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Mice Lacking NMDA Receptors in Parvalbumin Neurons
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Abstract

The underlying circuit imbalance in major depression remains unknown and current therapies remain inadequate for a large
group of patients. Discovery of the rapid antidepressant effects of ketamine - an NMDA receptor (NMDAR) antagonist — has
linked the glutamatergic system to depression. Interestingly, dysfunction in the inhibitory GABAergic system has also been
proposed to underlie depression and deficits linked to GABAergic neurons have been found with human imaging and in
post-mortem material from depressed patients. Parvalbumin-expressing (PV) GABAergic interneurons regulate local circuit
function through perisomatic inhibition and their activity is NMDAR-dependent, providing a possible link between NMDAR
and the inhibitory system in the antidepressant effect of ketamine. We have therefore investigated the role of the NMDAR-
dependent activity of PV interneurons for the development of depression-like behavior as well as for the response to rapid
antidepressant effects of NMDAR antagonists. We used mutant mice lacking NMDA neurotransmission specifically in PV
neurons (PV-Cre+/NR1f/f) and analyzed depression-like behavior and anhedonia. To study the acute and sustained effects of
a single NMDAR antagonist administration, we established a behavioral paradigm of repeated exposure to forced swimming
test (FST). We did not observe altered behavioral responses in the repeated FST or in a sucrose preference test in mutant
mice. In addition, the behavioral response to administration of NMDAR antagonists was not significantly altered in mutant
PV-Cre+/NR1f/f mice. Our results show that NMDA-dependent neurotransmission in PV neurons is not necessary to regulate
depression-like behaviors, and in addition that NMDARs on PV neurons are not a direct target for the NMDAR-induced

antidepressant effects of ketamine and MK801.
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Introduction

Drugs currently used for the treatment of major depression
target monoaminergic neurotransmission, primarily serotonin and
noradrenaline pathways, such as the selective serotonin and
noradrenaline reuptake inhibitors. Current antidepressant treat-
ments result in an inadequate therapeutic response due to the long
delay of activity and failure of response in many patients [1].
There is therefore great clinical need for improved and rapid
acting antidepressants.

Recent insights relevant for the development of faster acting
antidepressants have come from the discovery that compounds
targeting the glutamatergic system have acute antidepressant
effects [2]. Interestingly, both preclinical animal models and recent
clinical trials have reported efficacy of a single administration of
the N-methyl-D-aspartate (NMDA) receptor antagonist ketamine
on depressive behaviors, with effects that can last for several days
[3-6]. In rodents, antidepressant-like effects after acute NMDA
receptor (NMDAR) antagonist treatment have been observed in
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many models of depression, including inescapable stress, the
forced swimming test, the tail suspension test, learned helplessness
models of depression, and exposure to chronic mild stress
procedures [3], [7-9]. This suggests that glutamate NMDAR
antagonist-based treatments might represent an effective alterna-
tive to current therapies to treat depression [10,11].

It is now well recognized that in addition to ketamine and
MKS801 [4], [9], [12,13] various NMDAR antagonists such as
amantadine and memantine can exhibit antidepressant activity in
patients and in a range of preclinical screening procedures
(reviewed in [14]). However, although their mechanism of action
involves the inhibition of the NMDAR, the neuronal subtypes
involved and the primary pharmacological target resulting in the
antidepressant effects have not been established.

As a result of the significant clinical and preclinical observations
described above, much effort is currently put into understanding
the cellular and molecular mechanisms associated with antide-
pressant actions of NMDAR antagonists. Understanding the
cellular targets and mechanisms by which NMDAR antagonist
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exert their antidepressant-like activity will facilitate our compre-
hension of depression and will help in developing improved
therapeutic compounds.

The gamma-aminobutyric acid (GABA)-ergic inhibitory system
constitutes a diverse class of neurons that play critical roles in
regulating excitatory glutamatergic transmission and shape the
global balance of activity in the brain. The GABAergic system has
been proposed to be dysfunctional in mood disorders (reviewed in
[15]), and deficiencies in the GABAergic system in patients with
major depression have been demonstrated with imaging or in post-
mortem material [16-20]. The behavioral relevance of the
GABAergic system has also been demonstrated, both with
pharmacological (reviewed in [21]) and genetic means [22,23] as
well as lately with optogenetic tools [24]. Of the inhibitory
neurons, fast-spiking interneurons expressing the calcium binding
protein parvalbumin (PV) have drawn particular interest, with
several studies demonstrating their importance in fundamental
cortical processes including generation of gamma oscillations
[25,26].

Gamma oscillations are tightly linked to cognitive functions [27]
and perturbation of PV inhibition disrupts gamma oscillations and
impairs cognitive functions [28-30]. It has been widely proposed
that the GABAergic interneurons, and more specifically the PV
Interneurons, are a primary target of the non-competitive
NMDAR antagonists [31-34]. This has been confirmed in studies
where ablation of NMDAR specifically in PV interneurons in a
rodent model results in markedly reduced sensitivity to the
locomotor effects of MK801 [25].

In line with this, it has been proposed that fast-spiking PV
interneurons play an important role in the antidepressant effects of
ketamine [35].

