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Abstract

New antidepressant pharmacotherapies that provide rapid relief of depressive symptoms are needed. The NMDA
receptor antagonist ketamine exerts rapid antidepressant actions in depressed patients but also side effects that
complicate its clinical utility. Ketamine promotes excitatory synaptic strength, likely by producing high-frequency
correlated activity in mood-relevant regions of the forebrain. Negative allosteric modulators of GABA-A receptors
containing �5 subunits (�5 GABA-NAMs) should also promote high-frequency correlated electroencephalogram (EEG)
activity and should therefore exert rapid antidepressant responses. Because �5 subunits display a restricted expres-
sion in the forebrain, we predicted that �5 GABA-NAMs would produce activation of principle neurons but exert fewer
side effects than ketamine. We tested this hypothesis in male mice and observed that the �5 GABA-NAM MRK-016
exerted an antidepressant-like response in the forced swim test at 1 and 24 h after administration and an anti-
anhedonic response after chronic stress in the female urine sniffing test (FUST). Like ketamine, MRK-016 produced a
transient increase in EEG � power, and both the increase in � power and its antidepressant effects in the forced swim
test were blocked by prior administration of the AMPA-type glutamate receptor antagonist 2,3-dioxo-6-nitro-1,2,3,4-
tetrahydrobenzo[f]quinoxaline-7-sulfonamide (NBQX). Unlike ketamine, however, MRK-016 produced no impairment
of rota-rod performance, no reduction of prepulse inhibition (PPI), no conditioned-place preference (CPP), and no
change in locomotion. �5 GABA-NAMs, thus reproduce the rapid antidepressant-like actions of ketamine, perhaps via
an AMPA receptor (AMPAR)-dependent increase in coherent neuronal activity, but display fewer potential negative
side effects. These compounds thus demonstrate promise as clinically useful fast-acting antidepressants.
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Significance Statement

There is need for new, fast-acting antidepressant drugs. The NMDA receptor antagonist ketamine exerts rapid
antidepressant actions but has many side effects. We predicted that drugs that weaken inhibitory synaptic transmis-
sion by modulating GABAA receptors containing �5 subunits would exert rapid antidepressant effects but cause
fewer side effects because they act at one type of receptor with a restricted brain localization. Indeed, administration
of an �5 GABA-NAM resulted in rapid and persistent antidepressant effects in several behavioral tests and did not
affect locomotion or motor performance, did not change a measure of psychosis susceptibility, and did not appear
to have abuse potential. These compounds thus display great clinical promise as novel fast-acting antidepressants.
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Introduction
Selective serotonin reuptake inhibitors (SSRIs), the cur-

rent standard medicinal treatment for major depression,
are effective in only some patients and typically require
many weeks to produce their therapeutic effects (Rush
et al., 2006; Gaynes et al., 2009). The discovery that the
NMDA-type glutamate receptor (NMDAR) antagonist ket-
amine reverses symptoms in patients with treatment-
resistant depression within hours of administration and
that these effects persist for many days (Berman et al.,
2000; Zarate et al., 2006; Singh et al., 2016) suggests that
faster acting alternatives to SSRIs can be identified. Un-
fortunately, acute and chronic ketamine use can elicit
many undesirable effects in humans, including acute psy-
chosis, psychomotor activation, loss of consciousness,
cognitive impairment, dissociation, and abuse potential,
rendering it poorly suited for wide-spread use in the treat-
ment of depression (Morgan et al., 2004; Pomarol-Clotet
et al., 2006; Wolff and Winstock, 2006; Morgan et al.
2012). A better understanding of the mechanisms by
which ketamine exerts its antidepressant actions is un-
derway to develop other novel antidepressants that can
act rapidly to produce a persistent relief of depressive
symptoms without the side effect profile of ketamine.

There is considerable evidence that ketamine and its
active metabolite, hydroxynorketamine, produce their an-
tidepressant actions by strengthening excitatory glutama-
tergic synaptic transmission involving AMPA receptors
(AMPARs) (Maeng et al., 2008; Li et al., 2010; Autry et al.,
2011; Koike et al., 2011; 2014; Zanos et al., 2016) and that

defects in excitatory transmission in brain regions control-
ling reward and mood contribute to the pathology of
depression (Pittenger and Duman, 2008; Lim et al., 2012;
Yuen et al., 2012; Kallarackal et al., 2013; Thompson
et al., 2015). A key mechanism underlying the rapid anti-
depressant actions of ketamine in rodents (e.g., Kittel-
berger et al., 2012; Middleton et al., 2008; Hunt et al.,
2011) and in humans (Cornwell et al., 2012; Driesen et al.,
2013), as well as its hydroxynorketamine metabolites
[e.g., (2R,6R)-HNK; Zanos et al., 2016], may be a transient
period of high-frequency cortical activity, characterized
by an increased power in the � frequency band as mea-
sured by electroencephalogram (EEG).

