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Abstract
Rationale  Ketamine produces dissociative, psychomimetic, anxiolytic, antidepressant, and anesthetic effects in a dose 
dependent manner. It has a complex mechanism of action that involve alterations in other glutamate receptors. The metabo-
tropic glutamate receptor 5 (mGluR5) has been investigated in relation to the psychotic and anesthetic properties of ketamine, 
while its role in mediating the therapeutic effects of ketamine remains unknown.
Objectives  We investigated the role of mGluR5 on the antidepressant, anxiolytic and fear memory-related effects of ketamine 
in adult male Wistar rats.
Methods  Two sets of experiments were conducted. We first utilized the positive allosteric modulator CDPPB to investigate 
how acute mGluR5 activation regulates the therapeutic effects of ketamine (10 mg/kg). We then tested the synergistic anti-
depressant effect of mGluR5 antagonism and ketamine by combining MTEP with a sub-effective dose of ketamine (1 mg/
kg). Behavioral despair, locomotor activity, anxiety-like behavior, and fear memory were respectively assessed in the forced 
swim test (FST), open field test (OFT), elevated plus maze (EPM), and auditory fear conditioning.
Results  Enhancing mGluR5 activity via CDPPB occluded the antidepressant effect of ketamine without changing locomo-
tor activity. Furthermore, concomitant administration of MTEP and ketamine exhibited a robust synergistic antidepressant 
effect. The MTEP + ketamine treatment, however, blocked the anxiolytic effect observed by sole administration of MTEP 
or the low dose ketamine.
Conclusions  These findings suggest that suppressed mGluR5 activity is required for the antidepressant effects of ketamine. 
Consequently, the antagonism of mGluR5 enhances the antidepressant effectiveness of low dose ketamine, but eliminates 
its anxiolytic effects.
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Introduction

Ketamine is a non-competitive N-methyl D-aspartate recep-
tor (NMDAR) antagonist with rapid and sustained antide-
pressant effects (Zarate et al. 2006). It has also demonstrated 
potential in alleviating symptoms of anxiety (Silote et al. 
2020; Truppman Lattie et al. 2021) and in the modulation of 
fear memory (Choi et al. 2020; Silote et al. 2020). The anti-
depressant effects of ketamine, initially observed in rodents 
in (Sofia and Harakal 1975), have been investigated in both 
animal models (Akan et al. 2023; Ecevitoglu et al. 2019; 

Kingir et al. 2023; Yilmaz et al. 2002) and clinical settings 
(Arabzadeh et al. 2018; Lapidus et al. 2014; Zarate et al. 
2006) by utilizing diverse doses and administration methods. 
However, the therapeutic benefits are often accompanied by 
psychomimetic and dissociative side effects (Cooper et al. 
2017). These diverse side effects stem from ketamine’s com-
plex mechanism of action, extending beyond the antagonism 
of the NMDAR (Kim et al. 2023; Zanos and Gould 2018). 
The administration of ketamine triggers a cascade of down-
stream effects, including the attenuation (Piva et al. 2020) 
and metabolic activity changes of metabotropic glutamate 
receptor 5 (mGluR5) (DeLorenzo et al. 2015; Esterlis et al. 
2018). However, the specific role of mGluR5 in mediating 
the rapid therapeutic effects of ketamine remains unknown. 
This study aims to elucidate the contribution of mGluR5 
to the antidepressant, anxiolytic and fear memory-related 
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effects of ketamine in adult male Wistar rats by combining 
a positive allosteric modulator (PAM) and an antagonist of 
mGluR5 with antidepressant and low doses of ketamine, 
respectively.

