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a b s t r a c t

Locomotor behavioral sensitization represents an animal model for understanding neuroadaptive pro-
cesses related to repeated drug exposure. Repeated stress can elicit a cross-sensitization to the stimulant
response of ethanol, which involves neuronal nitric oxide synthase (nNOS). Activation of N-methyl D-
aspartate (NMDA) glutamate receptors triggers nNOS and the synthesis of nitric oxide (NO). In this study,
we investigated the effects of blocking NMDA receptors using the NMDA receptor antagonist MK-801 on
the cross-sensitization between restraint stress and ethanol. We also evaluated the nNOS activity in the
prefrontal cortex (PFC) and hippocampus. Mice were pretreated with saline or MK-801 30 min before an
injection of saline or stress exposure for 14 days. On the following day, they were challenged with either
saline or 1.8 g/kg ethanol. Swiss male mice pretreated with 0.25 mg/kg MK-801 exhibited a sensitized
response to ethanol. Moreover, MK-801 potentiated the cross-sensitization between stress and ethanol.
However, MK-801 prevented the enhanced nNOS activity in stress-exposed groups (challenged with
saline or ethanol) in the PFC; the antagonist also prevented the ethanol-induced increase in nNOS ac-
tivity and reduced this enzyme activity in mice exposed to stress in the hippocampus. These data indicate
that systemic treatment with the NMDA antagonist potentiated, rather than blocked, ethanol-induced
behavioral sensitization and that this effect is dissociable from the capacity of NMDA antagonists to
reduce ethanol/stress-induced NOS stimulation in the PFC and hippocampus.

© 2023 Elsevier Inc. All rights reserved.
Introduction

Behavioral sensitization is defined as progressive increase in
behavioral outcomes after repeated drug administration and it is
considered to reflect neuroadaptations (Robinson & Berridge,
2008). The excitatory neurotransmitter glutamate has long been
implicated in the mechanisms underlying behavioral sensitization
to many drugs of abuse (Vanderschuren & Kalivas, 2000; Wolf,
1998). For examples, both competitive and non-competitive N-
methyl-D-aspartate (NMDA) antagonists prevented behavioral
sensitization to psychomotor stimulants (Kalivas & Alesdatter,
1993; Wolf & Jeziorski, 1993). With respect to ethanol, the
ologia, Instituto de Ciências
, 1524, SP, 05508-900, Brazil.
.

co-administration of glutamate receptor antagonists with ethanol
prevented the development (Broadbent & Weitemier, 1999;
Camarini, Frussa-Filho, Monteiro, & Calil, 2000) and expression of
ethanol-induced behavioral sensitization in mice (Nona& Nobrega,
2018). On the other hand, the local administration of the non-
competitive NMDA receptor antagonist MK-801 into the nucleus
accumbens induced a cross-sensitization to ethanol in ethanol-
sensitized mice, without impacting the locomotor response to
ethanol in non-sensitized animals (Abrahao & Souza-Formigoni,
2012). Taken together, these prior studies indicate that the activa-
tion of NMDA receptors gates ethanol-induced behavioral
sensitization.

It is known that the activation of NMDA receptors triggers the
influx of calcium ions into the postsynaptic neuron, initiating
various intracellular signaling pathways. One of these signaling
pathways involves the activation of neuronal nitric oxide synthase
(nNOS), which is an enzyme responsible for synthesizing nitric
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oxide (NO) (Blanke & VanDongen, 2009, chap. 13). Notably, NO
generated by the activity of nNOSmodulates the extracellular levels
of various neurotransmitters (e.g., glutamate) in the central ner-
vous system (Wegener, Volke, Harvey, & Rosenberg, 2003) and
plays a critical role in the behavioral sensitization to various drugs
of abuse, including ethanol (Itzhak, Roger-S�anchez, & Anderson,
2009; Santos-Rocha et al., 2018). nNOS is an enzyme that plays a
crucial role in various brain regions associated with stress (Gadek-
Michalska, Tedeuz, Bugajski, & Bugajski, 2019) and drug craving
(Itzhak & Anderson, 2008). Furthermore, NO can control different
neurosecretory processes, particularly the release of the stress
hormone corticotropin releasing factor (CRF) (Riedel, 2000). In the
context of stress interactionswith drugs of abuse, MK-801 increases
plasma corticosterone, induces cross-sensitization to amphetamine
(Wedzony & Czyrak, 1994), and potentiates stress-induced cross-
sensitization with amphetamine (Cruz, Marin, Le~ao, & Planeta,
2012). Conversely, the disruption of NOS activity, either through
pharmacological means or genetic manipulation, reduces the
development of psychostimulant or ethanol sensitization (Itzhak,
1997; Itzhak, Ali, Martin, Black, & Huang, 1998; Itzhak &
Anderson, 2008; Santos-Rocha et al., 2018).

Both the NMDA antagonist (Adams & Moghaddam, 2001) and
NMDA itself (Lorrain, Baccei, Bristow, Anderson, & Varney, 2003)
have been shown to impact glutamatergic neurotransmission in the
rat PFC, indicating the intricate involvement of NMDA in this sys-
tem. Additionally, the effects of MK-801 on the glutamate system in
the PFC are blocked by L-NAME, an inhibitor of NOS (Roenker,
Gudelsky, Ahlbrand, & Richtand, 2012).

