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Abstract

Background: In addition to N-methyl D-aspartate receptor antagonism, ketamine produces
opioid system activation. The objective of the study was to determine if opioid receptor
antagonism prior to administration of intravenous ketamine attenuates its acute antidepressant
and/or dissociative effects.

Methods: In a proposed double-blind, cross-over study of 30 adults with treatment-resistant
depression, we performed a planned interim analysis after studying 14 participants, 12 of whom
completed both conditions in randomized order: 50mg naltrexone preceding 0.5mg/kg ketamine or
placebo preceding 0.5mg/kg ketamine.

Results: In the interim analysis, 7 of 12 adults with treatment-resistant depression met responder
criteria during the ketamine + placebo condition, defined as a >50% reduction on the 17-item
Hamilton Depression Scale score at Day 1. The subjects’ reductions in Hamilton Depression
Rating Scale 6 and 17-item ratings in the ketamine + naloxone condition were significantly lower
than the ratings in the ketamine + placebo condition at post-infusion Days 1 and 3. Secondary
analysis of all participants completing both placebo and naloxone conditions, regardless of the
robustness of response to ketamine, showed similar results. There were no differences in ketamine-
induced dissociation between conditions. Because naltrexone dramatically blocked the
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antidepressant but not the dissociative effects of ketamine, the trial was halted at the interim
analysis.

Discussion: Ketamine’s acute antidepressant effect appears to require opioid system activation.
Dissociative effects of ketamine in humans are not mediated by the opioid system, nor do they
appear sufficient without the opioid effect to produce the acute antidepressant effects of ketamine
in adults with treatment-resistant depression.
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Introduction

Depression is the leading cause of disability worldwide (1), yet novel antidepressant
development has stalled (2). While traditional antidepressant medications remain the staple
for treating major depressive disorder, a significant proportion of patients fail to achieve
clinical response with standard treatments (3) and require interventional approaches such as
intravenous ketamine infusions (4). With 40-60% of patients meeting clinical criteria for an
antidepressant response after infusion, ketamine has demonstrated impressive efficacy in
patients who have failed to respond to traditional antidepressant therapies (5).

Although the specific mechanisms of action responsible for the acute antidepressant effects
of ketamine have yet to be determined (5), they have generally been conceptualized to be
due to N-methyl-D-aspartate receptor antagonism (5, 6). However, other candidate N-methyl
D-aspartate receptor antagonists have not been proven to be effective antidepressants (5).
More recently, a pre-clinical study reported antidepressant effects of ketamine are
independent of N-methyl-D-aspartate receptor antagonism and were due to modulation at
other receptors such as that for a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (7).

Beyond the glutamate system, ketamine interacts with several additional neurotransmitter
systems including mu, delta and kappa opioid receptors and is currently used as an anti-
nociceptive agent for acute and chronic pain (8). Ketamine’s analgesic effects are blocked by
mu and delta opioid receptor antagonists but not by kappa opioid receptor antagonists,
indicating a mu or delta opioid mechanism in ketamine’s anti-nociceptive effects (9). We
and others have hypothesized that ketamine’s antidepressant mechanism of action may in
fact be related to intrinsic opioid receptor properties of ketamine (10) and have previously
proposed that co-administration of an opioid receptor antagonist with ketamine could be
employed to test this hypothesis (11). Yet, no study to date has probed the role that opioid
properties of ketamine play in its antidepressant effects (12).

As a dissociative anesthetic (13, 14), ketamine is capable of producing dramatic
psychotomimetic effects (15-17), and these effects have been correlated to its antidepressant
efficacy (18). Here too specific receptor system(s) responsible for mediating dissociative
effects of ketamine are also unknown. Some, but not all, N-methyl-D-aspartate receptor
antagonists cause dissociation (19). The pure kappa opioid receptor agonist, salvinorin A,
does produce dissociative effects similar to ketamine (20, 21). A low (25mg) dose of the
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opioid receptor antagonist, naltrexone, can augment the psychoactive effects of lower (~0.4
mg/kg/h) subanesthetic doses of ketamine, but not higher (~0.6 mg/kg/h) sub-anesthetic
doses of ketamine in healthy humans (22). However, opioid receptor antagonists have not
been previously used to probe the role opioid receptors play in ketamine’s dissociative
effects in adults with treatment-resistant depression, and the 25mg dose of naltrexone does
not completely block opioid receptors (23).