Interestingly, GABAergic PV interneurons express NMDARs
and receive a strong NMDA-dependent excitatory input from
pyramidal cells [36]. NMDARs preferentially regulate the firing
rate of GABAergic interneurons and pharmacological inhibition of
NMDARs reduces their activity, resulting in a disinhibition of
glutamate transmission through the increased firing rate of
pyramidal neurons [32]. Thus, PV interneurons may regulate
the activity of neural networks through NMDAR-dependent
GABAergic disinhibition of local excitatory neurons. In summary,
PV interneurons are perfectly positioned to regulate excitability
and activity of local circuits and could underlie the antidepressant
effects of NMDAR antagonists including ketamine.

To directly test the role of NMDAR function in PV neurons for
depressive-like behaviors, we used genetically modified mice
lacking the NRI1 subunit specifically in PV neurons (ie. PV-
Cre+NR1{/f mice) [25]. Genetic deletion of the essential NR1
subunit in PV neurons in PV-Cre+ NRI1{/f mice leads to a the
functional loss of NMDAR currents, which has previously been
demonstrated by whole cell recordings studies in hippocampal
slices i vitro, showing that NMDAR-mediated synaptic transmis-
sion was abolished in PV interneurons [25].

In the present study the PV-Cre+NR1{/f mice were tested and
in the reward based- sucrose preference test (SPT) and in a model
of behavioral despair (i.e. forced swimming test, FST) to score the
antidepressant-like effects [37] of the non-competitive glutamate
NMDAR antagonists ketamine and MK801 using doses and
routes of administration of ketamine and MKS801 previously
shown to produce behavioral effects in this test [3].

Specifically, we tested how the selective ablation of NMDAR
neurotransmission selectively in PV cells affects a) the spontaneous
responses to the FST and sucrose preference test and b) whether
the acute (30 min) and sustained (24 h and 1 week) antidepressant-
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like effect of ketamine and MKS801 in the FST depends on
NMDARSs on PV cells.

In summary, we found that loss of NMDAR selectively on PV
neurons is not sufficient to induce changes in the FST behavior
and in sucrose preference. In addition we could demonstrate that
NMDAR antagonist-induced acute antidepressant-like effects are
not dependent on NMDARS transmission in PV neurons.

Materials and Methods

Animals

All procedures and experiments were approved by the local
animal ethics committees of Stockholm North and Karolinska
Institutet in Sweden (approval N160/12). To generate mice
lacking NMDAR specifically in PV interneurons (PVCre/NRI1{/f
mice) PV-Cre+ mice [38] were crossed to mice carrying ‘floxed’
NR1 alleles [39]. The study was performed in adult C57BL/6N,
PV-Cre+/+NR1{/f and NR1{/f male mice of 13-16 weeks age.
C57BL/6N mice were purchased from Charles River and
habituated to the new environment for a minimum of 1 week
before any experimental manipulation. PV-Cre+/NRI1{/f and
NRIf/f mice were bred at the Karolinska Institute, Sweden.
Animals were housed in groups (3-5 mice/cage) using Makrolon
type III cages, under standardized conditions with a 12-hour light-
dark cycle (light 7:00am) and stable temperature (20=1°C) and
humidity (40 to 50%) with access to food and water ad libitum.

Genotyping of transgenic animals

DNA samples were prepared from mouse ear snips using
NaOH extraction, and analyzed by PCR. PCR was performed
using Quick-Load Taq 2x Master Mix (New England Biolabs).
PCR conditions: denaturation at 94°C for 5 min followed by 30 x
94°C for 30 s, 58°C for 30 s, 68°C for 45 s, 68°C for 5 min.
Primers specific for Cre allele, internal control, floxed NR1 alleles
were according to reference [25]. PCR products were analyzed by
electrophoresis on 2% agarose with GelRed (Biotium).

Behavioral experiments

All behavioral sessions were conducted between 14:00 and
16:00 p.m. The mice were transported to the testing room at least
1 h before any procedures to facilitate adaptation to the
surroundings. All mice were habituated to the handler for 2-3
days prior the test day. At the test day the mice were weighed,
marked and randomly assign to a drug treatment.

Forced swimming test

The forced swimming test (I'ST) was performed as follow: mice
were individually placed in a transparent acrylic cylindrical beaker
(height: 60 cm, diameter: 14 c¢cm) containing 1800 ml of clear
water at 25+1° C for 6 min. Mice were not able to touch the
bottom of the beaker with their tail. Water was changed between
subjects. Passive floating was scored as immobility. A mouse was
judged to be immobile when it remained floating passively in the
water and to be swimming when it was actively making swimming
movements that caused it to move around the cylinder. A decrease
in immobility time indicates an antidepressant-like response.
Immobility and swimming were measured the 4 last min of the
test using automated software (Biobserve, Germany).

Experiment 1. On the experimental day, 12 wild type
C57BL/6N male mice received an intraperitoneal (1.p.) injection
of saline and subjected to the FST 30 min later. The same mice
were retested in the FST 24 h, 48 h, 72 h, 96 h and 240 h later
with no further treatment.
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Experiment 2. On the experimental day 10 PV-Cre+/
+NR1f/f and 10 NR1{/f male mice received an 1.p. injection of
saline and subjected to the FST 30 min later. The same mice were
retested in the FST 24 h, 48 h, 72 h, 96 h and 240 h later with no
further treatment.

Experiment 3. Four groups of C57BL/6N mice were
injected 1.p. with saline (n=38), ketamine (n=38), water (n=10)
or MK801 (n=10) and subjected to the FST 30 min later. The
same mice were retested in the FST 24 h and 1 week later with no
further treatment.

