development, 2019). Moreover, the presence of eu-
phoria in this small minority of patients is nonspecific and may 
be attributable directly or indirectly to esketamine’s NMDAR an-
tagonist effects. For example, esketamine and ketamine admin-
istered in the antidepressant range have been shown to increase 
striatal dopamine release in human PET studies (Vollenweider 
et al., 2000; Kokkinou et al., 2018), which is thought to reflect in-
direct effects of NMDAR antagonism.

While the pharmacological evidence reviewed above makes it 
highly unlikely that direct MOR agonist effects contribute to the 
antidepressant effects of ketamine and esketamine, it remains Ta
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conceivable that indirect MOR stimulation via release of en-
dogenous opioid peptides may play a role in the antidepressant 
effects of ketamine and esketamine (Aalto et al., 2005). Among 
the human pharmacological challenge data reviewed above, 
the finding from the Williams et al. study that oral naltrexone 
(50  mg) pretreatment reduced ketamine-induced antidepres-
sant effects in 7 patients with depression (Williams et al., 2018) 
appears compatible with such a hypothesis.

Furthermore, naltrexone may conceivably detract from the 
restoration of positive mood and affect by ketamine via direct ef-
fects on emotional processing. Human imaging studies showed 
that a single oral dose of naltrexone (50 mg) produced an 80% 
MOR blockade for at least 3 days (Lee et al., 1988; Rabiner et al., 
2011). Human behavioral studies showed that naltrexone treat-
ment attenuates positive emotional and hedonic responses to 
food (Yeomans and Gray, 1996, 1997; Murray et al., 2014; Eikemo 
et  al., 2016), exercise (Daniel et  al., 1992; Järvekülg and Viru, 
2002), social interaction (Inagaki et al., 2016), music (Mallik et al., 
2017), and sexual encounter (Murphy et  al., 1990; Chelnokova 
et al., 2014). Moreover, Williams et al. terminated their study of 
naltrexone’s effect on antidepressant responses to i.v. ketamine 
early because the side effects of naltrexone were “noxious,” 
including severe nausea and vomiting, which may have con-
founded the assessment of improvement in depression ratings 
and/or resulted in functional unblinding of patients and raters 
(Williams et al., 2018).

Finally, pharmacological alteration of the endogenous opioid 
peptide signaling has been associated with high placebo re-
sponse rates commonly reported with pain, mood, and anxiety 
disorders (Pecina and Zubieta, 2015; Sanacora, 2019). Similarly, 
the results from the Williams et al. study may indicate that the 
endogenous opioid mechanism is required for complete attain-
ment of antidepressant effect size of ketamine and do not impli-
cate the involvement of exogenous opioid response of ketamine 
for the mediation of antidepressant effects (Williams et al., 2018; 
Sanacora, 2019). Therefore, future studies aiming at addressing 
the impact of MOR blockade on antidepressant responses to 
ketamine (or esketamine) must consider including control arms 
to evaluate (1) the effects of naltrexone alone on depression 
severity and recovery in general, (2) whether naltrexone also 
attenuates attainment of the full clinical effects of other anti-
depressants, and (3) whether the attenuation of the antidepres-
sant effect extends to placebo as well as to ketamine.

The importance of addressing the specificity of such effects 
among antidepressants was highlighted by a study exploring 
associations between MOR variants and the antidepres-
sant response to citalopram in depressed participants from 
the Sequenced Treatment Alternatives to Relieve Depression 
(STAR*D) study (Garriock et al., 2010). The SNP (rs540825), a dis-
tinct variant from that studied herein, was associated with an 
altered response to citalopram treatment, suggesting variation 
in the MOR potentially influences antidepressant response from 
a selective serotonin reuptake inhibitor antidepressant (al-
though the lack of a placebo arm in the STAR*D trial also leaves 
open the possibility of an association with the placebo effect 
of introducing a new treatment). In contrast, the OPRM1 variant 
rs1799971 analyzed in the current study was not associated with 
antidepressant effects to any antidepressant treatment used in 
the STAR*D study (Garriock et al., 2010).

The finding of the current study that the OPRM1 variant 
rs179997 influences the placebo effect is noteworthy in view of 
preclinical and clinical evidence suggesting that endogenous 
opioid peptide release mediates the positive emotional ex-
pectancy in response to placebo administration (Zubieta et al., 

2005). A  PET imaging study using [11C]carfentanil showed that 
a greater response to antidepressant treatment was associated 
with higher baseline µ-opioid receptor binding in the nucleus 
accumbens (Pecina et al., 2015). In addition, a greater response 
to placebo was associated with increased placebo-induced en-
dogenous µ-opioid transmission in the subgenual anterior 
cingulate cortex, nucleus accumbens, midline thalamus, and 
amygdala (Pecina et al., 2015). Our analysis revealed a significant 
effect on day 2 and a nonsignificant trend on day 28 towards 
an influence of the OPRM1 variant rs1799971 on antidepressant 
responses in AD + placebo treated patients with TRD (Table 2; 
Figures 1 and 2). Limitations to the interpretation of this finding, 
however, are that patients in the active control arm who showed 
this association were receiving both placebo nasal spray and an 
oral AD. The effect was not consistent when examined in each 
trial cohort separately, and the analysis was underpowered to 
detect the observed effect size of R2

partial = 0.2. Further research 
is therefore needed to interpret more specifically the nature of 
the observed control arm effects in large cohorts of placebo-
controlled, antidepressant clinical trials. SNPs in other genes 
such as catechol-O-methyltransferase (COMT rs4680) and fatty 
acid amide hydrolase (FAAH rs324420) also have been reported 
in the literature to alter the placebo response. However, these 
SNPs were not examined in the current study (Aslaksen et al., 
2018; Colloca et al., 2019).

In summary, the data from the current analyses do not 
support a direct or robust MOR stimulation at antidepressant 
doses of esketamine. In contrast, these data add to previous evi-
dence that MOR receptor signaling participates in mediating the 
placebo effect.
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