The fast-onset antidepressant action of ketamine is attrib-
uted to the blocking the NMDARs of GABAergic interneu-
rons, which in turn leads to disinhibition of principal cells 
in various limbic structures (Widman and McMahon 2018; 
Zanos and Gould 2018; Zhang et  al. 2021). Resulting 
increase in glutamate release is associated with the activa-
tion (Fukumoto et al. 2016; Koike et al. 2011) and phos-
phorylation (Maeng et al. 2008; K. Zhang et al. 2017) of 
the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA) receptor (Zhang et al. 2016). The mechanism of 
action of ketamine, therefore, starts with non-competitive 
antagonism of the NMDARs and subsequently leads to the 
modulation of other glutamatergic receptors. In addition to 
the well-studied AMPA receptors, the metabotropic glu-
tamate receptors are also investigated for their role in the 
therapeutic effects of ketamine. Group II mGluR antagonism 
led to a synergistic antidepressant effect when combined 
with a sub-effective dose of hydroxynorketamine (Zanos 
et al. 2019) or ketamine (Pałucha-Poniewiera et al. 2019; 
Podkowa et al. 2016). The role of predominantly postsyn-
aptic mGluR5s, however, has been mostly studied in rela-
tion to the anesthetic and psychotic properties of ketamine 
(Krystal et al. 2010). Pre-treatment with mGluR5 agonist 
CHPG reduced the duration of ketamine-induced anesthe-
sia, while its antagonist MPEP increased this duration (Sou 
et al. 2006). Likewise, mGluR5 agonism reversed ketamine-
induced schizophrenia-like behaviors in mice (Chan et al. 
2008). The sole study investigating mGluR5 and ketamine 
in relation to depression showed that ketamine reversed 
depressive-like behavior induced by viral overexpression of 
mGluR5 in the hippocampus (Wang et al. 2020).

The mGluR5 is highly expressed in the hippocampus, 
cerebral cortex, olfactory bulb, caudate/putamen, and lat-
eral septum in the rat brain (Romano et al. 1995; Su et al. 
2022). They are usually localized in the postsynaptic mem-
brane (Niswender and Conn 2010) and interact with the 
NMDARs via several molecular mechanisms (Chen et al. 
2011; Jin et al. 2013; Matta et al. 2011). The activation of 
mGluR5 potentiates NMDAR currents (Awad et al. 2000) 
via protein kinase C (Benquet et al. 2002), while activation 
of the NMDAR leads to phosphorylation and potentiation of 
mGluR5s (Alagarsamy et al. 1999, 2002, 2005). This func-
tional coupling between the NMDAR and mGluR5 arises 
from the physical association between these receptors on the 
postsynaptic membrane. The Shank proteins of the PSD-95 
complex of the NMDAR are coupled to the Homer proteins 
of the mGluR5 (Tu et al. 1999). Homer1b/c, the long form 
of Homer1, forms connections with the NMDAR Shank pro-
tein, and contributes to the facilitation of NMDAR activity 

(Tu et al. 1999). In contrast, Homer1a, the short form of 
Homer1, leads to the uncoupling of the long Homer pro-
teins (Bockaert et al. 2021) and the subsequent disruption 
of the mGluR5-NMDAR interaction (Clifton et al. 2019). 
Notably, ketamine decreases the transcription of Homer1b/c 
(de Bartolomeis et al. 2013), and increases Homer1a (de 
Bartolomeis et al. 2013; Serchov et al. 2015), suggesting that 
suppressed mGluR5 activity may contribute its cognitive 
and affective properties.

We investigated the role of mGluR5 in the therapeutic 
effects of ketamine in two sets of experiments. We first uti-
lized the positive allosteric modulator CDPPB (10 mg/kg) to 
investigate how acute mGluR5 activation regulates the rapid 
therapeutic effects of an antidepressant dose of ketamine 
(10 mg/kg). We have then tested whether antagonism of the 
mGluR5 could be used to enhance the ameliorative effects of 
ketamine via a synergistic mechanism (Chaki and Watanabe 
2023). For this purpose, we have combined low doses of the 
mGluR5 antagonist MTEP (1.25 mg/kg; Belozertseva et al. 
2007) and ketamine (1 mg/kg; Podkowa et al. 2016), and 
tested the effects of this cocktail drug on behavioral despair, 
anxiety-like behavior, and fear extinction.