Experiment 4. 'T'wo groups of PV-Cre+/NR1{/f and NR1f/f
mice were used. The first group of mice received ketamine i.p.
(PV-Cre+/NR1f/f n=9 and NR1{/f n=6) and subjected to the
FST 30 min later. The second group received MK801 ip. (PV-
Cre+/NR1f/f n=14 and NR1{/f n=13) and subjected to the
FST 30 min later. The same groups of mice were retested 24 h
later with no further treatment.

After each session mice were taken out of the water and dried
with a soft towel before being returned to their home cages. Each
session was videotaped using a video camera (Sony 1/3” CCD
High Resolution 25 frame/sec) positioned in front of the cylinders
(approximately 80 cm far). Data were analyzed in real time using
the Forced Swim Test software (BIOBSERVE GmbH, DE).

Sucrose preference test

Two groups of NR1f/f (n=6) and PV-Cre+/+NR1f/f (n=9)
mice were single housed in clean cages and habituated overnight
to the experimental room. A 24 h water drinking pre-test was
carried out simultaneously in both groups of mice in a two-bottle
paradigm.

Twenty four hours later mice were given a free choice between
two bottles, one with 2% sucrose solution and another with tap
water for 72 h. No previous food or water deprivation was applied
before the test. Precautions concerning possible liquid spillage
were applied. Bottles were filled in advance and kept overnight in
the same room where the testing took place. This measure
prevents the physical effect of liquid leakage resulting from
growing temperature of air and pressure inside the bottles. To
prevent the possible effects of a side-preference in drinking
behavior, the position of the bottles in the cages was switched
every 24 h during the test. The intake of water and 2% sucrose
solution and total intake was estimated by weighing the bottles
before and after access to liquids. The preference for sucrose was
calculated as the percentage of the sucrose solution consumed out
of the total amount of liquid drunk (sucrose solution intake/total
intake x100). Drinking bottles and tap water were the same such
as those employed in the above-described water intake pre-test.

Open field analysis

Mice were tested in an open field to examine whether ketamine
or MK801, at the same dose which had effects in the FST (3 and
0.1 mg/kg 1.p., respectively), alter locomotor activity. Locomotor
activity (distance traveled expressed as cm) in a novel open field
was measured in boxes with sets of 16 light beam arrays. During
the experiment the hardware detected beams broken by the
animal, with the software determining the location and activity of
the animal. For the pharmacological treatment, C57BL/6N mice
were first monitored in the open field for 60 min. After
habituation mice received saline (10 ml/kg, n=35), ketamine
(3 mg/kg, n=6) or MK801 (0.1 mg/kg, n=15). All drugs were
freshly prepared and administered i.p. After treatments mice were
monitored for additionally 60 min, in the same boxes as before.
Each point is the mean of 5 consecutive min. Six boxes
(50x50x50 cm) were run simultancously.
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Drugs

Ketamine (Ketaminol; Intervet) was dissolved in saline and
injected at 3 mg/kg. MK801 (M-107; Sigma-Aldrich Sweden AB)
was dissolved in ultra-pure distilled water and injected at 0.1 mg/
kg. All drugs were injected i.p. in a volume of 10 ml/kg of body
weight. Drugs were freshly prepared on each test day from a
1 mg/ml (MK801) and 50 mg/ml (ketamine) stock solutions.
Doses, times and route of administration were selected based on
the observations indicating that both drugs significantly reduced
the immobility time in the same behavioral paradigm (FST) at
different time points (3).

Statistics

The data fulfilled the criteria for normal distribution. Therefore,
to evaluate the effect of test compounds in the FST, behavioral
parameters were analyzed by t-tests for the two genotypes or
treatments and repeated ANOVA one way for the different days of
tests. Only values of p<<0.05 were considered statistically
significant.

Results

Establishing a behavioral paradigm of repeated forced
swimming test

We established a long-term repeated exposure to FST that
allows for study of sustained effects of single administration of
antidepressants over several days in the same animal (Fig. 1A).
Twelve wild type C57BL/6N male mice received 10 ml/kg saline
1.p 30 min before the first FST test. The mice were re-tested in the
FST 24 h, 48 h, 72 h and 96 h after saline injection. After four
days of rest, the same mice were retested in the FST 240 h (=10
days) after saline treatment. On each occasion the immobility time
was measured in the last 4 min of the 6 min sessions (Fig. 1B).
There was no significant change in the immobility time over the
whole experimental period, demonstrating the stability of the
behavioral response in this repeated FST exposure paradigm.

Behavioral responses of PV-Cre+/NR1f/f mice in the
repeated forced swim test

To determine whether the lack of NMDA-dependent activity of
PV interneurons results in a behavior that mimics antidepressant-
like effects, we compared the behavior of 10 adult PV-Cre+/
NR1f/f mutant mice and 10 control littermates (NR1{/f mice) in
the repeated ST paradigm (Fig. 2). Both groups of mice received
a single i.p. injection of 10 ml/kg saline and then tested in the FST
30 min, 24 h, 48 h, 72 h, 96 h and 240 h later as described above
(Fig. 1A). We found that the immobility time was stable during the
different days of exposure to FST for both PV-Cre+/NRI1f/f
mutant mice and NRIf/f mice (Fig. 2). Surprisingly, both
genotypes displayed similar levels of immobility in the FST at all
times point ($>0.05 one way ANOVA) (Fig. 2).