Stress exposure also plays an important role in ethanol-induced
behaviors (Favoretto, Nunes, Macedo, Lopes, & Quadros, 2020).
Both acute and chronic stress increase ethanol intake and poten-
tiate the effects of alcohol on the brain's motivational systems
(Delis et al., 2013; Doremus-Fitzwater, Paniccia, Gano, Vore,&Deak,
2018; Heilig & Koob, 2007; Koob, 2013; Richardson, Lee, O'Dell,
Koob, & Rivier, 2008). Moreover, we have demonstrated that
repeated stress can cross-sensitize with ethanol in both adolescent
and adult mice (Carrara-Nascimento, Griffin, Pastrello, Olive, &
Camarini, 2011; Quadir et al., 2016; Santos-Rocha et al., 2018). In
support of a permissive role for NMDA receptor-mediated activa-
tion of neuronal nNOS in stress-drug cross-sensitization, we have
demonstrated that chronic unpredictable stress increases nNOS
activity in the frontal cortex and hippocampus in adult mice, and
that nNOS inhibition prevented stress-ethanol cross-sensitization
(Santos-Rocha et al., 2018). Moreover, the nNOS inhibitor 7-
nitroindazole prevents ethanol sensitization and cross-
sensitization between ethanol and chronic unpredictable stress
(Santos-Rocha et al., 2018), raising a potential role for nNOS acti-
vation upon NMDA receptor stimulation in both ethanol-induced
behavioral sensitization and its cross-sensitization with stress.

The search for mechanisms that influence drug-induced plas-
ticity, such as sensitization, is highly relevant for understanding the
underlying processes involved in addiction. However, it is impor-
tant to carefully evaluate the general assumption that glutamate
antagonists can universally prevent or inhibit the development or
expression of behavioral sensitization. This notion has been a topic
of debate, as highlighted in a seminal review on MK-801
(Tzschentke & Schmidt, 2000). Our hypothesis is that repeated
stress can induce cross-sensitization to ethanol in a manner
dependent upon the activation of the NMDA-NOS signaling
pathway. Although cross-sensitization between stress and ethanol
has been demonstrated, the role of NMDA receptors in this phe-
nomenon has not been established. Therefore, we aimed to study
whether MK-801, an NMDA antagonist, would influence the cross-
sensitization between stress and ethanol. As NMDA receptor
32
stimulation can activate nNOS, we also examined for changes in
nNOS activity e as a read-out of changes in NMDA-dependent
nNOS activation/receptor function e within the PFC and hippo-
campus e both regions highly affected by stressors (McEwen,
Nasca, & Gray, 2016).

Material and methods

Subjects

Adult Swiss male mice (total n ¼ 126) were provided by the
Instituto de Ciências Biom�edicas (Institute of Biomedical Sciences)
of the Universidade de S~ao Paulo. Groups of 4 animals were housed
in polypropylene cages (27.5 cm length � 16.5 cm width � 13 cm
height). They were individually housed at 21 ± 1 �C with food and
water ad libitum on a 12-h light/dark cycle with the lights turned on
at 7:00 AM for at least a 3-day acclimatization period. Each animal
was used in only one experimental procedure. The experiments
were conducted according to the guidelines of the Brazilian Na-
tional Council for Control of Animal Experimentation (CONCEA), in
accordance with the Brazilian National Law number 11,794 of
October 8, 2008, Decree 6899 of July 15, 2009, after approval from
the Ethics Committee of Animal Use (Protocol #134/09) of the
Institute of Biomedical Sciences of the University of Sao Paulo.

Drugs

Ethanol (95% v/v; Merck do Brasil, Rio de Janeiro, RJ, Brazil) was
diluted in a saline solution (0.9% NaCl in distilled water) to produce
a 20% v/v solution that was administered intraperitoneally (i.p.) at a
dose of 1.8 g/kg. Control animals received isovolumetric saline in-
jections (i.p.).

MK-801 (dizocilpine maleate, Merck do Brasil, Rio de Janeiro,
Brazil) was prepared in 0.9% physiological saline and administered
i.p. at a dose of 0.25 mg/kg in a volume of 10 mL/kg (Camarini et al.,
2000; Meyer & Phillips, 2007).

Apparatus

All behavioral procedures were performed during the light
phase of the light/dark cycle. Total locomotor activity was evaluated
in the open-field (40-cm diameter arena, surrounded by a 50-cm
wall for 10 min) and recorded with a digital camera. EthoVision
3.1 software (Noldus, Wageningen, the Netherlands) was used to
track and quantify the distance traveled by each animal.

Stress paradigm and experimental procedures

The experimental design is depicted in Fig. 1.
Experiment 1 (Fig. 1A). We first tested whether repeated re-

straint stress would elicit a sensitized locomotor response to acute
ethanol. Prior to any repeated treatment, all animals were accli-
mated to the open field for 10 min, following an i.p. saline injection
over the course of 2 habituation days (data not shown). On the
following day, three groups of mice were repeatedly injected with
saline, ethanol, or exposed to restraint stress for 14 days (n¼ 14 per
group). Mice in the stress group were exposed to 14 consecutive
days of restraint stress. The restraint stress consisted of restraining
the animal in a plastic cylinder for 1 h/day, between 10:00 and
11:00 AM. On day 15, mice from each groupwere randomly divided
into two subgroups and the locomotor activity was recorded for
10 min after a challenge injection with either saline or ethanol
(n ¼ 7 per group). Mice were tested in the open field after saline



Fig. 1. Experimental design of Experiments 1 and 2. Mice in both experiments were
first habituated in the open field for 2 consecutive days. A) Mice were divided
randomly into three groups: treated with saline, ethanol, or exposed to restraint stress.
After 14 days in these conditions, mice were challenged with saline or ethanol on Day
15. B) Mice were divided randomly into four groups: treated with saline or MK-801
30 min before saline or restraint stress. After 14 days in these conditions, mice were

challenged with saline or ethanol on Day 15. ¼ locomotor activity evaluation in
the open field.
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injections on habituation days (H1 and H2) and after either saline,
ethanol, or restraint stress on days 1 (D1), 8 (D8), and 15 (D15).