Weakening the strength of GABAergic inhibitory synap-
tic transmission is another means to increase excitatory
interactions between principle cells and might therefore
exert a ketamine-like antidepressant response. Negative
allosteric modulators of GABA type A receptors (GABAARs)
directed selectively against receptors containing �5
subunits (�5 GABA-NAMs), including MRK-016 and
L-655 781, exert a rapid antianhedonic behavioral re-
sponse and restore the strength of stress-sensitive hip-
pocampal synapses in several rat chronic stress models
(Fischell et al., 2015). Whether �5 GABA-NAMs exert
traditional antidepressant actions and whether they pro-
mote a ketamine-like increase in EEG � activity is not
known. In addition, investigation of the side effect profile
of �5 GABA-NAMs in rodents has not yet been published.
Unlike the widespread distribution of NMDA receptors
targeted by ketamine, which may account for its side
effects, GABAARs containing �5 subunits have a very
limited distribution in the brain (Malherbe et al., 1990;
Persohn et al., 1992). It can therefore be predicted that �5
subunit-selective �5 GABA-NAMs will exert compara-
tively fewer adverse side effects.

We therefore tested the hypotheses that acute admin-
istration of �5 GABA-NAMs would produce rapid and
persistent antidepressant effects via AMPAR-mediated
increases in EEG � power similar to those evoked by
ketamine but that it would not produce psychotomimetic
and reward behaviors like those induced by ketamine,
due to lack of NMDAR inhibition.

Materials and Methods

Animals

Male CD-1 mice (seven weeks old on arrival, Charles
River Laboratories) were housed in groups of four to five
per cage (unless otherwise stated) with a 12/12 h light/
dark cycle (lights on at 07:00 A.M.), in a temperature- and
humidity-controlled environment. Food and water were
available ad libitum. Mice acclimatized to the new envi-
ronment for 7 d before the start of the experiments. For
the chronic restraint stress (CRS) and conditioned-place
preference (CPP) experiments, male C57BL/6J mice
(eight weeks old) were used. For obtaining the urine for
the female urine sniffing test (FUST), 10- to 12-week-old
male and female C57BL/6J mice were used. All experi-
mental procedures were approved by the Institutional
Animal Care and Use Committee and were conducted in

Received September 21, 2016; accepted February 10, 2017; First published
February 21, 2017.
T.D.G. has received consulting fees from Sunovion Pharmaceuticals and

Janssen Pharmaceuticals and research funding from Janssen Pharmaceuti-
cals and Roche Pharmaceuticals during the preceding three years. T.D.G. and
P.Z. are listed as coinventors on a patent application for the use of ketamine
metabolites, (2R,6R)-hydroxynorketamine and (2S,6S)-hydroxynorketamine, in
the treatment of depression, anxiety, anhedonia, suicidal ideation, and post-
traumatic stress disorders. T.D.G. and P.Z. have assigned their patent rights to
the University of Maryland Baltimore but will share a percentage of any
royalties that may be received by the University of Maryland Baltimore. S.M.T.
is listed as a coinventor on a patent application for the use of negative
allosteric modulators of GABA-A receptors containing �5 subunits as fast-
acting antidepressants. He has assigned his patent rights to the University of
Maryland Baltimore but will share a percentage of any royalties that may be
received by the University of Maryland Baltimore. M.E.N., J.N.H., S.R.K., and
P.G. declare no competing financial interests.

Author contributions: P.Z., T.D.G., and S.M.T. designed research; P.Z., J.H.,
M.E.N., S.R.K., and P.G. performed research; P.Z., J.H., S.R.K. analyzed data;

P.Z., P.G., T.D.G., and S.M.T. wrote the paper.

This work was supported by National Institute of Health Grants NH086828
(to S.M.T.) and MH107615 (to T.D.G.) as well as by a gift from the Kahlert
Foundation (S.M.T.).

‡Gould and Thompson are co-senior authors.
Acknowledgments: We thank Ms. Heather Pribut for her assistance on EEG

surgeries.
Correspondence should be addressed to Scott M. Thompson, Department

of Physiology, University of Maryland School of Medicine, 655 West Baltimore
Street, Baltimore, MD 21201, E-mail: sthompson@som.umaryland.edu.

DOI:http://dx.doi.org/10.1523/ENEURO.0285-16.2017
Copyright © 2017 Zanos et al.
This is an open-access article distributed under the terms of the Creative
Commons Attribution 4.0 International, which permits unrestricted use, distri-
bution and reproduction in any medium provided that the original work is
properly attributed.

New Research 2 of 11

January/February 2017, 4(1) e0285-16.2017 eNeuro.org

mailto:sthompson@som.umaryland.edu.
http://dx.doi.org/10.1523/ENEURO.0285-16.2017
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


full accordance with the National Institutes of Health
Guide for the Care and Use of Laboratory Animals.