These data indicate that in contrast to the hypothesized function
of NMDAR located in PV interneurons in the behavioral effect
observed in the FST, animals that lack NMDA neurotransmission
selectively in PV neurons do not to display antidepressant-like
behavior as determined by immobility in the FST.

Acute and sustained antidepressant effects of ketamine
and MK801 in C57 mice

In order to examine the acute as well as long-term antidepres-
sant effects of NMIDAR antagonists ketamine and MK801, we first
used naive C57BL/6N male mice. To first evaluate a potential
confounding influence of drug treatment on general locomotion,
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Figure 1. Mice display stable behavior in a repeated FST
paradigm. (A) Outline of the repeated FST protocol performed over
several days. C57BL/6N mice (n=12) were injected at time 0 with saline
(arrow) and every mouse was subjected to FST 30 min, 24 h, 48 h, 72 h
and 96 h later. After 4 days of rest in their home cages mice were
retested in the FST once again (i.e. 240 h after saline injection). (B)
Results (sec/4 min) are presented as mean values *£SEM. Immobility
time is stable after repeated FST: 161=15 (30 min); 173%=17 (24 h);
199+12 (48 h); 208+9 (72 h); 186+9 (96 h) and 183*9 (240 h)
(p>0.05, one way ANOVA).

doi:10.1371/journal.pone.0083879.g001

we assessed the effects of a single injection of ketamine (3 mg/kg)
or MK801 (0.1 mg/kg) on spontaneous locomotors activity in the
open field using the same drug concentration as for the I'ST
(Fig. 3). Locomotion was scored during 60 min after drug
administration. We found no significant effects of drug treatment
m C57BL/6N mice. The lack of any effects of MK80l on
locomotor activity in the open field test in NR1{/f and PV-Cre+/
NRI1f/f mice has been already reported [25]. We then used naive
C57BL/6N male mice that were given a single i.p. injection of
ketamine (3 mg/kg), or its control solution saline, or MK801
(0.1 mg/kg), or its control solution water. All four animal groups
were subjected to ST 30 min, 24 h and 1 week after injection.
Both ketamine and MKS801 significantly reduced immobility and
increased the swimming time compared with respective control
mice 30 min after injection, indicating their antidepressant-like
activity. Specifically, acute treatment with ketamine reduced the
immobility time by 40% at 30 min compared to control treatment
with saline (Iig. 4A; p<<0.001; Student’s t-test). The same group of
mice treated with ketamine displayed increased swimming at this
time point by 156% over saline (Fig. 4B; p<<0.001; Student’s #-test).

Treatment with a single dose of MK801 significantly reduced
the immobility time 30 min after dosing, but to a lesser extent than
treatment with ketamine. MK801-treated animals displayed 22%
reduced immobility compared to water-treated control animals
(Fig. 5A; p<<0.05 Student’s itest). In accordance with this, acute
treatment with MK801 resulted in increased swimming time
(240%) 30 min after dosing compared to control treatment with
water (Fig. 5B; p<<0.05; Student’s ttest).
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Figure 2. Loss of NMDAR in PV neurons does not affect
behavior in the repeated FST paradigm. Immobility of mice
lacking NMDAR specifically in PV interneurons (PV-Cre+/NR1f/f,red bars)
and control mice (NR1f/f, black bars) during repeated FST. (A) Outline of
the repeated FST protocol performed over several days. PV-Cre+/NR1f/f
and NR1f/f mice were injected at time 0 with saline (arrow) and every
mouse was subjected to FST 30 min, 24 h, 48 h, 72 h and 96 h later.
After 4 days of rest in their home cages mice were retested in the FST
once again (i.e. 240 h after saline injection). (B) Immobility time is stable
after repeated FST in both genotypes. Results (sec/4 min) are presented
as mean values =SEM. Immobility time for NR1f/f mice (black bars,
n=10) is:185*=5 (30 min), 2056 (24 h), 209+8 (48 h), 214+5 (72 h),
187+13 (96 h) and 174£16 (240 h). Immobility time for PV-Cre+/NR1f/f
mice (red bars, n=10) is: 1865 (30 min), 203*+7 (24 h), 207*6 (48 h),
2084 (72 h), 19110 (96 h) and 175%=7 (240 h).
doi:10.1371/journal.pone.0083879.9g002

In order to examine the time course of the behavioral
antidepressant effects of a single dose of ketamine or MKS801,
the four groups of mice were retested in the FST paradigm 24 h
and 1 week after drug treatment. The antidepressant effect of
ketamine was still evident 24 h after treatment (24% less
immobility than control mice) (Fig. 4A; p<<0.05 Student’s t-test).
This effect was also reflected in the increased time spent swimming
at this time point (106% over saline) (Fig. 4B: p<<0.05 Student’s
test). However, 24 h after the administration of MKS801, drug-

1500+
-e- Saline
-0- Ketamine
1000+ -0- MK801

5004

Distance traveled (cm)

Time (min)