The intent of this study was not to assess ketamine’s antidepressant efficacy but rather to
determine the role of the opioid system in its antidepressant and dissociative effects in adult
humans with treatment-resistant depression. We conducted a randomized, double-blind,
crossover trial in which intravenous ketamine was infused twice across both conditions, with
participants receiving pre-treatment with either the opioid receptor antagonist, naltrexone,
before one of their ketamine infusions (ketamine + naltrexone), or placebo before the other
ketamine infusion (ketamine + placebo) in a counterbalanced manner. Through this
mechanistic clinical trial design, we tested if pre-treatment with an opioid receptor
antagonist (ketamine + naltrexone) is able to attenuate the acute antidepressant and/or
dissociative effects of ketamine.

Potential study participants were brought into the clinic for a screening visit to determine
eligibility. All study participants were outpatients. Inclusion criteria included a current
diagnosis of a non-psychotic, non-atypical major depressive episode as part of either bipolar
Il disorder or major depressive disorder, defined by DSM-5 criteria (24). For the initial
enrollment, all participants were required to have a score =20 on the 17-item Hamilton
Depression Rating Scale (25). Each participant was also required to have not benefited
sufficiently from trials of at least 4 different antidepressant medications or other somatic
treatments as defined by the Massachusetts General Hospital Antidepressant Treatment
History Questionnaire criteria (26), as well as a minimum of 6 weeks of prior psychotherapy
during any major depressive episode prior to intervention.

All eligible participants provided full written informed consent. The study protocol was
approved by the Stanford University Institutional Review Board. All participants were
required to hold any stimulant/amphetamine drugs documented during the screening phase
for the 24 hours prior to ketamine administration and could resume these medications Day 1
post-infusion after the completion of the ratings. Participants were required to withhold
taking any benzodiazepine for the 8 hours prior to (or any hypnotic drugs the night prior to)
ketamine administration and could resume these medications Day 1 post-infusion after the
completion of the ratings. Furthermore, any medical marijuana use was held for two weeks
in order to allow for proper washout prior to the baseline/randomization visit (e.g., at least 5
half-lives of the drug). We excluded individuals on opiates in order to avoid naltrexone
precipitating opioid withdrawal along with eliminating the confound of ketamine-opioid
interactions. If a washout period was necessary prior to study participation, the study
physician maintained ongoing contact with the participant to ensure safety during this time.
Those medications deemed likely not to interact with ketamine (selective serotonin reuptake
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inhibitor, selective norepinephrine reuptake inhibitor, monoamine oxidase inhibitor, tricyclic
antidepressant, buproprion) and some adjuncts (antipsychotics, antiepileptics, and thyroid
hormone) were maintained at a constant dose for at least 4 weeks. After eligibility was
confirmed, participant demographic and medical data were collected.

Sixteen participants consented for this study. Two participants were withdrawn: one who
was found to be positive for methamphetamine and one who was found to have an
unreported medical illness. The patient flow is summarized in Figure 1. Fourteen
participants received at least one intravenous ketamine infusion, and 12 participants crossed
over and completed both infusions. Table 1 summarizes the sample characteristics. The
mean age was 41.3 (£11.8) years at baseline. Of the 12 participants who completed both
conditions, all were diagnosed with recurrent major depressive disorder, 6 were women, 5
were unemployed, and 2 were receiving disability.

The average length of depressive illness was 24.1 (+10.6) years, and the average length of
the current depressive episode was 8.6 (+7.4) years. Participants reported a mean of 9.8
(£6.5; mode=8) unsuccessful antidepressant treatments (primary, adjunct, somatic,
psychotherapy) lifetime. Participants reported a mean of 6.9 (x3.5; mode=3) primary
antidepressant medications trials lifetime. Participants reported a mean of 5.7 (5.8;
mode=3) of all antidepressant agents (adjunct and primary) during this episode (see Table
1); and a mean of 3.8 (x3.0; mode=3) primary antidepressant treatments during this episode
(see Table 1). Several participants had a history of failing to respond to repetitive
transcranial magnetic stimulation (6/14) and/or failing to respond to electroconvulsive
therapy (1/14) (see Table 1).

The study employed a crossover design comprised of two treatment conditions: oral placebo
or oral naltrexone (50mg) preceding a 0.5mg/kg intravenous infusion of ketamine. Placebo
and naltrexone pills were identical in appearance where the naltrexone pill was over-
encapsulated. Order of treatment was randomized, and both investigators and participants
were blinded to the order. Placebo or naltrexone was administered 45 minutes prior to the
initiation of the ketamine infusion in order to achieve peak naltrexone levels at the initiation
of the ketamine infusion (27). Ketamine 0.5mg/kg was then administered intravenously over
40 minutes.Participants were monitored with continuous 3-lead ECG, pulse oximetry, end-
tidal capnography, and non-invasive blood pressure measurement every 5 minutes during the
infusion. Participants were monitored by a study physician and study staff throughout the
course of the infusion.