Having established a cross-sensitization between ethanol and
stress, we next evaluated the effects of MK-801 on this cross-
sensitization.

Experiment 2 (Fig. 1B). As in the first experiment, mice were
injected i.p. with saline and habituated to the open field for 10 min
over the course of 2 days (data not shown). Then, over the next 14
days, mice were pretreated with saline or 0.25 mg/kg MK-801,
30 min before restraint stress or saline i.p., as a control for the in-
jection stress (n ¼ 20e24/group). To examine for the development
of sensitization, locomotor activity was assessed for 10 min in the
open field on days 1 and 8 (respectively, D1 and D8) of repeated
restraint stress (or saline control procedures), immediately after
the stress/saline procedure. Following the 14-day stress/saline
phase of the experiment, the groups were then further subdivided
to receive a challenge injection of either saline or 1.8 g/kg ethanol
and were immediately tested in the open field for 10 min on day 15
(D15; n ¼ 10e12/group).
33
Mice were euthanized by decapitation 3 h after the assessment
of locomotor activity on D15 for determination of nNOS activity.

Caþ2-dependent nNOS assay

We conducted an assay to measure the conversion of [3H] L-
arginine into [3H] L-citrulline in homogenates from PFC and hip-
pocampus, as previously described (Teixeira et al., 2002). This assay
enables the assessment of Ca2þ-dependent activation of NOS
(which reflects mainly nNOS and endothelial NOS or eNOS) in our
regions of interest. Three hours after the experiments, the animals
were euthanized, and the hippocampus (including the dentate
gyrus, CA1, CA2, CA3, and CA4 regions) and PFC (including pre-
limbic, infralimbic, and anterior cingulate cortex) were dissected as
previously described in Cont�o, Pautassi, and Camarini (2022) and
Sultan (2013). Specifically, the brain was sectioned using a chilled
razor blade and the PFC was dissected using brain punches (1.2-
mm, Harris Micro-Punch, Ted Pella), according to the mouse brain
atlas by Franklin and Paxinos (1997). This assay enabled us to assess
the Ca2þ-dependent activation of NOS (which reflects mainly nNOS
and endothelial NOS or eNOS) in both the hippocampus and PFC.

In order to obtain sufficient tissue for the assay, samples from
the hippocampus and prefrontal cortex were pooled between two
mice and then were homogenized in five volumes of cold incuba-
tion buffer (50-mM Tris HCl buffer, pH 7.4) containing 1-mM phe-
nylmethylsulfonyl fluoride (PMSF) and 1-mM L-citrulline. The
homogenates were incubated for 30minwith 1-mMNADPH, 2-mM
CaCl2, and 10-mM L-arginine containing 100 000 disintegrations per
minute (dpm) of [2,3,4,5-3H] L-arginine monohydrochloride at
room temperature (25e27 �C). Pharmacological controls of enzy-
matic activity were also carried out. For each sample, the specific
NOS-mediated conversion of L-arginine to L-citrulline was obtained
by subtraction of the conversion in the presence of 1-mM L-NAME
(a non-selective NOS inhibitor), and the Ca2þ-dependent enzyme
activity was confirmed by the null L-arginine to L-citrulline con-
version in the absence of CaCl2 and in the presence of 5-mM EGTA
in the incubation medium (Teixeira et al., 2002).

The protein content of the samples was determined by Bradford
assay, and the activity of nNOS was expressed as picomoles L-
citrulline produced/minute per mg of protein. The Beckman Coulter
5500B Gamma Counter (California, United States) was used as the
nNOS activity scintillation counter.

Statistical analysis

The variables were checked for normality (ShapiroeWilk test)
and homogeneity (Levene test). Data from the cross-sensitization
between ethanol and stress were analyzed by a factorial analysis
of variance (ANOVA) with pre-exposure (saline, ethanol, or stress)
and challenge injection (saline or ethanol) as between-factors. The
experimental design to analyze the effects of MK-801 on the cross-
sensitization between repeated stress and ethanol consisted of
eight groups (four groups e Saline/Saline, Saline/Stress, MK/Saline,
and MK/Stress e that were subsequently challenged with saline or
ethanol). First, we conducted t test analysis to determine whether
the populations within the same treatment group before the
challenge injection were different from each other. Since no dif-
ferences were found (data not shown), the groups with the same
repeated pretreatment were combined for analysis of the loco-
motor data from D1 and D8 of repeated stress/saline. The effects of
MK-801 on cross-sensitization between restraint stress and ethanol
were analyzed using a 3-way repeated-measure ANOVA, with
pretreatment (MK-801 or saline) and stress (saline injection or
restraint stress) as between-subjects factors, and days (D1 and D8)



Fig. 3. A) Locomotor activity of mice pretreated with saline or MK-801 30 min before
treatment with saline or restraint stress during 8 consecutive days (mean ± SE). The
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as repeated-measures. Differences in the expression of locomotor
activity, and nNOS activity to a challenge dose of ethanol on D15
were all analyzed using 3-way ANOVAs (pretreatment �
stress � challenge injection). Tukey post hoc test was used when
appropriate. All data are expressed as mean ± standard error of the
mean (SEM). Significance was defined at the 0.05 level.