Figure 3. Ketamine and MK801 do not affect locomotor activity
behavior in the open field. Time course for the locomotor activity of
C57BL/6N mice in the 60 min before and 60 min after saline (black
circles, n=5), ketamine (gray circles, n=6) and MK801 (white circles,
n=>5) injection (arrow) (p>0.05, one way ANOVA).
doi:10.1371/journal.pone.0083879.9003
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Figure 4. Ketamine-induced antidepressant-like behavioral effects in the FST. Ketamine-induced immobility and swimming time,
respectively, in C57BL/6N mice (A,B) and in mice lacking NMDAR specifically in PV neurons (PV-Cre+/NR1f/f, red bars) compared with control (NR1f/f,
black bars)(C,D). (A) Immobility of C57BL/6N mice in repeated FST 30 min, 24 h and 1 week after acute treatment with 3.0 mg/kg ketamine (grey bars,
n=28) or saline (black bars, n=8). Results (sec/4 min) are presented as mean values =SEM. Ketamine induces a rapid antidepressant response by
significantly reducing immobility already 30 min after treatment. The antidepressant effect decreases over time. Ketamine-induced immobility time is:
192+5 saline and 116+16 ketamine (30 min) (p<<0.001 Student’s t-test); 196+8 saline and 149+17 ketamine (24 h) (p<<0.05 Student’s t-test);
183+14 saline and 16314 ketamine (1 week) (p>0.05 Student’s t-test). (B) Swimming scored in the experiment in (A). Ketamine-induced swimming
time is: 47=5 saline and 12316 ketamine (30 min) (p<<0.001 Student’s t-test); 44=8 saline and 91£17 ketamine (24 h) (p<<0.05 Student’s t-test);
57*14 saline and 77£14 ketamine (1 week) (p>0.05 Student'’s t-test). (C) Immobility of PV-Cre+/NR1f/f and NR1f/f mice in repeated FST after acute
treatment with 3.0 mg/kg ketamine. Immobility time 30 min, 24 h and 1 week after ketamine is: 8915, 12113 and 174=x11 (NR1f/f black bars,
n=6); 84*19, 83+14 and 155*12 (PV-Cre+/NR1f/f red bars, n=9), respectively. (D) Swimming scored in the experiment in (C). Swimming time
30 min, 24 h and 1 week after ketamine is: 145+14, 118*+13 and 6611 (NR1f/f black bars, n=6); 149+18, 156+ 14 and 85*+12 (PV-Cre+/NR1f/red
bars, n=9), respectively. Both genotypes display similar behavioral response to the ketamine treatment. Results (sec/4 min) are presented as mean

values =SEM.
doi:10.1371/journal.pone.0083879.9g004

treated and control animals displayed similar levels of immobility
and swimming (Fig. 5A,B; p>0.05 Student’s #test).

One week after drug administration, the antidepressant effect of
ketamine was no longer evident, with ketamine- and saline-treated
mice displaying similar levels of immobility (Fig. 4A; p>0.05
Student’s #test) and swimming (Fig. 4B; p>0.05 Student’s #test).
At this time point MK801-treated animals also displayed similar
behavior as control animals, with long immobility times (Fig. 5A;
p>0.05 Student’s #test) and little swimming (Fig. 5B; $p>0.05
Student’s i-test).

Antidepressant responses to ketamine and MK801 in PV-
Cre+/NR1f/f mice

As mice lacking NMDAR specifically in PV interneurons do not
behave differently than their control littermates in the repeated
exposure to FST as reported in Iig. 2, we next aimed to determine
whether the acute antidepressant-like effects of NMDAR antag-
onists in FST were dependent on the presence of NMDAR in PV
neurons (Figs. 4 and 5). We therefore treated PV-Cre+/NRI1{/f
and littermates NR1f/f control mice with ketamine (3 mg/kg)
(Fig. 4C,D) or MK801 (0.1 mg/kg) (Fig. 5C,D) and tested their
behavioral response in the FST 30 min and 24 h later.
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Surprisingly, 30 min after ketamine injection we did not observe
behavioral differences in the time spent floating (Fig. 4C) between
PV-Cre+/NRI1{/f and NRI1f/f mice (p>0.05, Student’s t-test).
Twenty-four hours and 1 week after ketamine administration the
immobility time in mutant PV-Cre+/NR1{/f mice tended to be
lower compared with the immobility time in NR1{/f (Fig. 4C) yet
this difference did not reach statistical significance (p>0.05,
Student’s t-test). No differences were found in the swimming time
between the two groups of mice at 30 min 24 h and 1 week after
ketamine administration (Fig. 4D; p>0.05, Student’s t-test).

Paralleling the results found with ketamine administration, both
genotypes responded similarly to treatment with MK801, with no
differences found in the immobility at 30 min and 24 h (both
$>0.05, Student’s t-test)(Fig. 5C) or swimming at 30 min and 24 h
(both p>0.05, Student’s t-test (Fig. 5D).

Behavioral responses of PV-Cre+/NR1f/f mice in the
sucrose preference test

The diminished ability to experience pleasure, called anhedo-
nia, can be behaviorally measured by a decrease in intake of and