Ratings of depression were assessed on the 6-item and 17-item Hamilton Depression Scale
at baseline and at Days 1, 3, 5, 7, and 14 post-infusion. The primary outcome was reduction
of depressive symptoms at Day 1 post-infusion among those who met responder criterion
during the ketamine + placebo condition (30). Ketamine response was defined as a 250%
reduction in total 17-item Hamilton Depression Scale score at Day 1 post-infusion, as has
been used in a number of previous ketamine studies (27). The secondary outcome measure
instrument was the Clinician Administered Dissociated States Scale (28). We collected data
at multiple time-points to assess for prolonged effects of ketamine and/or naltrexone
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including whether naltrexone blocked or delayed the antidepressant effects of ketamine since
naltrexone produces a 96-hour blockade of opioid receptors in brain (23). The Clinician
Administered Dissociated States Scale was collected prior to infusion and at multiple
intervals up to 180 minutes post-infusion. Raters were blind to treatment condition for all
assessments.

After completing their first treatment condition, participants were assessed 28 days later to
evaluate for relapse, defined as having a 17-item Hamilton Depression Rating Scale score
within 20% of their baseline score, and to determine eligibility for entering the second
treatment condition. We selected 28 days between infusions to minimize carry-over effects.
If the participant had no response at any of the time-points in the first 14 days, they could
enter to the second treatment condition after Day 14. If there was a sustained antidepressant
response from the first treatment, the participant was seen every two weeks until relapse
occurred up to 120 days. Once relapse was determined, participants crossed over to the
second treatment condition.

Data analyses

In this two-condition crossover study, we estimated a priorithat 30 participants would be
required to yield 15 ketamine responders as defined by a =50% reduction in the baseline
17item Hamilton Depression Scale score on Day 1 post-infusion in the ketamine + placebo
condition (25). A power calculation indicated that analysis of 15 participants in a cross-over
model would be fully powered to detect statistical significance assuming a moderate to large
effect sizes and alpha of 0.05 (two-tailed). An interim analysis was planned for the midway
point.

The primary endpoint evaluated the antidepressant response to ketamine + naltrexone
relative to the response to ketamine + placebo in those identified as ketamine + placebo
responders. A fixed-effects repeated measures model compared mean changes on the 17-
item Hamilton Depression Rating Scale and the 6-item subscale scores for two time points
(i.e., preinfusion day 0 and post-infusion day 1) for the two conditions. There were no
missing data on the primary endpoints (i.e., 17-item and 6-item Hamilton Depression Rating
Scale). Statistical comparisons at time-points after Day 1 were conditional on the primary
endpoint being statistically significant (29). Paired comparisons were conducted for the
Hamilton Depression Rating Scale scores measured at 3, 5, 7 and 14 days post-infusion.
There were five missing Hamilton Depression Rating Scale scores across the 14-day study
(3atDay 5, 1 at Day 7, and 1 at Day 14). The secondary endpoint compared participants’
peak levels of dissociation in the two conditions, as measured by change in the Clinician
Administered Dissociated States Scale at the end of the 40-minute infusion.

To more fully describe the relative effects of ketamine + placebo versus ketamine +
naltrexone, we applied similar analytical methods to those reported by Zarate (30). After
testing the primary mechanistic hypothesis among ketamine responders, two sets of analyses
were used to more fully understand the effect of ketamine + placebo and of ketamine +
naltrexone on the 17-item and 6-item Hamilton Depression Rating Scales. The first set
included analyses of all 12 participants who completed the crossover and received both
treatment conditions (i.e., both responders and non-responders). For these participants
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(n=12), a general linear model for repeated measurements tested within-subject effects of the
two treatment conditions on change in Hamilton Depression Rating Scale scores from Day 0
to Day 1.

Effect sizes were also calculated using standardized mean differences between conditions for
the primary endpoints (i.e., 17-item and 6-item Hamilton Depression Rating Scale pre- and
post-infusion). Potential carryover effects were tested using a fixed effects model with
treatment order as a between-subjects factor, and the HDRS baseline measure for each phase
as the dependent variable. An alpha of 0.05 (two-tailed) was used to determine statistical
significance.