Drugs
Ketamine-hydrochloride (Sigma-Aldrich), MRK-016

(Tocris), and fluoxetine hydrochloride (FLX; National Insti-
tute of Mental Health Chemical Synthesis and Drug Sup-
ply Program) were dissolved in DMSO and administered
intraperitoneally in a volume of 1.125 ml/kg of body mass.
2,3-Dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxaline-
7-sulfonamide (NBQX; National Institute of Mental Health
Chemical Synthesis and Drug Supply Program) was dis-
solved in 0.9% saline and administered intraperitoneally in
a volume of 7.5 ml/kg of body mass. Ketamine was
administered at 10 mg/kg, a widely used sub-anesthetic
dose widely used in rodent studies to induce antidepres-
sant effects (Maeng et al., 2008; Zanos et al., 2016).
Unless stated otherwise, MRK-016 was administered at 3
mg/kg, a dose chosen to produce 70% receptor occu-
pancy (Atack et al., 2009). MRK-016 has equivalent affin-
ity for �1-, �2-, �3-, and �5-containing GABAARs but has
a 5- to 10-fold greater efficacy at inhibiting GABAARs
containing �5 subunits (Atack et al., 2009).

Chronic restraint stress (CRS)
Male C57BL/6J mice placed in perforated restraint

tubes, restricting their movement for 4 h daily with the
constant background noise of a biological safety cabinet
under blinking fluorescent lighting for a total of 10 d. Mice
were individually housed throughout the CRS protocol.

Behavioral tests
All behavioral experiments were performed during the

light phase and experimenters were blinded to the treat-
ment groups during the experimental and analysis
phases.

Forced-swim test (FST)
Vehicle (DMSO), ketamine (10 mg/kg), or MRK-016 (3

mg/kg) was injected, and mice were tested in the FST at
1 and 24 h postinjection. During the FST, mice were
subjected to a 6-min swim session in clear Plexiglas
cylinders (30-cm height � 20-cm diameter) filled with 15
cm of water (23 � 1°C). The FST was performed in normal
light conditions (�800 lux). Sessions were recorded using
a digital video camera. Immobility time, defined as pas-
sive floating with no additional activity other than that
necessary to keep the animal’s head above water, was
scored for the last 4 min of the 6-min test by a trained
observer blind to the treatment groups. The involvement
of AMPARs was determined with the injection of the
selective antagonist NBQX (10 mg/kg), administered 10
min before injection of vehicle (DMSO) or MRK-016 (3
mg/kg).

Female urine sniffing test (FUST)
Before the start of CRS regimen, mice were tested in

the FUST as a measure of a baseline anticipatory hedonic
behavior (Malkesman et al., 2010; Zanos et al., 2016).
Male C57BL/6J mice were singly-housed in freshly-made
home cages for a habituation period of 10 min. Subse-
quently, one plain cotton tip was secured on the center of

the cage wall and mice habituated to the tip for a period
of 30 min. Then, the plain cotton tip was removed and
replaced by two cotton tip applicators, one infused with
fresh female mouse estrous urine and the other with fresh
male mouse urine. These applicators were presented and
secured at the two corners of the cage wall simultane-
ously. Sniffing time for both female and male urine was
scored by a trained observer for a period of 3 min.
Twenty-four hours following completion of CRS, mice
were retested in the FUST to assess for the development
of an anhedonic phenotype (�70% female urine prefer-
ence). A total of 37 out of 40 mice were anhedonic by this
criteria. Twenty-four hours later, anhedonic mice received
an injection of vehicle (DMSO), FLX (20 mg/kg), ketamine
(10 mg/kg), or MRK-016 (3 mg/kg) and were retested in
the FUST 48 h later.

Open-field test
Mice were placed into individual open-field arenas

(50-cm length � 50-cm width � 38 cm-height; San Diego
Instruments) for a 60-min habituation period. Following
the habituation period, vehicle (DMSO), ketamine (10 mg/
kg), or MRK-016 (3 mg/kg or 9 mg/kg) was administered,
and mice were immediately placed back into the open-
field arenas for another 60 min. Sessions were recorded
through overhead digital video cameras. Distance trav-
eled was analyzed using TopScan v2.0 (CleverSys).

Conditioned-place preference (CPP)
The CPP apparatus consisted of a rectangular three-

chambered box (40-cm length � 30-cm width � 35-cm
height; Stoelting) comprised of two equal sized end-
chambers (20 � 18 � 35 cm) and a central chamber (20
� 10 � 35 cm). One end-chamber had a perforated floor,
whereas the other end-chamber had a smooth floor. The
CPP protocol consisted of a preconditioning phase, eight
conditioning sessions and a postconditioning test. On d 1
(preconditioning phase), mice were placed in the CPP
apparatus and were allowed to explore all compartments
for a period of 20 min. During the morning sessions of the
conditioning phase (d 2-5), vehicle (DMSO) was adminis-
tered, and mice were placed in their preferred compart-
ment (defined during the preconditioning phase) for
30 min. Five hours later (afternoon sessions), vehicle
(DMSO), ketamine (10 mg/kg), or MRK-016 (3 mg/kg) was
administered, and mice were placed into their less pre-
ferred compartment for 30 min. During the postcondition-
ing test session (i.e., d 6), mice were placed in the CPP
apparatus to freely explore all three compartments for 20
min. Time spent in each compartment was measured
during the last 15 min of both pre- and postconditioning
sessions, as done elsewhere (e.g., Zanos et al., 2014).