Materials and methods

Subjects

Sixty-six experimentally naïve adult male Wistar rats (3–6 
months old) were used for the experiments. The animals 
were transferred to individual cages and housed under stand-
ard laboratory conditions (21°C, ~ 50–60% humidity; 12:12 
day/night cycle with lights on at 08:00), and provided with 
ad libitum food and water throughout the experiment. Fifty-
six animals were divided into experimental groups (n = 8 
per group) according to their initial weights and used in 
the main study. The remaining 10 animals were used in a 
control experiment (refer to Pharmacological Agents). All 
procedures were approved by the Boğaziçi University Ethics 
Committee for the Use of Animals in Experiments (permis-
sion no: 2021–015).

Experimental groups

Two groups of experiments were conducted to inves-
tigate the role of mGluR5 on the therapeutic action of 
ketamine, and reveal potential synergistic effects of 
mGluR5 antagonism with ketamine. First, an antidepres-
sant dose of ketamine (10 mg/kg) was combined with the 
mGluR5 PAM CDPPB (3-cyano-N-(1,3-diphenyl-1H-pyra-
zol-5-yl) benzamide, 10 mg/kg) in order to elucidate the 
role of mGluR5s in ketamine’s mechanism of action, and 
investigate if the antidepressant effect of ketamine would 
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be abolished due to allosteric modulation of the mGluR5. 
The animals were divided into three groups: a ketamine 
only group (saline + ketamine; Ket10, n = 8); a CDPPB only 
group (CDPPB + saline; CDPPB, n = 8); and a combinato-
rial treatment group (CDPPB + Ket10, n = 8). In the second 
set of experiments, we examined the synergistic therapeutic 
effects of the mGluR5 antagonist MTEP with a low (i.e. not 
antidepressant) dose of ketamine (1 mg/kg). This experiment 
was conducted using a low dose of ketamine, as adminis-
tering the antidepressant dose (10 mg/kg) could result in 
a ceiling effect, potentially obstructing the observation of 
the combinatorial or synergistic effects under investigation. 
The animals were separated into saline + ketamine (Ket1, 
n = 8), MTEP + saline (MTEP, n = 8), and MTEP + ketamine 
(MTEP + Ket1, n = 8) groups. In addition, a saline + saline 
(vehicle) group was added as a true control for both experi-
ments (n = 8).

Experimental design

All groups followed identical experimental procedures in 
the same sequence. Animals were acclimated to individual 
cages for a week, with daily handling to reduce stress dur-
ing subsequent drug administration. Behavioral testing com-
menced after a week of single-cage acclimation and handling 
(Fig. 1). The forced swim test (FST) was conducted on Day 
8 and Day 9. On Day 9, animals received two intraperitoneal 
(IP) drug injections 40 and 30 min before the test session of 
FST (FST-2) (refer to Pharmacological Agents). The FST 
was followed by the open field test (OFT) conducted 6 h 
after drug administrations. The elevated plus maze (EPM) 
was conducted on Day 10. A 3-week-long break was given 
after the EPM in order to mitigate the behavioral effects 
of pharmacological treatments before the habituation ses-
sion of auditory fear conditioning on Day 31. During the 

last five days of this break, animals were handled again to 
prepare them for the upcoming IP injections. Fear condi-
tioning took place on Day 32, which was followed by two 
extinction sessions in a novel context on Day 33 and Day 
34. Pharmacological treatments were repeated 40 and 30 
min before fear extinction on Day 33 (Fig. 1). All behavioral 
procedures were carried out between 9:00 and 19:00 in the 
same behavioral testing room.