Fourteen participants received at least one infusion, and 12 participants completed the
crossover and underwent both ketamine + placebo as well as ketamine + naltrexone
conditions. The interval of time between ending the first condition and starting the second
condition ranged from 14 to 63 days (M=33, SD=14.8). After unblinding, analyses indicated
that 7 of the 12 participants who completed both study treatment conditions met the pre-
specified criterion of responder, defined as a 50% or greater reduction from baseline to day 1
in HDRS-17 scores in the ketamine + placebo condition (see Figure 1).

There were no significant differences in the mean baseline 17-item Hamilton Depression
Rating Scale scores and the mean 6-item Hamilton Depression Rating Scale scores for
ketamine + placebo (M=26.7, SD=5.4) and ketamine + naltrexone (M=28.1, SD=5.4)
conditions. Robust reductions in mean 17-item Hamilton Depression Rating Scale scores
were observed at 1 day post-infusion in the ketamine + placebo condition (M=-22.3,
SD=3.2; F=106, p=0.000048). Significant reductions from baseline were also observed in
the ketamine + naltrexone condition (M=-5.6, SD=5.7; F=6.8, p=0.04), however ketamine-
induced reductions in depression symptoms were significantly attenuated when naltrexone
was administered (Mean difference=16.7, SD=6.7; F=43.6, p=0.0006; effect size §=2.5).
Significant differences between ketamine + placebo and ketamine + naltrexone conditions
were still evident at day 3 — but not at days 5, 7, and 14 post infusion (see Figure 2A).

On day 1 post- ketamine + placebo infusion, 5 of 7 responders met criteria for remission
(17-item Hamilton Depression Rating Scale <7) (31). In contrast, on day 1 of the ketamine +
naltrexone infusion, none (0 of 7) of the ketamine + placebo responders met responder
criteria (=50% reduction in 17-item Hamilton Depression Rating Scale).

Using the 6-item Hamilton Depression Rating Scale, which assesses the core symptoms of
depression, similar results were observed. In the ketamine + placebo condition, statistically
significant reductions from baseline in mean 6-item Hamilton Depression Rating Scale
scores were observed at Day 1 post-infusion (M=-11.7+3.1; F=93.8, p=0.0007). In the
ketamine + naltrexone condition, mean changes from baseline on 6-item Hamilton
Depression Rating Scale were observed at Day 1, although the reduction was not statistically
significant (M=-2.4+2.8; F=5.4, p=0.059). Comparison of reduction between conditions
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indicated that the reduction in 6item Hamilton Depression Rating Scale scores observed in
the ketamine + naltrexone condition was significantly lower than the reduction observed in
the ketamine + placebo condition (Mean Difference=9.3, SD=4; F=29.8, p=0.002; effect size
6=2.3; see Figure 2B).

After testing the mechanistic hypothesis via assessing attenuation of response for patients
who responded to ketamine + placebo (n=7), similar analyses were conducted on all
participants receiving both treatment conditions (n=12), regardless of whether they met the
responder criterion during the ketamine + placebo condition. These data, including mean
scores on the 6 and 17-item Hamilton Depression Rating Scale, are shown in Figure 3A and
3B respectively. One day after infusion, statistically significant reductions in mean 17-item
Hamilton Depression Rating Scale scores were observed in both the ketamine + placebo
(M=-14.2, SD=10.7; F=19.3, p=0.0011) and ketamine + naltrexone conditions (M=-4.9,
SD=6.8; F=8.7, p=0.013), with significantly smaller reduction in 17-item Hamilton
Depression Rating Scale scores in the ketamine + naltrexone condition (MD=-8.4,
SD=12.6; condition x time interaction F=5.4, p=0.041; effect size 6=0.7). Statistically
significant reductions were also observed on the 6-item Hamilton Depression Rating Scale
scores in the ketamine + placebo condition (M=-7.5, SD5.8, F=20.3, p=0.0009). In the
ketamine + naltrexone condition, the mean reduction on the 6item Hamilton Depression
Rating Scale scores was not statistically significant (M=-2.0, SD=3.9, F=3.0 p=0.11). The
reduction in 6-item Hamilton Depression Rating Scale scores was significantly attenuated
when naltrexone was administered with ketamine (Mean difference=5.5, SD=6.9, F=7.7,
p=0.018; effect size §=0.8).