Results

Cross-sensitization between stress and ethanol

Consistent with our prior studies employing chronic unpre-
dictable stress procedures (Quadir et al., 2016; Santos-Rocha et al.,
2018), we confirmed that repeated restraint stress cross-sensitized
to an ethanol challenge injection, and the magnitude of this cross-
sensitization was of a similar magnitude as that exhibited by mice
sensitized to repeated ethanol (Fig. 2). A two-way ANOVA revealed
a significant pre-exposure � challenge interaction (F(2,36) ¼ 5.45,
p < 0.05, ղ2p ¼ 0.23), and significant main effects of stress and
challenge injection (see Supplemental material). Compared to
repeated saline control mice, both repeated ethanol injections and
chronic restraint stress increased the acute locomotor response to
the ethanol challenge injection (Tukey post hoc tests: Saline-
Ethanol vs. Stress-Ethanol, p < 0.05; Saline-Ethanol vs.
EthanoleEthanol, p < 0.05), revealing a sensitization to ethanol and
cross-sensitization between stress and ethanol.

Acute stress suppresses MK-801 hyperlocomotion while MK-801
potentiates cross-sensitization between stress and ethanol

Next, we evaluated the effects of repeatedMK-801 and stress on
locomotor activity. Analysis of data fromD1 and D8 (Fig. 3A) using a
3-way repeated-measures ANOVA showed a significant MK801 �
Stress � Days interaction (F(1,80) ¼ 20.99, p < 0.05, ղ2p ¼ 0.21). All
other main effects, interactions, and effect sizes can be found in
Supplemental material. Tukey post hoc tests indicated that MK-801
induced a hyper-locomotor activity in the unstressed control (MK/
SAL) mice on D1, relative to the other groups (p < 0.05), indicating
that repeated stress exposure blunts acute MK-801-induced loco-
motor stimulation (see Fig. 3A; D1, MK/Saline vs. MK/Stress).
Fig. 2. Cross-sensitization between chronic restraint stress and 1.8 g/kg ethanol in
male Swiss mice. Data are expressed as distance traveled (mean ± SE). Mice were
exposed to saline i.p., 1.8 g/kg ethanol i.p., or chronic restraint stress over 14 days and
then were challenged with saline or ethanol prior to locomotor testing. *differs from
the group pre-treated with saline/challenged with ethanol, two-way ANOVA followed
by Tukey post-tests (n ¼ 7/group).

activity was quantified on Day 1 and Day 8. *differs from all groups, within the same
day; þdiffers from D1, within the same group; #differs from Saline/Stress. Three-way
repeated-measures ANOVA followed by Tukey test. B) Locomotor activity of mice
challenged with saline (white bars) or 1.8 g/kg ethanol (gray bars) on Day 15, which
were pretreated with saline or MK-801 30 min before an injection of saline or exposure
to 1 h restraint stress for 14 consecutive days. &MK-801 pretreatment increases loco-
motor activity relative to saline (left vs. right graphs; three-way ANOVA), *ethanol-
challenged groups show higher locomotor activity compared to the respective groups
challenged with saline (left and right graphs, two-way ANOVA, followed by Tukey
test), #stress yields a decrease in locomotor activity relative to the saline groups in MK-
801-pretreated groups (right graph, two-way ANOVA, followed by Tukey test).
n ¼ 10e12/group.

34
Although the high level of locomotor activity persisted on D8 in the
no-stress mice pretreated with MK-801 (MK/Saline) mice, the lo-
comotor activity of the MK/Stress group was now significantly
higher than that of the Saline/Stress control on D8 (p < 0.05). To
determine which group developed behavioral sensitization, the
data were compared across days (D1 vs. D8), and analyses revealed
an increase in locomotor activity across days only inMK/Stressmice
(Fig. 3A), indicating that MK-801 co-treatment with restraint stress
induces behavioral sensitization. In contrast, no significant change
in locomotor activity was detected in repeated-stress (Saline/
Stress) controls or in either of the no-stress control groups (Saline/
Saline and MK/Saline). These data indicate that repeated (8 days)
restraint stress, repeated saline, and repeated MK-801 treatment
are insufficient to elicit behavioral sensitization in this study.