Prepulse inhibition (PPI)
Mice were individually tested in acoustic startle boxes

(SR-LAB, San Diego Instruments). The animals first re-
ceived an injection of vehicle (DMSO), ketamine (30 mg/
kg), or MRK-016 (3 or 9 mg/kg) and were placed in the
startle chambers for a 25-min habituation period. The
dose of ketamine used for this experiment (30 mg/kg),
which is the minimal sub-anesthetic effective dose that
results in PPI deficits in CD-1 mice (Zanos et al., 2015).
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Following a further 5-min adaptation period during which
the mice were exposed to a constant background noise
(67 dB), five initial startle stimuli (120 dB, 40-ms duration
each) were presented. Subsequently, animals were ex-
posed to five different trial types: pulse-alone trials (120
dB, 40-ms duration), three prepulse trials of 76, 81 and 86
dB of white noise bursts (20-ms duration) preceding a 120
dB pulse by 100 ms, and background (67 dB) no-stimuli
trials. Each of these trials was randomly presented five
times. The percentage PPI (% PPI) was calculated using
the following formula: [(magnitude on pulse alone trial –
magnitude on prepulse � pulse trial)/magnitude on pulse
alone trial] � 100.

Rota-rod
The rota-rod test was conducted to compare the ef-

fects of ketamine and MRK-016 on motor coordination.
The experiment consisted of two phases over a 5-d pe-
riod: training phase (d 1-4) and a test phase (d 5). On each
of the training days, five trials (trial time: 180 s) were
conducted with an inter-trial interval of 120 s. Mice were
individually placed on the rota-rod apparatus (IITC Life
Science) and the rotor (3.75-inch diameter) accelerated
from 5-20 RPM over a period of 180 s. Latency to fall was
recorded for each trial. Animals with an average of �100
s of latency to fall during the last training day (d 4) were
excluded from the experiment and were not treated (n �

3 for the saline (SAL) vs DMSO experiment and n � 2 for
the MRK-016 experiment were excluded). On the test day
(d 5), mice received injections of vehicle (DMSO), ket-
amine (10 mg/kg), or MRK-016 (3 or 9 mg/kg) and were
tested on the rota-rod at 5-, 10-, 15-, 20-, 30- and 60-min
postinjection using the same process described for the
training days.

Electroencephalogram (EEG)
Surgery

Mice were anesthetized with isoflurane (3.5%) and
maintained under anesthesia (2-2.5%) throughout the
surgery. Mice received analgesia (carprofen, 5 mg/kg,
i.p.) before the start of surgery. A PhysioTel miniature
implantable radio-telemetric transmitter (Data Sciences
International) was inserted subcutaneously and its
leads implanted over the dura above the frontal cortex
(1.7 mm anterior to bregma) and the cerebellum (6.4
mm posterior to bregma). Animals recovered from sur-
gery for 7 d before recordings.

EEG recordings
For assessing the effects of MRK-016 on EEG oscilla-

tions, mice were singly-housed and acclimated to the
behavioral room for 24 h before EEG recordings. EEGs
were recorded using the Dataquest A.R.T. acquisition
system (Data Sciences International) with frontal EEG re-
cordings referenced to the cerebellum. Baseline EEG (30
min) recordings were followed by an intraperitoneal injec-
tion of saline or NBQX (10 mg/kg), followed 20 min later by
an injection of MRK-016 (3 mg/kg).

EEG analysis
EEGs were analyzed using Neuroscore (Data Sciences

International; Papazoglou et al., 2016). Power in each

bandwidth (� � 1–3 Hz; � � 4–7 Hz; � � 8–12 Hz; � �

13–29 Hz; � � 30–80 Hz) was computed in 10-min bins
for each animal, normalized to its own mean baseline
power.

Statistical analyses
All statistical analyses were performed using GraphPad

v6 (GraphPad Software). For the analysis of the MRK-016
1-hour FST, one-way ANOVA was performed. FUST and
CPP data were analyzed using two-way repeated mea-
sures ANOVA for factors “treatment” and “experimental
phase” (repeated factor). EEG oscillations, open-field test,
and rota-rod analyses were performed using two-way
repeated measures ANOVA for factors treatment and
“time” (repeated factor). For the FST testing NBQX inter-
actions with MRK-016, we used a two-way ANOVA anal-
ysis with factors “pretreatment” and treatment. The PPI
results were analyzed using two-way repeated measures
ANOVA with factors treatment and “dB.” Startle ampli-
tude results were analyzed by one-way ANOVA. All sta-
tistical tests were two-tailed, and significance was
assigned at p � 0.05. ANOVAs were followed by a Holm-
Šídák post hoc when significance was reached. Main
statistical results are presented in Table 1, while post hoc
comparisons are detailed in Results section and figures.

Results

Antidepressant effects of MRK-016 in the FST
To assess properties of MRK-016 in a classical test of

antidepressant efficacy, mice were tested in the FST 1 h
postinjection, using ketamine as a positive control (Browne
and Lucki, 2013). Both ketamine (10 mg/kg; p � 0.05) and
MRK-016 (3 mg/kg; p � 0.001) administration significantly
decreased immobility time in the FST, as compared with the
vehicle-treated controls (Fig. 1A).