Among the ketamine responders (n=7), mean scores on the Clinician Administered
Dissociated States Scale significantly increased from pre-infusion to 40-minutes post-
infusion in both conditions (ketamine + placebo: median=+23, M=+24.7, SD=18.3;
ketamine + naltrexone: median=+21, M=+18.2, SD=7.6), as shown in Figure 2C. However,
there was no significant difference between the ketamine + placebo and ketamine +
naltrexone conditions in average levels of dissociation (Wilcoxon test, p=0.45). Among
study completers (n=12), which included responders and non-responders to ketamine +
placebo, dissociation scores increased in both conditions, albeit to a lesser extent in the
ketamine + naltrexone condition (ketamine + placebo: median=+17.5, M=+19.1, SD=16.3;
ketamine + naltrexone: median=+14.5, M=+13.8, SD=8.8). After 40 minutes, Clinician
Administered Dissociated States Scale scores normalized with only 3 patients having scores
>1 at 80 minutes.

Evaluation of Blind and Side Effects

Data were collected on a range of visual analog scales (38) that address a variety of potential
psychoactive side effects at 45 min after ingestion of naltrexone or placebo and immediately
before the initiation of the ketamine infusion. There were no differences in reported side
effects for individuals receiving naltrexone or placebo prior to ketamine infusion on the
visual analog scales for psychoactive effects (32) (see Figure S3) as has been previously
demonstrated for naltrexone (23, 33-38). There was no other direct assessment of blind
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integrity performed. After the ketamine infusion in the 12 subjects who completed the
crossover, seven participants in the naltrexone condition experienced nausea in contrast to
three who developed nausea on ketamine plus placebo. Two participants experienced
vomiting on either condition. At the interim analysis, it was decided to stop enrolling
patients for the study rather than expose additional patients to the combination of ketamine
and naltrexone.

Discussion

Ketamine has well-established rapid-onset antidepressant effects. The majority of preclinical
studies investigating the mechanism of this effect have focused on N-methyl Daspartate
receptor antagonism, and several clinical trials have aimed to replicate this rapid
antidepressant effect with other N-methyl D-aspartate receptor antagonists, with limited
success (5). We now present the first evidence in humans that opioid receptors are necessary
for ketamine’s acute antidepressant effect. In ketamine-responsive treatment-resistant
depression patients, pre-treatment with naltrexone profoundly attenuated ketamine’s
antidepressant effect and it resulted in none of the ketamine responders meeting responder
criterion at Day 1. We observed concordant effects on related measures of depression,
including clinicianadministered scales the 6-item Hamilton Depression Rating Scale, and
Montgomery—Asberg Depression Rating Scale and a self-report instrument, Beck
Depression Inventory Version 11 (see supplement), which strengthens our conclusion that
ketamine’s antidepressant effects require opioid system activation. Of note, we observed a
statistically significant difference at Day 1 from baseline in the 17-item Hamilton
Depression Rating Scale for the ketamine + naltrexone group but not using the
Montgomery—Asberg Depression Rating Scale or the 6-item Hamilton Depression Rating
Scale, scales thought to reflect core depressive symptoms.

The endogenous opioid system has been reported to play a central role in the
pathophysiology and treatment of affective disorders (39-44). A robust nonhuman primate
literature supports the idea that opioids are important in mediating emotions associated with
depression (45, 46). Depressive disorders have been associated with dysregulation of the
endogenous opioid system, particularly mu opioid receptor and kappa opioid receptor tone
(40, 41). Moreover, the mu opioid receptor partial agonist and kappa opioid receptor
antagonist, buprenorphine, has been shown to produce antidepressant effects (42, 47), even
in individuals who have failed electroconvulsive therapy (44). In obsessive-compulsive
disorder, single infusions of ketamine have been reported to produce a multi-day benefit
(48), as has a single oral dose of morphine, a mu opioid receptor agonist and N-methyl D-
aspartate receptor antagonist (49). These data suggest that mu opioid receptor agonists with
additional N-methyl D-aspartate receptor antagonist properties may have therapeutic
potential as intermittently dosed therapies for mood or anxiety disorders.

The kappa opioid receptor is also emerging as a regulator of mood and motivation (50-52)
with increased kappa opioid receptor activity being associated with depression (53). As
naltrexone does not have substantial selectivity for mu opioid receptor over kappa opioid
receptor (54, 55), the 50mg dose of naltrexone used in this study saturate the mu opioid
receptors and likely equally saturated the kappa (23, 56). Thus our data do not distinguish
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between the respective roles mu opioid receptor and kappa opioid receptor in mediating
ketamine’s antidepressant effects. Nonetheless, given the available data implicating mu
opioid receptor-based mechanisms of antidepressant efficacy, inconsistent findings regarding
kappa opioid receptor antagonists in depression (57, 58), and ketamine’s putative kappa
agonist mechanism (21, 59), we favor the interpretation that ketamine produces its acute
antidepressant response primarily through direct and/or indirect actions at the mu opioid
receptors. Naltrexone when chronically administered alone in normal healthy controls as
well as individuals with mood and substance disorders has been demonstrated to either act as
an antidepressant or be moodneutral across several placebo-controlled trials (23, 33—-38),
suggesting that naltrexone is not simply acting as a depressionogenic agent in this case, but
rather providing selective blockade of the antidepressant effects produced by ketamine.