Fig. 4. A) Neuronal NO synthase (nNOS) activity in prefrontal cortex (PFC) homoge-
nates and B) hippocampus homogenates prepared from mice challenged with saline
(white bars) or 1.8 g/kg ethanol (gray bars) on Day 15 of treatment. Mice were pre-
treated with saline or MK-801 30 min prior to a saline injection or restraint stress
exposure during 14 consecutive days. nNOS activity was measured 3 h after locomotor
activity measurements. Data are represented as mean ± SEM. A) &MK-801 pretreat-
ment decreases nNOS activity in mice exposed to stress relative to those pretreated
with saline (left vs. right graphs; three-way ANOVA), *ethanol-challenged groups show
higher nNOS activity compared to the respective groups challenged with saline (left
graph, two-way ANOVA, followed by Tukey test); $stress yields an increase in nNOS
activity relative to the saline groups in saline-pretreated groups (left graph), while this
effect is inverted in MK-801-pretreated groups (right graph two-way ANOVA, followed
by Tukey test). B) *differs from all groups; @MK-801 reduces nNOS activity in mice
exposed to stress; &MK-801 decreases nNOS activity relative to control saline-saline-
saline. Three-way ANOVA, followed by Tukey tests. n ¼ 5e6/group (each sample
represents a pool of 2 mice).
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Subsequently, we evaluated the effects of MK-801 on cross-
sensitization between restraint stress and ethanol in these mice.
For this, the groups Saline/Saline, Saline/Stress, MK/Saline, andMK/
Stress were challenged with either saline or 1.8 g/kg ethanol on D15
(Fig. 3B). A three-way ANOVA detected significant main effects of
MK-801 (F(1,76) ¼ 105.25, p < 0.0001; ղ2p ¼ 0.58), challenge injec-
tion (F(1,76) ¼ 98.13, p < 0.0001; ղ2p ¼ 0.56), a significant MK-
801 � challenge interaction (F(1,76) ¼ 13.65, p < 0.01; ղ2p ¼ 0.15),
and MK-801 � stress interaction (F(1,76) ¼ 15.57, p < 0.01;
ղ2p ¼ 0.17). All other main effects and effect sizes can be found in
the Supplemental material. Tukey test revealed that mice pre-
treated repeatedly with MK-801 exhibited higher levels of loco-
motor activity than those pretreated repeatedly with saline (Fig. 3B,
right vs. left). Further, the 3-way analysis was divided into 2-way
analysis at each level of pretreatment. A two-way ANOVA con-
ducted to analyze the groups pretreated with saline revealed a
significant stress � challenge interaction (F(1,36) ¼ 7.83, p < 0.01;
ղ2p¼ 0.18; all othermain effects and effect sizes can be found in the
Supplemental material). Post hoc analyses revealed that acute
ethanol increased locomotor activity as compared to saline control
groups (Fig. 3B, left; Saline/Saline/Ethanol vs. Saline/Saline/Saline;
Saline/Stress/Ethanol vs. Saline/Stress/Saline), replicating a cross-
sensitization between repeated restraint stress and ethanol.
Ethanol increased the locomotor activity of mice pre-exposed to
stress (Saline/Saline/Ethanol vs. Saline/Stress/Ethanol), confirming
a cross-sensitization effect. A two-way ANOVA conducted to
analyze the groups pretreated with MK-801 revealed significant
main effects of stress and challenge injection (F(1,40) ¼ 4.8, p < 0.05;
ղ2p ¼ 0.11 and F(1,40) ¼ 61.54, p < 0.05; ղ2p ¼ 0.61). No statistically
significant interaction between stress and challenge injection was
found (see Supplemental material). As illustrated in Fig. 3B (right),
mice challenged with ethanol exhibited higher levels of locomotor
activity than those challenged with saline. Those mice exposed to
stress showed blunted locomotor activity relative to those exposed
to saline, confirming the interaction between MK-801 and stress.

Taking together, mice treated repeatedly with MK-801 exhibited
a cross-sensitization to the acute ethanol injection as well as
potentiated cross-sensitization between stress and ethanol (Fig. 3B,
right vs. left).

MK-801 blunts nNOS activity in the PFC and hippocampus

Fig. 4 shows nNOS activity in the PFC (A) and hippocampus (B)
homogenates.

Analyses of the data from the PFC by a 3-way ANOVA revealed
significant main effects of MK-801 (F(1,34 ¼ 6.80, p < 0.05;
ղ2p¼ 0.17], challenge injection (F(1,34)¼ 12.25, p< 0.01; ղ2p¼ 0.26),
and a significant MK-801 � stress interaction and MK-
801 � challenge interaction (F(1,34) ¼ 10.16, p < 0.05, ղ2p ¼ 0.23;
F(1,34) ¼ 4.66, p < 0.05, ղ2p ¼ 0.12, respectively). All other main
effects and effect sizes can be found in the Supplemental material.
MK-801 decreased nNOS activity in mice exposed to stress, as
compared to those pretreated with saline. Further, the 3-way
analysis was divided into 2-way analysis at each level of pretreat-
ment. A two-way ANOVA conducted to analyze the groups pre-
treated with saline revealed significant main effects of stress and
challenge injection (F(1,16)¼ 4.51, p < 0.05, ղ2p¼ 0.22; F(1,16) ¼ 33.11,
p < 0.05, ղ2p ¼ 0.67, respectively). No statistically significant
stress � challenge interaction was found (F(1,16) ¼ 2.26, p > 0.05,
ղ2p ¼ 0.12). Post hoc analyses indicated that an acute challenge
ethanol injection increased the nNOS activity in the PFC relative to
saline controls, as well as stress-enhanced nNOS activity as
compared to saline-pretreated groups (Fig. 3A). A two-way ANOVA
35
conducted to analyze the groups pretreated with MK-801 revealed
a significantmain effect of stress (F(1,18)¼ 6.50, p< 0.05, ղ2p¼ 0.27).
No statistically significant main effects of challenge injection or
stress � challenge injection interactions were found (F(1,18 ¼ 0.64,
p > 0.05, ղ2p¼ 0.03; F(1,18)¼ 1.50, p > 0.05, ղ2p¼ 0.07, respectively).
In mice pretreated with MK-801, exposure to chronic stress yielded
lower nNOS activity compared to saline controls. Thus, MK-801
pretreatment suppressed the elevated nNOS activity in the
repeated-stress group (Fig. 4A).
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A comparable analysis of nNOS activity in the hippocampus
revealed a significant MK � Stress� challenge injection interaction
(F(1,34) ¼ 4.80, p < 0.05, ղ2p ¼ 0.12), allowing multiple comparisons.
All other main effects and effect sizes can be found in the Supple-
mental material. Post hoc test showed that acute ethanol signifi-
cantly increased hippocampal nNOS activity in the no-stress
control mice relative to all groups, including those pretreated with
MK-801 (Fig. 4B; Saline/Saline/Ethanol > other groups; all
p's < 0.05). Thus, this acute ethanol effect was prevented by
repeated MK-801 pretreatment (MK/Saline/Ethanol < Saline/Sa-
line/Ethanol; p < 0.05) and blunted also by repeated stress (Saline/
Stress/Ethanol < Saline/Saline/Ethanol; p < 0.05). In the mice pre-
treated repeatedly with MK-801, exposure to repeated stress also
decreased nNOS activity in the hippocampus (MK/Stress/
Saline < MK/Saline/Saline; p < 0.05). Moreover, relative to control
Saline/Saline/Saline, MK-801 also reduced nNOS activity in mice
repeatedly exposed to stress.