preference for sweet solutions. Anhedonia is a diagnostic criterion
for major depression in the DSM-IVR, and acute NMDAR
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Figure 5. MK801-induced antidepressant-like behavioral effects in the FST. MK801-induced immobility and swimming time in C57BL/6N
mice (A,B) and in mice lacking NMDAR specifically in PV neurons (PV-Cre+/NR1f/f, red bars) compared with control (NR1f/f, black bars) (C,D). (A)
Immobility of C57BL/6N mice in repeated FST 30 min, 24 h and 1 week after acute treatment with 0.1 mg/kg MK801 (white bars, n=10) or water
(black bars, n=10). MK801 induces rapid antidepressant-like responses to a lesser extent than ketamine 30 min after treatment. The antidepressant
effect of MK801 is abolished 24 h and 1 week after treatment. MK801-induced immobility time is: 220+3 water and 171217 MK801 (30 min) (p<<0.05
Student'’s t-test); 2245 water and 223+3 MK801 (24 h) (p>0.05 Student’s t-test); 19710 water and 215+7 MK801 (1 week) (p>0.05 Student’s t-
test). (B) Swimming scored in the experiment in (A). MK801-induced swimming time is: 20+ 3 water and 6817 MK801 (30 min) (p<<0.05 Student’s t-
test); 154 water and 163 MK801 (24 h) (p>0.05 Student’s t-test); 42210 water and 247 MK801 (1week) (p>0.05 Student’s t-test). (C) Immobility
of PV-Cre+/NR1f/f (red bars) and NR1f/f (black bars) mice in repeated FST 30 min and 24 h after acute treatment with 0.1 mg/kg MK801. Immobility
time 30 min and 24 h after MK801 is: 6516 and 104+13 (NR1f/f black bars, n=13); 54+16 and 103*16 (PV-Cre+/NR1f/f red bars, n=14),
respectively. (D) Swimming scored in the experiment in (C). Swimming time 30 min and 24 h after MK801 is: 16815 and 13516 (NR1f/f black bars,
n=13); 183=15 and 130=14 (PV-Cre+/NR1f/f red bars, n=14), respectively. All time points p>0,05 (Student’s t-test). Both genotypes display similar
behavioral response to the MK801 treatment. Results (sec/4 min) are presented as mean values +SEM.

doi:10.1371/journal.pone.0083879.9g005

antagonism reduces anhedonic behavior [44]. Chronic exposure
to mild unpredictable stress has been found to reduce the
consumption of, and preference for, highly palatable sucrose
solution in rodents, a behavior that is reversed by antidepressants
[45,46]. We hypothesized that NMDAR in PV neurons could
control the ability to properly value rewarding stimuli. We
therefore characterized the response of PV-Cre+/NRI1{/f and
NR1{/f mice on a standard sucrose preference test, a preclinical
measure of anhedonia in rodents [47] (Fig. 6).

We first tested the mice on a water intake test (WIT) aimed to
measure the amount (gr) of water consumed in 24 h; subsequently
the sucrose preference test (SPT) was running for 72 h (Fig. 6A).
We found that both genotypes consumed similar amounts of
water: 1.67%0.1 gr NRI{/f (black bars) and 1.87%0.1 gr PV-Cre+/
NRI1{/f (red bars) mice (p>0.05 Student’s test) (Fig. 6B).When we
performed the SPT we found that PV-Cre+/NRI1f/f mice
displayed similar preference (red bars, 83.8%2.6%) for and
consumption of a 2% sucrose solution over a 72 h period as their
littermate controls (NRIf/f black bars, 77.1%x4.2%, p>0.05
Student’s #test) (Fig. 6C).

PLOS ONE | www.plosone.org

Discussion

In the present study we have analyzed the role of NMDAR-
dependent neurotransmission in GABAergic PV interneurons for
the acute antidepressant properties of NMDARs antagonists as
well as for the regulation of depression-like behavior. It has been
proposed that PV fast-spiking interneurons could play an
important role in the antidepressant effects of ketamine [35]. A
possible mechanism for the antidepressant properties of NMDAR
antagonists is the disinhibition of glutamatergic neurons of the
medial prefrontal cortex (mPFC), through a decrease in the
activity of PV fast-spiking interneurons [32]. In accordance with
this theory, acute ketamine administration rapidly increases
glutamatergic neurotransmission in the prefrontal cortex of
rodents, a process most likely mediated by presynaptic NMDA
autoreceptors and/or NMDAR expressed on GABAergic inter-
neurons [40], which are known to shape circuit function by
changing the balance between excitation and inhibition [41].

Although NMDARs are widely localized in the brain, the
mPFC has been proposed to be a critical region mediating the
antidepressant effects of NMDAR antagonists. However, although
local infusion of MK801 into the mPFC is sufficient to increase c-
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Figure 6. Sucrose preference test in animals lacking NMDAR in
PV neurons. (A) Outline of the water intake and the sucrose
preference test in PV-Cre+/NR1f/f and NR1f/f mice. (B) Water intake
test (WIT) in mice lacking NMDAR specifically in PV neurons (PV-Cre+/
NR1f/f, red bars, n=9) compared with control mice (NR1f/f, black bars,
n=6). WIT was run for 24 h. Results (gr) are presented as mean values
+SEM (p>0,05;Student’s t-test). (C) Sucrose preference test (SPT) in
mice lacking NMDAR specifically in PV neurons (PV-Cre+/NR1f/f, red
bars, n=9) compared with control mice (NR1f/f, black bars, n=6). SPT
was run for 72 h. Results (sucrose intake/total intake x100) are
presented as mean values *=SEM (p>0,05;Student’s t-test). Both
genotypes display similar behavioral response.
doi:10.1371/journal.pone.0083879.9006

fos protein expression (used as a marker of neuronal activation) in
various subcortical regions [42], and systemic administration of
MKS801 is known to increase the firing of pyramidal neurons of the
mPFC of awake rats [42], the direct infusion of ketamine into the
mPFC is not sufficient to produce anti-depressant response in rats
[43].

In this study we took advantage of genetically modified PV-
Cre+/NR1f/f mice that lack NMDARSs specifically in PV cells to
directly probe the connection between NMDAR-dependent
function of PV neurons and depression-like behavior.