How do we reconcile these data with the large body of evidence implicating glutamate
receptors in ketamine’s primary antidepressant mechanism? The majority of studies to date
have focused on ketamine’s antidepressant mechanism of action as a non-competitive
antagonist of the N-methyl D-aspartate receptor antagonist and subsequent activation of
aamino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors. Recently, a preclinical
study reported that a metabolite of ketamine, 2R, 6R-hydroxynorketamine, has
antidepressant efficacy through stimulation of a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor independent of N-methyl D-aspartate receptor antagonist
antagonism (7). This mechanism of action has been replicated by some (60, 61) but not all
(62) groups. In addition, pre-clinical studies demonstrate glutamate receptor modulation
triggers downstream modulation of synthesis and release of brain-derived neurotrophic
factor and enhances synaptic plasticity via activation of molecular targets such as
mammalian target of rapamycin and eukaryotic elongation factor 2 (60, 61, 63—-65). These
glutamate system effects may in fact drive the transient maintenance of the antidepressant
response through modulation of brain plasticity (66) rather than producing the actual acute
antidepressant effects.

No studies to date have directly addressed the role of opioid receptors in ketamine’s
antidepressant effect. However, our demonstration of an opioid system activation
requirement for ketamine’s acute antidepressant effect mirrors a longstanding literature
investigating the opioid mechanism of actions of ketamine’s analgesic properties. On the
Montgomery—Asberg Depression Rating Scale and the 6-item Hamilton Depression Rating
Scale (which reflects the core depression symptoms (67)), our data demonstrated that the
effect of ketamine was ablated by naltrexone. Meta-analyses consistently have shown that
ketamine has a clinically significant opiate-sparing effect where co-administration of
ketamine allows for lower doses of traditional opiates to be used in order to achieve similar
anti-nociceptive effects (68). In addition to ketamine’s combined naloxone-sensitive and
naloxone-insensitive analgesic effects (69), human and preclinical studies have found that
ketamine 1) substantially potentiates the analgesic effect of opioids (70), 2) produces opioid
receptor dependent analgesia (71-73), 3) reduces opioid tolerance and opioid-induced
hyperalgesia to opioids (74), and 4) produces mu opioid receptor-dependent respiratory
depression (72).
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With the proviso that the scope of ketamine’s pharmacology is continually expanding (75),
the available evidence suggests that ketamine-mediated analgesia involves either a direct
action at mu opioid receptors (59, 76—78) or an interaction between N-methyl D-aspartate
receptor antagonists and mu opioid receptors (79-81). The hypothesis that N-methyl
Daspartate receptor antagonists and mu opioid receptors share subcellular co-localization
and may exist as a functional complex in a crucial nociceptive brain area (the Periaqueductal
Gray) (80) forms a particularly compelling explanation for apparently conflicting findings in
the context of ketamine-mediated analgesia. Notably, naltrexone pretreatment did not
significantly impact ketamine-induced dissociation, measured by the Clinician Administered
Dissociated States Scale, nor did the Clinician Administered Dissociated States Scale
correlate with ketamine’s antidepressant efficacy. Prior work has attributed ketamine’s
dissociative and hypnotic properties to N-methyl D-aspartate receptor antagonist and
hyperpolarization-activated cyclic nucleotide-gated cation channel 1 blockade (75), as well
as activation of kappa opioid receptors (21). Our finding that the dissociative effects of
ketamine persist despite naltrexone antagonism of opioid receptors suggests that opioid
receptors do not play a major role in mediating ketamine’s dissociative effects.

The public health significance of ketamine’s opioid properties needs to be studied.
Depression and opioid dependence are currently the two most significant public health
problems facing the United States and have become leading causes of disability and death
worldwide (1, 82, 83). While opioids have a history of use as antidepressants (44, 84), they
pose a significant risk if used chronically (85). One-half of patients prescribed opioids have
a mental health diagnosis (52, 86-88), and over half of individuals with opioid use disorders
have a primary diagnosis of depression (89). There is also a significant ketamine abuse
problem worldwide (90-92), and ketamine ranks highly on the list of commonly abused
substances (93-97). Ketamine abusers also have high rates of depression (80) and
experience significant brain dysfunction (98). While these risks have not been demonstrated
in serial infusions for depressed patients (99), short-interval repetitive dosing strategies may
pose greater risks (100) and there have been case reports of apparent tolerance after chronic
administrations (101, 102). Ketamine tolerance has been observed in pain/anesthesia
indications (103-110) as well as in animal models (111-113). The route of administration
may play a role in the risk (114) along with the patient’s access to the medication (115).
Thus, the abuse/dependence potential of frequent ketamine treatment in major depression
needs further study, and our results provide strong justification for further caution against
widespread and repeated use of ketamine before further mechanistic testing has been
performed (102, 116, 117).