Discussion

MK-801 effects on cross-sensitization between ethanol and stress

In this study, we conducted experiments to investigate stress-
induced locomotor cross-sensitization to ethanol and the cross-
sensitization between ethanol and MK-801, building upon prior
literature (Meyer & Phillips, 2003; Phillips, Roberts, & Lessov, 1997;
Quadir et al., 2016; Santos-Rocha et al., 2018). However, our find-
ings differed from previous studies (Broadbent & Weitemier, 1999;
Camarini et al., 2000; Meyer & Phillips, 2003), as repeated daily
pretreatment with 0.25 mg/kg MK-801 did not prevent the devel-
opment of ethanol-induced sensitization. Instead, mice treated
repeatedlywithMK-801 exhibited a cross-sensitization to the acute
ethanol injection. Several factors may contribute to these
discrepant results, including strain, dose, and context.

First, it is worth noting that most studies on ethanol sensitiza-
tion utilize DBA/2 mice (Broadbent & Weitemier, 1999; Meyer &
Phillips, 2003), while we have used Swiss mice. Regarding MK-
801 dose, previous research has indicated that repeated adminis-
tration of MK-801 at 0.1 mg/kg with ethanol potentiated ethanol
sensitization in DBA/2J mice (Meyer & Phillips, 2003), while
0.25 mg/kg MK-801 did not interfere in development of sensitiza-
tion in this strain (Nona & Nobrega, 2018). It should be noted that
the DBA2/J mice employed in these two latter studies originated
from different commercial vendors e Charles River (Quebec, Can-
ada) in the case of Nona and Nobrega (2018), and Jackson Labora-
tory (Bar Harbor, Maine, United States) in Meyer and Phillips (2003)
e and breeder-dependent differences in behavioral responses have
been demonstrated with respect to vulnerability to stress
(Theilmann et al., 2016) and ethanol intake (Palm, Roman, &
Nylander, 2011). Furthermore, the context in which MK-801 is
administered may influence its effects (Camarini et al., 2000;
Carlezon, Mendrek, & Wise, 1995), as MK-801's ability to block
drug-induced sensitization has been suggested to be state-
dependent (Carlezon et al., 1995). In our study, ethanol was not
administered in the test environment after each injection, which
might have influenced the behavioral outcomes.

Another aspect to be considered in our study is the limited inter-
individual variability observed in the response to ethanol-induced
behavioral sensitization in Swiss mice when compared to the
findings reported by Abrahao and Souza-Formigoni (2012). It is
worth noting that different environmental conditions in various
animal facilities can give rise to distinct characteristics at both
molecular and behavioral levels. These characteristics may mani-
fest as heightened or reduced variations in the response to repeated
ethanol administration, as demonstrated by Abrahao and Souza-
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Formigoni (2012) and Quoilin, Didone, Tirelli, and Quertemont
(2012), respectively. Nevertheless, we observed higher locomotor
variability in the groups treated with ethanol compared to those
treated with saline, suggesting that ethanol elicits more diverse
responses than saline.

MK-801 was used in this study as a pharmacological tool to
investigate the involvement of NMDA receptors in the cross-
sensitization between stress and ethanol, and MK-801 pretreat-
ment potentiated the hyperlocomotion induced by both repeated
stress and acute ethanol manipulations. In line with a prior
neuropharmacological study targeting the nucleus accumbens
(Abrahao & Souza-Formigoni, 2012), we also detected a cross-
sensitization between systemic MK-801 and ethanol. A cross-
sensitization between repeated MK-801 and ethanol is not sur-
prising given that ethanol is posited to act as a non-competitive
NMDA receptor antagonist, and thus, exhibits a similar mecha-
nism of action as MK-801 to inhibit NMDA receptor function, albeit
the complexity of changes in NMDA receptor induced by ethanol
(den Hartog et al., 2017). As no locomotor sensitization was pro-
duced in the present study by repeated restraint stress alone, the
potentiation of stress-induced locomotor sensitization by MK-801
suggests that repeated non-competitive blockade of NMDA re-
ceptors induces neuroplastic changes that facilitate the locomotor-
sensitizing effects of repeated stress.