Rapid antianhedonic properties of MRK-016 in the
FUST

To assess the antianhedonic effects of MRK-016 in an
anticipatory behavioral test, mice were tested for their
preference for female urine after 10 d of restraint stress.
MRK-016 or vehicle injection had no effect on preference
for female urine in unstressed control mice (Fig. 1B), but a
single administration of MRK-016 (3 mg/kg) or ketamine
(10 mg/kg) 48 h before testing rapidly reversed loss in
female urine preference in mice previously subjected to
CRS (MRK-016: p � 0.001; KET: p � 0.01; Fig. 1C).
Pretreatment with vehicle or a single administration of
fluoxetine (20 mg/kg) failed to restore preference for fe-
male urine in anhedonic mice (stress vs treatment: p �

0.05).

MRK-016 administration enhances � power EEG
oscillations

The induction of rapid antidepressant actions of ket-
amine and its active metabolite (2R,6R)-HNK is accom-
panied by an increase in the power of EEG activity,
particularly at � frequencies (Hunt et al., 2011; Zanos
et al., 2016). Furthermore, the increase in � activity in-
duced by (2R,6R)-HNK can be prevented selectively by
systemic administration of the AMPAR antagonist NBQX
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(Zanos et al., 2016). We therefore asked whether MRK-
016 would induce a similar AMPAR-dependent increase in
� power by administering either NBQX (10 mg/kg) or
saline vehicle 20 min before injection of MRK-016 (3
mg/kg). As apparent from the EEG spectrograms from
electrodes positioned over the frontal cortex, MRK-016
injection produced a large, persistent increase in EEG
power in the � frequency band over the 10-50 min period
after injection (p � 0.01; Fig. 2A,B), without affecting
power in other bands [treatment effect: � (p � 0.05; Fig
2C), � (p � 0.05; Fig. 2D), � (p � 0.05; Fig. 2E), or � (p �

0.05; Fig. 2F)]. As for (2R,6R)-HNK (Zanos et al., 2016),
MRK-016 induced no significant increase in EEG activity
in any frequency band when AMPARs were inhibited by
prior injection of NBQX (Fig. 2). Ketamine, its metabolites,
and MRK-016 thus induce a common AMPAR-dependent
activation of cortical EEG activity, particularly in the �

frequency band.

An AMPAR antagonist prevents the acute and
sustained antidepressant effects of MRK-016

The induction of persistent antidepressant actions of
ketamine and its active metabolites can be prevented by
inhibiting AMPARs at the time ketamine is administered
(Zanos et al., 2016). To assess mechanistically whether
the antidepressant properties of MRK-016 also require
AMPARs, we administered the antagonist NBQX (10 mg/
kg) 10 min before treatment with vehicle (VEH) or MRK-
016 and then assessed the immobility time in the FST 60
min and 24 h later. As reported previously for ketamine,
pretreatment with NBQX prevented both the acute (1-h)
antidepressant effects of MRK-016 (SAL/MRK-016 vs
SAL/VEH: p � 0.01; SAL/MRK-016 vs NBQX/MRK-016: p
� 0.01; Fig. 3), as well as sustained antidepressant ac-
tions of the compound observed 24 h after injection (SAL/

MRK-016 vs SAL/VEH: p � 0.01; SAL/MRK-016 vs
NBQX/MRK-016: p � 0.05; Fig. 3).

These data indicate that the �5 subunit-selective �5
GABA-NAM MRK-016 shares many of the rapid antide-
pressant properties of ketamine. Ketamine’s utility as an
antidepressant may be compromised by its well-known
psychomotor activating, psychotomimetic, and rewarding
side effects (Morgan et al. 2012). We therefore asked
whether MRK-016 would also produce comparable ac-
tions to ketamine in a variety of well-established behav-
ioral assays of these side effects.

Effects of DMSO on behavior
Because MRK-016 requires DMSO as a solvent, we first

tested whether DMSO altered behaviors of mice at the
volume used, compared with saline. DMSO administra-
tion at 1.125 ml/kg did not alter locomotor activity of mice
(p � 0.05; Fig. 4A), immobility time in the FST (p � 0.05;
Fig. 4B), PPI (p � 0.05; Fig. 4C), startle amplitude (p �

0.05; Fig. 4D), or motor coordination (p � 0.05; Fig. 4E)
compared with the saline controls.

MRK-016 does not induce psychomotor activation
Many psychostimulants, like ketamine, produce hyper-

locomotion in an open field (Irifune et al., 1991). Indeed,
acute injection of ketamine (10 mg/kg) significantly in-
creased locomotor activity within minutes, whereas ad-
ministration of MRK-016 (3 or 9 mg/kg) did not (Fig. 5A).