There are a number of strengths and weaknesses in our study. A cross-over study was the
optimal method to test the study’s mechanistic hypothesis, since it can clearly identify
ketamine responders post-hoc and establish, in an individual participant, that ketamine’s
antidepressant effects are mediated via the opioid system. We did not employ an alternative
design wherein responders would first be identified by open label pre-treatment with
ketamine, which could produce an expectancy bias that they would have a similar response
to the randomized treatment. Moreover, the cross-over design provides significantly greater
statistical power to detect group differences with fewer subjects. Limitations of a crossover
study include potential carry-over effects (118). However, because ketamine’s effects are
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transient, our washout period was sufficient for participants’ 17-item Hamilton Depression
Rating Scale scores to return to within 20% or less of baseline, medication-related carry-
over effects were limited. While we cannot completely rule out the presence of carry-over
effects in our primary analysis (118), in an alternative analysis involving only the first
randomized infusion (prior to crossover), we did observe a significant difference between
patients receiving ketamine + placebo and ketamine + naltrexone (see supplement), further
demonstrating that naltrexone blocks the antidepressant effects of ketamine.

We assessed the blind integrity post-hoc using visual analog scale assessments made just
prior to ketamine infusion and 40 minutes after taking naltrexone or placebo. We could
identify no item or group of items (see Figure S3), or side effect, that a subject could have
reasonably used to infer their blinded condition. In any longitudinal study, regression to the
mean is a possible issue. Data from Murrough et. al. indicate that initial response to
ketamine is replicated by re-infusing ketamine 3 times per week for 2 weeks with repeated
treatments (12). One weakness in the study was the final sample size in the interim analysis,
and our findings do need to be replicated in other studies. Still, we found the same
qualitative block of ketamine’s effect regardless of the depression instrument used, and with
several alternate statistical analyses. We decided to stop the study because our results were
both statistically and clinically significant and we were concerned about the ethics of
exposing more people to a clearly ineffective and noxious combination treatment.

Future studies are necessary to expand our understanding of the opioid effects of ketamine
with an emphasis on determination of the exact opioid receptors involved in mediating
ketamine’s antidepressant effects using more selective opioid receptor antagonists (119),
surrogate markers (120), and functional neuroimaging capable of discerning those selective
effects (56). The findings presented here challenge our understanding of the mechanisms of
action of ketamine that underlie its potent antidepressant properties (121, 122).

We also employed the Montgomery—Asberg Depression Rating Scale (28) and the self- rated
Beck Depression Inventory Version Il (29) as secondary measures of depression at Days 1,
3,5,7,and 14.

Data analyses

A third set of analyses included all participants who received at least one infusion (n=14).
For the latter analysis, only the first infusion was considered, and treatment condition for
that first infusion (ketamine + placebo [n=9] versus ketamine + naltrexone [n=5]) was a
between-subjects factor. The change in 17-item and 6-item Hamilton Depression Rating
Scale from pre- to post-infusion was the dependent variable. Analyses of other clinical data
included descriptive statistics on the Montgomery— Asberg Depression Rating Scale and
Beck Depression Inventory Version 1.

On other measures of depression, including the Montgomery—Asberg Depression Rating
Scale and Beck Depression Inventory Version Il, similar attenuations of the antidepressant
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response in the ketamine + naltrexone condition were observed. Data from these depression
measures are shown in Figures S1A and S1B. Additional data, including a between-subjects
analysis of Hamilton Depression Rating Scale scores from only the first infusion (including
all participants who received at least one infusion, n=14), are provided in the supplement
and shown in figure S2. A fixed effects analysis of variance indicated that there was a
significantly greater reduction from baseline in 17-item Hamilton Depression Rating Scale
scores among those receiving ketamine + placebo as their first infusion versus reductions in
the ketamine + naltrexone (F=6.1, p=0.030) as well as the 6-item scale (F=7.7 p=0.017,
(Figure S3)).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

CONSORT Diagram of participants in a Study of Ketamine’s Antidepressant Effect after