Cross-sensitization between stress and ethanol may involve the
activational state of the hypothalamic-pituitary-adrenal (HPA) axis,
as pretreatment with metyrapone, a corticosterone synthesis in-
hibitor, prevents the development of ethanol sensitization (Pastor
et al., 2012), and a glucocorticoid receptor antagonist blocks the
cross-sensitization between stress and ethanol (Roberts, Lessov, &
Phillips, 1995), indicating that HPA axis activity has a role for
ethanol-induced sensitization and its cross-sensitization to stress.
Indeed, there is evidence that NMDA receptors gate neuroendo-
crine control over the HPA axis (Marty, Mulpuri, Munier, &
Spigelman, 2020), with MK-801 increasing plasma corticosterone
levels (Kim, Jung, Moon, & Song, 2009). Based on the findings of
Roberts et al. (1995) and Pastor et al. (2012), the MK-801-induced
corticosterone secretion might be predicted to potentiate stress-
induced behavioral sensitization and cross-sensitization. Further,
chronic stress decreases NMDA receptor expression in the PFC (Lee
& Goto, 2011), which could tune NMDA signaling and shift behav-
ioral sensitivity of stressed mice to both the locomotor-activating
effects of repeated MK-801 pretreatment and to acute ethanol.
This could explain the larger effect in stressed animals. For instance,
NMDA hypofunction in the PFC increases the rewarding effects of
opioids (Bishop, Lauzon, Bechard, Gholizadeh, & Laviolette, 2011).

The present study confirms previous reports that acute admin-
istration of MK-801 induces hyperlocomotion in different mouse
strains (Camarini et al., 2000; Szumlinski et al., 2005). In fact, there
is evidence that hyperlocomotion induced by NMDA antagonists is
mainly regulated by the PFC, by mechanisms that involve increases
in glutamate efflux, and by stimulation of non-NMDA receptors
glutamatergic neurotransmission (Moghaddam, Adams, Verma, &
Daly, 1997). However, in contrast to other reports demonstrating
MK-801-induced locomotor sensitization with repeated treatment
(Wolf & Khansa, 1991), 8 injections of 0.25 mg/kg MK-801 failed to
elicit a sensitization of locomotor hyperactivity in the present
study, which likely reflects a ceiling effect upon behavior. Repeated
MK-801 pretreatment also did not result in tolerance to its loco-
motor activating effects, as previously demonstrated after 21 days
of treatment (Camarini et al., 2000), corroborating evidence that
the effects of repeated MK-801 upon locomotor activity (sensiti-
zation, tolerance, or no change) vary according to not only dose, but
also the number of injections (Broadbent & Weitemier, 1999;
Camarini et al., 2000; Ida, Asami, & Kuribara, 1995).
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Curiously, the acute locomotor stimulant effect of MK-801 was
blunted by concomitant stress exposure. While the precise mech-
anism accounting for the stress-induced blunting of MK-801 hy-
peractivity is not entirely clear, acute restraint stress is reported to
increase glutamate and aspartate levels in the PFC and hippocam-
pus (Moghaddam,1993). Although acute stress initially reduced the
hyperlocomotion caused by MK-801, this effect was gradually
reversed with repeated stressor exposure. Previous studies have
shown that chronic stress disrupts glutamate homeostasis by
altering the expression of pre- and postsynaptic glutamate re-
ceptors, leading to glutamatergic hyperactivity (Nasca et al., 2015;
Quadir et al., 2016), as well as increased glutamate uptake and basal
release (Fontella et al., 2004). Based on these findings, it can be
hypothesized that the effects of stress on the glutamatergic system
may compete with the action of MK-801 on glutamate receptors. In
our study, the MK-801/stress group showed lower NOS activity as
compared to MK/saline after repeated exposure, suggesting an
interaction between stress and the NO system. By examining NOS
levels between acuteMK/saline and acuteMK/stress, wemay gain a
better understanding of the interplay between stress, NMDA re-
ceptor activity, and NOS function. This knowledge could contribute
to unraveling the complex dynamics of the stages of the sensiti-
zation process.

MK-801 effects on nNOS activity of mice exposed to stress and
ethanol

It is well known that calcium influx through NMDA receptors
activates NOS, stimulating the synthesis of NO (Garthwaite,
Garthwaite, Palmer, & Moncada, 1989). NO is a gaseous molecule
that diffuses in the brain and plays a major role in both inter- and
intracellular communication (Pic�on-Pag�es, Garcia-Buendia, &
Mu~noz, 2019). NO participates in several effects of ethanol (Davis&
Syapin, 2005), including in ethanol-induced stimulant locomotor
effects, conditioned place preference (Itzhak & Martin, 2000), and
ethanol behavioral sensitization (Itzhak & Anderson, 2008; Santos-
Rocha et al., 2018). Several studies have shown a role for NO in
behavioral sensitization to cocaine (Itzhak, 1997), methamphet-
amine (Inoue, Arai, Shibata, & Watanabe, 1996), and morphine
(Zarrindast, Askari, Khalilzadeh, & Nouraei, 2006), as well as the
cross-sensitization between cocaine and methamphetamine
(Itzhak, 1997). In a previous study from our laboratory, nNOS in-
hibition by 7-nitroindazole prevented both ethanol sensitization
and cross-sensitization between ethanol and stress (Santos-Rocha
et al., 2018). To better understand the participation of NMDA-NO
signaling in cross-sensitization between stress and ethanol, we
evaluated the nNOS activity in the PFC and hippocampus of mice
pretreated with MK-801.