Specifically, in this study we aimed a) to address the role of the
NMDARs on PV cells on the spontaneous behavior of mice
subjected to two different paradigms: the despair-based forced
swimming test (FST) and the reward based- sucrose preference test
(SPT) and b) to determine whether the NMDAR-dependent
activity of PV cells 1s required for the fast-acting antidepressant
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lacking the NMDAR in PV neurons compared to control mice
and did not observe any difference in sucrose preference.

In summary, our results suggest that the NMDAR-dependent
activity of PV neurons is not the primary target for the rapid and
sustained antidepressant effect of NMDAR antagonists, and that
NMDAR-dependent activity of PV neurons does not regulate
mood-related behaviors. We cannot exclude that GABAergic PV
interneurons are relevant to depression through NMDAR-
independent pathways or by regulating the emotional state in
other mood-related disorders

The GABAergic system displays great complexity in terms of
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of cognitive and emotional processes in different brain regions
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and for the antidepressant action of ketamine. It will be of interest
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antidepressant effect of NMDAR antagonists.

Author Contributions

Conceived and designed the experiments: LP MC KM. Performed the
experiments: LP IPD XW. Analyzed the data: LP MC KM. Wrote the
paper: LP MC KM.

7. Layer RT, Popik P, Olds T, Skolnick P (1995) Antidepressant-like actions of the
polyamine site NMDA antagonist, eliprodil (SL-82.0715). Pharmacol Biochem
Behav 52:621-627.

8. Papp M, Moryl E (1994) Antidepressant activity of non-competitive and
competitive NMDA receptor antagonists in a chronic mild stress model of
depression. Eur J Pharmacol 263:1-7.

9. Trullas R, Skolnick P (1990) Functional Antagonists at the NMDA Receptor
Complex Exhibit Antidepressant Actions. European Journal of Pharmacology
185:1-10.

10. Machado-Vieira R, Salvadore G, Ibrahim LA, Diaz-Granados N, Zarate CA Jr
(2009) Targeting glutamatergic signaling for the development of novel
therapeutics for mood disorders. Curr Pharm Des 15:1595-1611.

11. Mathews DC, Henter ID, Zarate CA (2012) Targeting the glutamatergic system
to treat major depressive disorder: rationale and progress to date. Drugs
72:1313-1333.

12. Goforth HW, Holsinger T (2007) Rapid relief of severe major depressive
disorder by use of preoperative ketamine and electroconvulsive therapy. J] ECT
23:23-25.

January 2014 | Volume 9 | Issue 1 | e83879



22.

23.

24.

26.

27.

28.

29.

30.

31.

. Zarate CA Jr, Singh JB, Carlson PJ, Brutsche NE, Ameli R, et al. (2006) A

randomized trial of an N-methyl-D-aspartate antagonist in treatment-resistant
major depression. Arch Gen Psychiatry 63:856-864.

. Kugaya A, Sanacora G (2005) Beyond monoamines: glutamatergic function in

mood disorders. CNS spectrums 10:808-819.

. Mohler H (2012) The GABA system in anxiety and depression and its

therapeutic potential. Neuropharmacology 62:42-53.

Sibille E, Morris HM, Kota RS, Lewis DA (2011) GABA-related transcripts in the
dorsolateral prefrontal cortex in mood disorders. Int J Neuropsychopharmacol 14:
721-734.

. Gabbay V, Mao X, Klein RG, Ely BA, Babb JS, et al. (2012) Anterior cingulate

cortex gamma-aminobutyric acid in depressed adolescents: relationship to
anhedonia. Arch Gen Psychiatry 69: 139-149.

. Rajkowska G, O’Dwyer G, Teleki Z, Stockmeier CA, Miguel-Hidalgo JJ (2007)

GABAergic neurons immunoreactive for calcium binding proteins are reduced
in the prefrontal cortex in major depression. Neuropsychopharmacology
32:471-482.

Sanacora G, Mason GF, Rothman DL, Krystal JH (2002) Increased occipital
cortex GABA concentrations in depressed patients after therapy with selective
serotonin reuptake inhibitors. The American Journal of Psychiatry 159:663-665.
Sanacora G, Gueorguieva R, Epperson CN, Wu YT, Appel M, et al. (2004)
Subtype-specific alterations of gamma-aminobutyric acid and glutamate in
patients with major depression. Arch Gen Psychiatry 61:705-713.

. Mohler H (2011) The rise of a new GABA pharmacology. Neuropharmacology

60:1042-1049.

Levinson AJ, Fitzgerald PB, Favalli G, Blumberger DM, Daigle M, et al. (2010)
Evidence of cortical inhibitory deficits in major depressive disorder. Biological
psychiatry 67:458-464.

Sanacora G, Treccani G, Popoli M (2012) Towards a glutamate hypothesis of
depression: an emerging frontier of neuropsychopharmacology for mood
disorders. Neuropharmacology 62:63-77.

Cardin JA, Carlén M, Meletis K, Knoblich U, Zhang F, et al. (2009) Driving
fast-spiking cells induces gamma rhythm and controls sensory responses. Nature
459:663-667.

. Carlén M, Meletis K, Siegle JH, Cardin JA, Futai K, et al. (2012) A critical role

for NMDA receptors in parvalbumin interneurons for gamma rhythm induction
and behavior. Molecular psychiatry 17:537-548.