Naltrexone Pretreatment
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Figure 2. Naltrexone pretreatment blocks ketamine’s antidepressant effect, but not dissociative
symptoms.
Time-course of primary outcome measures (mean + SD) for ketamine-responsive TRD

patients (n=7) in two crossed over conditions, ketamine + naltrexone (K+N) and ketamine +
placebo (K+P). Treatments delivered on Day 0 following first questionnaire. A. Lef?,
HDRS6 time-course. Analysis of between-group HDRS6 differences on Day 1 shows that K
+N group scores were significantly higher than K+P group scores, with the latter group
demonstrating expected post-infusion HDRS6 score reduction. Right, Box and whisker plot
illustrating the distribution of the Day 0-to-Day 1 score changes for HDRS6 in each
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treatment condition in ketamine responders. (Horizontal line, median; “+”, mean; box, 25—
75t percentile; whiskers, minimum-maximum score). B. Left, HDRS17 time-course,
demonstrating qualitatively similar results as in A. Right, Box and whisker plot for
distribution of Day 0-to-Day 1 score changes for HDRS17 in each treatment condition, as in
A. C. Time course of the secondary outcome measure, CADSS score, on day of infusion.
Peak CADSS scores immediately following infusion (+40 minutes) did not differ between
groups.
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@ K+P @ K+N

(Day 0 - Day 1)

A HDRS 6
54
[ -
= 20 0-
O
(7] ©
3 8 5
= [a)
104 I
T 104
- 10
154
0_ L
T 1 T T T T -20'_I_|_
01 3 5 7 _ 14 K+P K+N
Days post ketamine
(Day 0 - Day 1)
B HDRS 17
40+ 10+
Q
o 30+ . 0 0+
Z =
o I %
@ 204 & -10-
g I
10+ < -20-
0- T T .I T T T -30'_|_|_
01 3 5 7 14 K+P K+N

Days post ketamine

Figure 3. Time-course of HDRS6 and HDRS17 in an alternate patient grouping consistently
demonstrates naltrexone block of ketamine’s antidepressant effect.

A. Left, HDRS6 time-course (mean + SD) in all patients who received both infusions in the
crossed over design (N=12), including N=5 patients who did not meet the ketamine
responsive criterion required for inclusion in our primary outcome analysis. A. Left, HDRS6
time-course. The difference between K+N versus K+P group scores on Day 1 after infusion
is maintained with inclusion of ketamine non-responders in the cross-over analysis. Right,
Box and whisker plot of the Day 0-to-Day 1 score changes for HDRS6 in each treatment
condition for all crossed-over patients. (Horizontal line, median; “+”, mean; box, 2575t
percentile; whiskers, minimummaximum score). B. Left, HDRS17 time-course,
demonstrating qualitatively similar results as in A. Right, Box and whisker plot for
distribution of Day 0-to-Day 1 score changes for HDRS17 in each treatment condition, as in
A
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Patient Characteristics in a Study of Ketamine’s Antidepressant Effect after Naltrexone Pretreatment

Table 1.

All Responder Non-Responder

Mean SD | Mean SD Mean SD

Current Age 413 | 11.8 39.8 8.2 44.4 18.2
Age at MDD onset 17.3 4.3 16.3 3.2 17.8 5.8
Length of Iliness (years) 24.1 | 10.6 235 9.2 26.6 14.6
Current Depressive Episode (years) 8.6 7.4 7.7 8.3 10.2 6.8
Total Antidepressant (primary + adjunct) in current episode 5.7 5.8 4.0 3.3 5.0 1.6
Antidepressant failures in current episode 3.8 3.0 29 24 3.6 11
Total number antidepressants, lifetime 6.9 35 7.0 35 5.5 3.4
N % N % N %

Gender (Female) 6 | 429 4 57.1 1 20.0
Diagnosis Recurrent MDD 12 | 85.7 7 | 100.0 4 80.0
Previous Brain Stimulation Therapies (ECT or TMS) 6 | 429 2 28.6 2 40.0
Past Psychotherapy 11 | 78.6 6 85.7 3 60.0
Family History of Depression 5| 357 3 429 2 40.0
Mean SD | Mean SD Mean SD

HDRS Score (17 item). Baseline 25.9 4.6 26.0 4.3 26.6 5.8
MADRS, Baseline 35.3 4.9 35.1 3.8 35.6 4.8
CGlI-S, Baseline 5.1 0.5 5.1 0.4 5.0 0.7
BDI-I1 Self report. Baseline 30.1 | 105 29.1 9.5 28.8 9.8
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