MRK-016 does not disrupt motor coordination
A common side effect of ketamine in humans, and

rodents is dizziness and loss of coordination (Ghoneim
et al., 1985). Acute administration of MRK-016 at the
doses of 3 and 9 mg/kg did not affect the motor coordi-
nation of mice in the rota-rod test, compared with the

Table 1: Statistical analyses

Graph Statistical test Power Factor effect Interaction effect
Antidepressant effects Factor treatment Factor experimental phase

a. Fig. 1A FST One-way ANOVA n � 10 F(2,27) � 16.20; p � 0.001
b. Fig. 1C FUST controls Two-way RM ANOVA n � 8 F(1,14) � 0.11; p � 0.05 F(2,28) � 3.09; p � 0.05 F(2,28) � 0.03; p � 0.05
c. Fig. 1B FUST Two-way RM ANOVA n � 9-10 F(3,33) � 2.91; p � 0.05 F(2,66) � 39.97; p � 0.001 F(6,66) � 2.34; p � 0.05

Effects on cortical oscillations Factor pretreatment Factor time
d. Fig. 2C � power Two-way RM ANOVA n � 8-9 F(1,15) � 20.07; p � 0.001 F(11,165) � 8.49; p � 0.001 F(11,165) � 7.05; p � 0.001
e. Fig. 2D � power Two-way RM ANOVA n � 8-9 F(1,15) � 2.71; p � 0.05 F(11,165) � 2.09; p � 0.05 F(11,165) � 2.21; p � 0.05
f. Fig. 2E � power Two-way RM ANOVA n � 8-9 F(1,15) � 2.83; p � 0.05 F(11,165) � 2.12; p � 0.05 F(11,165) � 1.29; p � 0.05
g. Fig. 2F � power Two-way RM ANOVA n � 8-9 F(1,15) � 0.0001; p � 0.05 F(11,165) � 0.64; p � 0.05 F(11,165) � 0.81; p � 0.05
h. Fig. 2G � power Two-way RM ANOVA n � 8-9 F(1,15) � 2.24; p � 0.05 F(11,165) � 2.09; p � 0.05 F(11,165) � 1.43; p � 0.05

NBQX effects, FST Factor treatment Factor pretreatment
i. Fig. 3 1 h postinjection Two-way ANOVA n � 9 F(1,24) � 10.75; p � 0.01 F(1,24) � 3.92; p � 0.06 F(1,24) � 8.87; p � 0.01
j. 24 h postinjection Two-way ANOVA n � 9 F(1,24) � 8.82; p � 0.01 F(1,24) � 2.37; p � 0.05 F(1,24) � 6.95; p � 0.05

Effects DMSO on behavior Factor treatment Factor time
k. Fig. 4A Open-field test (timeline) Two-way RM ANOVA n � 9 F(1,16) � 0.37; p � 0.05 F(23,368) � 53.80; p � 0.001 F(23,368) � 1.20; p � 0.01
l. Open-field test (bar graph) Unpaired t test (two-tailed) n � 9 t � 0.15; df � 16 p � 0.05
m. Fig. 4B FST Unpaired t test (two-tailed) n � 10 t � 0.45; df � 18 p � 0.05

Factor treatment Factor dB
n. Fig. 4C PPI Two-way RM ANOVA n � 17 F(1,32) � 0.001 p � 0.05 F(2,64) � 16.18; p � 0.001 F(2,64) � 0.80; p � 0.05
o. Fig. 4D Startle amplitude Unpaired t test (two-tailed) n � 17 t � 1.0; df � 28 p � 0.05

Factor treatment Factor time
p. Fig. 4E Rota-rod Two-way RM ANOVA n � 8 F(1,15) � 0.30; p � 0.05 F(5,75) � 1.36; p � 0.001 F(5,75) � 1.15; p � 0.01

Side effects Factor treatment Factor time
q. Fig. 5A Open-field test (timeline) Two-way RM ANOVA n � 8 F(1,24) � 8.82; p � 0.01 F(1,24) � 2.37; p � 0.05 F(1,24) � 6.95; p � 0.05
r. Open-field test (bar graph) Unpaired t test (two-tailed) n � 8 F(1,24) � 8.82; p � 0.01 F(1,24) � 2.37; p � 0.05 F(1,24) � 6.95; p � 0.05
s. Fig. 5B Rota-rod Two-way RM ANOVA n � 8-9 F(3,30) � 12.28; p � 0.001 F(5,150) � 11.46; p � 0.001 F(15,150) � 10.78; p � 0.001
t. Fig. 5C CPP Two-way RM ANOVA n � 10 F(2,27) � 3.32; p � 0.05 F(1,27) � 0.80; p � 0.05 F(2,27) � 7.33; p � 0.01

Factor treatment Factor dB
u. Fig. 5D PPI Two-way RM ANOVA n � 6-8 F(3,24) � 7.42; p � 0.01 F(2,48) � 19.47; p � 0.001 F(6,48) � 0.62; p � 0.05
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vehicle-treated mice (p � 0.05). In contrast, ketamine (10
mg/kg) disrupted motor coordination of mice 5 min (p �

0.001 vs all the other treatments) and 10 min after injec-
tion (p � 0.001 vs all the other treatments; Fig. 5B).

MRK-016 does not elicit CPP
In rodents, administration of drugs with known risk for

human abuse, including ketamine (Suzuki et al., 1999),
often elicits a behavioral preference for the place where
they are administered, i.e., a CPP. Ketamine-treated (10

mg/kg) mice exhibited a robust CPP, as indicated by the
increased time spent in the drug-paired compartment
during the postconditioning test compared with the pre-
conditioning phase (p � 0.01; Fig. 5C). In contrast, ad-
ministration of MRK-016 (3 mg/kg) did not induce CPP (p
� 0.05; Fig. 5C).