Pharmacological agents

Ketamine hydrochloride (Keta-control, Doğa İlaç, 100 mg/
ml, Istanbul, Turkey) was diluted in 0.9% saline to prepare 
both the effective antidepressant dose (10 mg/kg, IP) and 
the sub-effective dose (1 mg/kg, IP). CDPPB (10 mg/kg, IP; 
MedChemExpress, Sollentuna, Sweden), was dissolved in a 
10% DMSO and 90% corn oil solution, while MTEP (1.25 
mg/kg, IP; MedChemExpress, Sollentuna, Sweden) was dis-
solved in 0.9% saline containing 2% Tween 80. Sterile saline 
served as the vehicle for all drugs. In order to ensure that 
10% DMSO in the CDPPB groups does not cause inflamma-
tion and affect behavior, we conducted a control experiment 
comparing the effects of 10% DMSO/90% corn oil (n = 5) 
and saline (n = 5) in the FST, OFT and EPM. The timing of 
the injections and behavioral tests in this experiment fol-
lowed that of the main study.

CDPPB and MTEP were administered 40 min before the 
FST-2 and the first day of fear extinction, while ketamine 
doses were administered 30 min before behavioral testing 
(i.e. 10 min after CDPPB or MTEP). The injection times 
were selected to ensure that the peak effect of each drug 
coincided with the first behavioral test. All drugs, except 
for MTEP, were administered at a volume of 1 ml/kg, while 
MTEP was administered at a volume of 2 ml/kg.

Fig. 1   Experimental timeline showing the schedule of behavioral experiments and drug administrations. IP, intraperitoneal; FST, forced swim 
test; OFT, open field test; EPM, elevated plus maze; CS, conditioned stimulus; US, unconditioned stimulus
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Forced Swim Test (FST)

The Forced Swim Test (FST) is used to assess behavioral 
despair and antidepressant effects by primarily measuring 
immobility duration during the test session (Unal and Can-
beyli 2019). We followed the standard two-day protocol by 
Porsolt et al. (1977). Animals were placed into a cylindri-
cal acrylic chamber (height = 45 cm, r = 15 cm) filled with 
water (23 ± 1 °C) to a depth of 30 cm. At the beginning of 
each behavioral test, the animals were acclimatized to the 
test room for 5 min. The training session of FST (FST-1) 
lasted for 15 min, which was followed by the 5-min test ses-
sion (FST-2) 24 h later. After the test, animals were dried 
under an infrared heat lamp and returned to their cages. The 
durations of immobility, swimming, and struggling were 
analyzed using EthoVision XT 17 (Noldus, Wageningen, 
NL). Researchers, blind to the experimental conditions, 
recorded the number of diving and headshakes. These epi-
sodic responses may not correlate with other FST behaviors 
or antidepressant treatment (Cryan et al. 2005), but they 
reflect differences in hormonal levels (Kokras et al. 2017).

Open Field Test (OFT)

General locomotor activity was measured in an opaque black 
square apparatus (70 × 70 × 45 cm) (Valle 1970). The arena 
was divided virtually into a center compartment (45 × 45 
cm; 100 ± 5 lx) and a peripheral area (60 ± 5 lx) to evaluate 
anxiety-like behavior. Following a 5-min acclimation to the 
testing environment, each animal was placed in the center of 
the apparatus for a 5-min observation period. We recorded 
and analyzed the total duration of locomotor activity, as well 
as the time spent in both the center and peripheral areas of 
the maze using EthoVision XT 17 (Noldus, Wageningen, 
NL). The time spent at the brighter center compartment of 
the maze is associated with anxiolytic effects (Fraser et al. 
2010). Frequency of supported and unsupported rearing 
were also recorded. Supported rearing involves touching 
the maze walls with forelimbs, while unsupported rearing 
was defined as standing on the hindlimbs without touching 
the maze walls. The maze was cleaned with 70% ethanol 
between sessions to remove any olfactory cues for the next 
animal.