Sohal VS, Zhang F, Yizhar O, Deisseroth K (2009) Parvalbumin neurons and
gamma rhythms enhance cortical circuit performance. Nature 459:698-702.
Yizhar O, Fenno LE, Prigge M, Schneider F, Davidson TJ, et al. (2011)
Neocortical excitation/inhibition balance in information processing and social
dysfunction. Nature 477:171-178.

Gonzalez-Burgos G, Lewis DA (2008) GABA neurons and the mechanisms of
network oscillations: implications for understanding cortical dysfunction in
schizophrenia. Schizophr Bull 34:944-961.

Nakazawa K, Quirk MC, Chitwood RA, Watanabe M, Yeckel MF, et al. (2002)
Requirement for hippocampal CA3 NMDA receptors in associative memory
recall. Science 297:211-218.

Korotkova T, Fuchs EC, Ponomarenko A, von Engelhardt J, Monyer H (2010)
NMDA receptor ablation on parvalbumin-positive interneurons impairs
hippocampal synchrony, spatial representations, and working memory. Neuron
68:557-569.

Moghaddam B, Krystal JH (2012) Capturing the angel in “angel dust”: twenty
years of translational neuroscience studies of NMDA receptor antagonists in
animals and humans. Schizophr Bull 38:942-949.

PLOS ONE | www.plosone.org

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

NMDA and PV Cells in Depression

Homayoun H, Moghaddam B (2007) NMDA receptor hypofunction produces
opposite effects on prefrontal cortex interneurons and pyramidal neurons.
J Neurosci 27:11496-11500.

Lewis DA, Moghaddam B (2006) Cognitive dysfunction in schizophrenia:
convergence of gamma-aminobutyric acid and glutamate alterations. Archives of
Neurology 63:1372-1376.

Quirk MC, Sosulski DL, Feierstein CE, Uchida N, Mainen ZF (2009) A defined
network of fast-spiking interneurons in orbitofrontal cortex: responses to
behavioral contingencies and ketamine administration. Front Syst Neurosci 3:13.

. Zhou ZQ, Zhang GF, Li XM, Yang C, Yang JJ (2012) Fast-spiking interneurons

and gamma oscillations may be involved in the antidepressant effects of
ketamine. Med Hypotheses 79:85-86.

Jones RS, Buhl EH (1993) Basket-like interneurones in layer II of the entorhinal
cortex exhibit a powerful NMDA-mediated synaptic excitation. Neurosci Lett
149:35-39.

Porsolt RD, Le Pichon M, Jalfre M (1977) Depression: a new animal model
sensitive to antidepressant treatments. Nature 266:730-732.

Hippenmeyer S, Vrieseling E, Sigrist M, Portmann T, Laengle C, et al. (2005) A
developmental switch in the response of DRG neurons to ETS transcription
factor signaling. PLoS Biol 3:e159.

Tsien JZ, Huerta PT, Tonegawa S (1996) The essential role of hippocampal
CA1 NMDA receptor-dependent synaptic plasticity in spatial memory. Cell
87:1327-1338.

Moghaddam B, Adams B, Verma A, Daly D (1997) Activation of glutamatergic
neurotransmission by ketamine: a novel step in the pathway from NMDA
receptor blockade to dopaminergic and cognitive disruptions associated with the
prefrontal cortex. ] Neurosci 17:2921-2927.

Jackson ME, Homayoun H, Moghaddam B (2004) NMDA receptor hypofunc-
tion produces concomitant firing rate potentiation and burst activity reduction in
the prefrontal cortex. Proc Natl Acad Sci U S A 101:8467-8472.

Nowak K, Meyza K, Nikolaev E, Hunt MJ, Kasicki S (2012) Local blockade of
NMDA receptors in the rat prefrontal cortex increases c-Fos expression in
multiple subcortical regions. Acta Neurobiol Exp (Wars) 72:207-218.
Burgdorf J, Zhang XL, Nicholson KL, Balster RL, Leander JD, et al. (2013)
GLYX-13, a NMDA receptor glycine-site functional partial agonist, induces
antidepressant-like effects without ketamine-like side effects. Neuropsychophar-
macol 38(5):729-742

Vardigan JD, Huszar SL, McNaughton CH, Hutson PH, Uslaner JM (2010)
MK-801 produces a deficit in sucrose preference that is reversed by clozapine,
D-serine, and the metabotropic glutamate 5 receptor positive allosteric
modulator CDPPB: relevance to negative symptoms associated with schizo-
phrenia? Pharmacol Biochem and Beh 95(2): 223-229

. Marona-Lewicka D, Nichols DE (1997) The effect of selective serotonin

releasing agents in the chronic mild stress model of depression in rats. Stress
2(2):91-100

Willner P (1997) Validity, reliability and utility of the chronic mild stress model
of depression: a 10-year review and evaluation. Psychopharmacology (Berl)
134(4):319-329

Muscat R, Papp M, Willner P (1992) Antidepressant-like effects of dopamine
agonists in an animal model of depression. Biol Psychiatry 1; 31(9):937-946.
Wang DD, Kriegstein AR (2008) GABA regulates excitatory synapse formation
in the neocortex via NMDA receptor activation. J Neurosci 28:5547-5558.
Xu H, Jeong HY, Tremblay R, Rudy B (2013) Neocortical somatostatin-
expressing GABAergic interneurons disinhibit the thalamorecipient layer 4.

Neuron 77: 155-167.

January 2014 | Volume 9 | Issue 1 | e83879