MRK-016 does not disrupt PPI
In rodents and humans, administration of some psy-

chotomimetic drugs inhibits the ability of a weak condi-

Figure 1. Antidepressant effects of MRK-016 in the forced-swim and FUST. A, Mice received intraperitoneal injections of vehicle
(VEH), ketamine (KET) or MRK-016 and were tested in the FST 1 h posttreatment. Acute administration of KET (n � 10) and MRK-016
(n � 10) significantly reduced immobility in the FST compared with VEH-treated (n � 10) mice; one-way ANOVA followed by
Holm-Šídák multiple comparison. B, Unstressed control mice displayed no significant change in preference for female urine in two
repeated baseline tests or after acute administration of vehicle or MRK-801. C, To investigate MRK-016’s antianhedonic properties,
male mice that lost their preference for sniffing female urine following a 10-d restraint stress protocol received VEH (n � 10), fluoxetine
(FLX; n � 9), KET (n � 9), or MRK-016 (n � 9) and were retested in the FUST 48 h later. Administration of KET and MRK-016 reversed
the anhedonia phenotype; two-way repeated measures ANOVA followed by Holm-Šídák post hoc test. Data are the mean � SEM.
�p � 0.05, ��p � 0.01, ���p � 0.001.
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tioning tone to suppress the startle response to a loud
tone, i.e., PPI. As reported previously (Mansbach and
Geyer, 1991), ketamine administration at 30 mg/kg dis-
rupted PPI in response to conditioning tones of 76 dB (p
� 0.01), 81 dB (p � 0.05), and 86 dB (p � 0.05), compared
with the vehicle-treated control mice (Fig. 5D). In contrast,
MRK-016 administration did not alter PPI at any prepulse
intensity (p � 0.05; Fig. 5D) compared with controls at
both the dose at which it elicits an antidepressant-like
effect (3 mg/kg) and at three times that dose (9 mg/kg).

Neither ketamine nor MRK-016 altered the startle ampli-
tude of the animals compared with vehicle-treated con-
trols (VEH: 200.8 � 47.4; KET: 181.5 � 47.4; MRK-016 3
mg/kg: 314.8 � 59.0; MRK-016 9 mg/kg: 330.7 � 73.5; p
� 0.05).

Discussion
There is considerable need for new, improved antide-

pressant drug therapies that produce more rapid relief of
depressive symptoms and are more widely effective than
SSRIs. Although ketamine has clinical efficacy, its poten-
tial for causing negative side effects due to NMDAR inhi-
bition is a significant limitation for its widespread use as a
next-generation antidepressant. Nevertheless, ketamine
has provided an invaluable tool drug for understanding
how rapid relief of depressive symptoms may be pro-
duced. Although many mechanistic details remain to be
determined, there is general agreement that ketamine
ultimately acts to strengthen excitatory synapses in the
prefrontal cortex, hippocampus, ventral striatum, and
other brain regions critically involved in the regulation of
mood and reward (Li et al., 2010; Autry et al., 2011; Zanos
et al., 2016); synapses that become weakened in re-
sponse to prodepressive conditions such as chronic
stress (Pittenger and Duman, 2008; Lim et al., 2012; Yuen
et al., 2012; Kallarackal et al., 2013; Thompson et al.,
2015).

Negative allosteric modulators of GABAARs containing
�5 subunits, such as MRK-016, which act as a partial
inverse agonists at the benzodiazepine binding site and
are highly selective for receptors containing �5 subunits,
reverse the behavioral signs of consumatory anhedonia,
as assayed with the sucrose preference test, produced by

Figure 2. NBQX administration prevents MRK-016 -induced oscillatory EEG activity in vivo. Administration of MRK-016 increased �

(A, B) and � (C) oscillations in vivo after prior injection of saline but not after prior injection of NBQX. MRK-016 had no significant effect
on �, �, or � activity under either condition. Two-way repeated measures ANOVA followed by Holm-Šídák post hoc test (vehicle: n

� 8; MRK-016: n � 9). Data are the mean � SEM. �p � 0.05, ��p � 0.01, ���p � 0.001 versus baseline; #p � 0.05, ##p � 0.01 versus
vehicle.

Figure 3. Preadministration of the AMPAR antagonist NBQX
prevented the antidepressant effects of MRK-016. NBQX pre-
treatment 10 min before drug injection prevented the
antidepressant-like effects of MRK-016 in the FST as determined
1 h postinjection and 24 h postinjection; two-way ANOVA fol-
lowed by Holm-Šídák post hoc test (SAL/VEH: n � 7; SAL/MRK-
016: n � 7; NBQX/VEH: n � 7; NBQX/MRK-016: n � 7). Data are
the mean � SEM. �p � 0.05, ��p � 0.01.
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multiple chronic stress paradigms within 24 h of a single
systemic administration and that the beneficial antianhe-
donic effects persist for several days (Fischell et al., 2015).
We extend these previous results here by showing that �5
GABA-NAMs also exert an antidepressant-like response
in the forced swim test, both acutely and 24 h later. We
also demonstrate that their antianhedonic actions extend
into anticipation of reward, as assayed by the preference
of males for the scent of urine from female mice. The
restoration of normal behavior by �5 GABA-NAMs in
chronic stress models is likely mediated by a restoration
of excitatory synaptic strength at stress-sensitive syn-
apses in the cortico-mesolimbic circuits (Fischell et al.,
2015).