MK-801 prevents stress-induced increases in PFC nNOS activity

We know from prior work that the anxiogenic-like phenotype
induced by acute restraint stress is associated with increased nNOS
expression in the prelimbic ventromedial PFC, 24 h after the stress
(Vila-Verde, Marinho, Lisboa, & Guimar~aes, 2016). Further, chronic
unpredictable stress increased nNOS activity in the PFC (Santos-
Rocha et al., 2018). However, we failed to detect an increase in
PFC nNOS activity following chronic restraint stress, which may
reflect a habituation to repeated exposure to the same type of
stressor. Acute ethanol increased nNOS activity in both unstressed
and stressed mice relative to their saline-challenged controls, and
the magnitude of this ethanol effect appeared to be larger in the
mice that underwent repeated stress versus those that did not,
indicating a cross-sensitization between the effects of repeated
stress and ethanol on nNOS activity within the PFC. Consistent with
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a role for NMDA receptors in gating nNOS activity, MK-801 pre-
treatment prevented the increase in PFC nNOS activity exhibited by
mice in the cross-sensitized state. Thus, a double-dissociation ex-
ists between the effects of MK-801 on stress-ethanol behavioral
versus nNOS cross-sensitization.

MK-801 prevents ethanol-induced increases in hippocampal
nNOS activity and decreases nNOS activity in stressed animals.

As observed in the PFC, the acute ethanol challenge injection
increased nNOS activity within the hippocampus of our mice, and
this effect was blunted in mice with prior MK-801 pretreatment.
Although MK-801 did not change hippocampal nNOS activity (MK/
Saline/Saline vs. Saline/Saline/Saline), Liu et al. (2009) demon-
strated that repeated MK-801 inhibited the NOS activity in hippo-
campus of rats.

Increases in NO levels in the hippocampus, but not in the PFC,
have a major influence on the HPA axis, stimulating the production
and release of adrenocorticotropic hormone (ACTH) (Seo & Rivier,
2001). In the present study, a history of repeated restraint stress
also attenuated the ethanol-induced increase in nNOS activity in
the hippocampus.

We also demonstrated that MK-801 suppressed nNOS activity in
the stressed group. Chronic mild stress is reported to induce hip-
pocampal nNOS activation and HPA axis hyperactivity (Zhou et al.,
2011), and variable stress-restress exposure also increases hippo-
campal iNOS, followed by downregulation of NMDA receptors
(Harvey, Oosthuizen, Brand, Wegener, & Stein, 2004). Although
nNOS activity did not change in our stressed mice, MK-801 miti-
gated the nNOS activation in this group, suggesting that hippo-
campal NO following repeated stress can be mediated by NMDA
receptors.

Previous studies have implicated NMDA receptors and NOS in
the neural plasticity associated with ethanol sensitization. For
instance, the nNOS inhibitor 7-nitroindazole has been shown to
prevent ethanol sensitization and cross-sensitization between
ethanol and chronic unpredictable stress (Itzhak & Martin, 2000;
Santos-Rocha et al., 2018). Additionally, the nNOS gene has been
identified as crucial for the development of behavioral sensitization
to ethanol in both adult and adolescent male mice (Itzhak &
Anderson, 2008). It is noteworthy that prolonged ethanol expo-
sure can lead to the upregulation or increased expression of NMDA
receptors in certain brain regions such as the PFC and hippocampus
(Nagy, 2008, as review). However, intriguingly, previous research
has demonstrated reduced NMDA receptor function and expression
specifically in the accumbal region of ethanol-sensitized mice
(Abrahao et al., 2013). In our study, we observed a dissociation
between the effects of MK-801 on stress/ethanol cross-
sensitization and NOS activity. MK-801 potentiated cross-
sensitization while decreasing NOS activity in this group. The un-
derlying mechanisms that contribute to the intricate relationship
between NMDA-NOS and stress/ethanol sensitization are complex
and not yet fully understood.
Study limitations

We acknowledge that there are some limitations to our study.
Firstly, there is a lack of a demonstrated causal relationship be-
tween the nNOS results and behavioral sensitization. Our previous
studies indicated that nNOS inhibition effectively reduced both
ethanol sensitization and the cross-sensitization between chronic
unpredictable stress and ethanol (Santos-Rocha et al., 2018).
Although such findings confirmed the involvement of the NMDA-
NO pathway in ethanol-induced sensitization and ethanol/stress
cross-sensitization, the present experimental designs were corre-
lational in nature.
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Secondly, another limitation of our study is the exclusion of
female mice. It is well-documented that females exhibit heightened
sensitivity to ethanol sensitization compared to males. Therefore,
the generalizability of our findings may be limited to the male
population, and further investigation involving female mice is
warranted to fully understand the impact of sex on cross sensiti-
zation between stress and ethanol.

Conclusion

In summary, repeated pretreatment with the non-competitive
NMDA antagonist MK-801 potentiates locomotor cross-
sensitization between repeated restraint stress and ethanol.
While prior studies indicate that NMDA antagonists, including MK-
801, can block behavioral sensitization to a number of drugs of
abuse (Sripada, Gaytan, Swann, & Dafny, 2001), including ethanol
(Broadbent & Weitemier, 1999; Camarini et al., 2000), this study
provides evidence that the capacity of MK-801 to inhibit behavioral
sensitization is altered significantly by a history of repeated re-
straint stress. It will be important in future studies to determine
whether these results generalize to other chronic stressor models
and other NMDA antagonists. The precise mechanism(s) through
which MK-801 pretreatment potentiates stress-ethanol cross-
sensitization are still unclear, but appear to be dissociated from
effects on nNOS in both the PFC and hippocampus. Such findings do
not preclude a role for NMDA-NO signaling within basal ganglia or
other mesocorticolimbic structures that govern locomotor
behavior, which will be an important next step in our under-
standing of the role for this clinically relevant signaling system in
stress and ethanol interactions.
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