It has been suggested that ketamine and/or its hy-
droxynorketamine metabolites restore synaptic strength
and relieve the symptoms of depression by promoting
increases in coherent neuronal discharge in the neocortex
and hippocampus, either indirectly through disinhibition
(Farber et al., 1998; Homayoun and Moghaddam, 2007;
Dwyer and Duman, 2013) or directly by potentiating ex-
citatory synapses (Zanos et al., 2016). Indeed, the persis-

tent antidepressant-like actions of ketamine and its
metabolite (2R,6R)-hydroxynorketamine are accompa-
nied by a transient period of EEG activation, particularly at
� frequencies (30-60 Hz), while the compounds are pres-
ent in the brain. If this transient EEG activation is pre-
vented by simultaneous inhibition of AMPARs with NBQX,
then ketamine and its metabolite fail to induce any
antidepressant-like behavioral effects (Maeng et al., 2008;
Autry et al., 2011; Zanos et al., 2016). Similar to ketamine
and its active metabolites, MRK-016 induced a significant
increase in coherent EEG at � frequencies and both the
EEG activation and persistent antidepressant-like re-
sponse to MRK-016 in the FST were prevented by coad-
ministration of NBQX. Although ketamine and �5 GABA-
NAMs act at different targets, it appears that the two
classes of compounds converge onto a common mech-
anism of antidepressant action. We suggest that the co-
herent � frequency oscillations produced by both classes
of compounds are accompanied by coherent pre- and
postsynaptic neuronal activity in the cortex and hip-
pocampus that is known to promote activity-dependent
synaptic potentiation, hence accounting for the persis-

Figure 4. Administration of DMSO does not alter baseline behavioral outcomes in mice. Administration of DMSO did not alter (A)
locomotor activity (n � 9/group), (B) immobility time in the FST (n � 10/group), (C) PPI (n � 17/group), (D) startle amplitude (n �

17/group), or (E) motor coordination (SAL: n � 8; DMSO: n � 9) compared with saline-treated mice. Data are the mean � SEM.
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tence of the behavioral response long after the com-
pounds have been eliminated from the brain.

Ketamine inhibits NMDARs that are widespread
throughout the brain. This lack of target localization is
likely to contribute to its psychomotor activating, abuse
potential, cognition disrupting, and psychomimetic prop-
erties. Because GABAAR �5 subunits display a relatively
discrete expression within the cortex and hippocampus
(Malherbe et al., 1990; Persohn et al., 1992), we predicted
that they would exert fewer side effects than ketamine.
Indeed, we observed no effects of MRK-016 on ketamine-
sensitive behaviors such as locomotion in an open field,
motor coordination on the rota-rod, or the ability of a
prepulse tone to inhibit the startle response. In addition,
MRK-016 administration failed to induce a place prefer-
ence, indicating a low abuse potential, unlike ketamine.

MRK-016 has previously been administered to healthy
human volunteers and did not induce significant side
effects, such as dizziness or anxiety, except at high doses
(Atack et al., 2009). Finally, unlike the cognitive defects
associated with chronic ketamine use (e.g., Morgan et al.
2012), �5 GABA-NAMs promote learning and memory in
animal models (Ballard et al., 2009) and are under devel-
opment as cognitive enhancers (Rudolph and Knoflach,
2011).

Alpha-5 subunit-selective negative allosteric modulators
of GABAARs thus display a combination of ketamine-like
rapid and persistent antidepressant and antianhedonic ef-
fects, with a favorable side effect profile, compared with
ketamine. We therefore suggest that this class of com-
pounds may represent a novel, fast-acting, effective, and
clinically viable treatment for human depression.

Figure 5. Administration of MRK-016 does not elicit ketamine-like side effects. A, After recording baseline activity for 1 h, mice
received drug (marked by a vertical dashed line), and locomotor activity was monitored for another 1 h. Administration of
ketamine increased locomotor activity, while administration of vehicle or MRK-016 at two doses did not. B, Unlike ketamine,
MRK-016 did not disrupt motor coordination of mice in the rota-rod test; two-way repeated measures ANOVA followed by
Holm-Šídák post hoc test; (n � 9/treatment group). C, Ketamine treatment induced a place preference, revealed as an increased
time spent in the drug-paired compartment during the postconditioning (Post-Cond) phase compared with preconditioning
(Pre-Cond). However, MRK-016 did not elicit any conditioning in the CPP paradigm; two-way repeated measures ANOVA
followed by Holm-Šídák post hoc test; (n � 10/treatment group). D, Administration of ketamine (n � 7; 30 mg/kg) was associated
with a disruption of %PPI, whereas MRK-016 at 3 mg/kg (n � 7) or 9 mg/kg (n � 8) did not affect %PPI compared with control
(n � 6); two-way repeated measures ANOVA followed by Holm-Šídák post hoc test. Data are the mean � SEM. �p � 0.05, ��p

� 0.01, ���p � 0.001.
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