Elevated Plus Maze (EPM)

We used a wooden plus-shaped apparatus with two acrylic 
transparent (open) and two opaque (closed) arms (arm 
length = 50 cm, width = 10 cm), positioned 50 cm above the 
floor. The open arms had a light intensity of 260 ± 10 lx, 
while the closed arms had 60 ± 10 lx. Animals were intro-
duced into the center of the Elevated Plus Maze (EPM), 
facing either an open or closed arm, with the orientation 

balanced within and across groups. Each session lasted 5 
min, following the protocol by Walf and Frye (2007). We 
measured and analyzed the time spent in the open and closed 
arms, as well as the total duration of locomotor activity 
using EthoVision XT 17 (Noldus, Wageningen, NL). The 
time spent in the closed arms is correlated with anxiety, 
while open arm preference indicates anxiolytic effects (Walf 
and Frye 2007).

Auditory fear conditioning

We employed a modified version of the auditory fear con-
ditioning protocol adapted from Burghardt et al. (2004). 
The habituation and acquisition sessions were carried out 
in a fear conditioning chamber (Context A; 21 × 45 × 27 cm) 
under bright lighting. The chamber featured a floor com-
posed of 32 parallel metal bars spaced 1.4 cm apart, with 
transparent dark grey acrylic walls and a matching acrylic 
lid. On Day 29, animals were habituated to Context A for 
20 min to reduce novelty stress. On Day 30, a 3-min accli-
mation period was followed by two pairings of an auditory 
conditioned stimulus (CS; 75 dB, 2 kHz, 20 s) with a mild 
footshock (unconditioned stimulus, US; 0.7 mA, 2 s, onset: 
0 s after CS offset, 90–120 s ITI). The apparatus was cleaned 
with 70% ethanol between sessions to remove olfactory cues 
for the next animal.

Fear extinction was conducted in a novel chamber (Con-
text B; 41 × 43 × 31 cm), an open-top apparatus with a trans-
parent acrylic wall and opaque black floor, under dim light. 
It was cleaned with 1% peppermint oil between sessions to 
differentiate odors from Context A. Fear Extinction I began 
after drug administration, with a 3-min acclimation period 
to Context B, followed by 10 CS presentations (75 dB, 2 
kHz, 20 s, 90–120 s ITI). After 24 h, the same procedure was 
repeated for Fear Extinction II. Freezing behavior, defined 
as immobility except for respiration, was analyzed using 
the freezing module of ezTrack (Pennington et al. 2019). 
The 3-min acclimation period was used to measure baseline 
freezing. Conditional response was determined by calculat-
ing the freezing percentage during auditory cue presenta-
tions. Furthermore, we analyzed general locomotor activity 
during Fear Extinction I to demonstrate acute changes in 
locomotion as a result of pharmacological interventions. 
Rearing and grooming behaviors were also recorded during 
the extinction sessions.

Statistical analyses

Data analyses were performed using GraphPad Prism 9.0. 
The effects of the antidepressant and low dose ketamine 
were evaluated in comparison to the vehicle (saline) group 
through the application of Student’s t-tests. In each experi-
ment, two-way or three-way ANOVAs were used to reveal 



Psychopharmacology	

main treatment effects and interactions. Subsequent post-
hoc tests compared the experimental and vehicle groups. We 
applied Sidak’s correction to account for a single significant 
main effect, and for significant main effects and their interac-
tions, we utilized Sidak’s multiple comparisons. Statistical 
significance was considered at p < 0.05. Data is presented as 
mean ± SEM in the figures.

Results

DMSO control experiment

The DMSO group (M = 17.75, SD = 13.63) and saline group 
(M = 23.86, SD = 17.24) showed similar immobility times 
in FST-2 (t(8) = 0.62, p = 0.55, Student’s t-test). There 
were also no differences in locomotor activity (t(8) = 0.55, 
p = 0.59) or time spent in the center of the OFT (t(8) = 0.63, 
p = 0.54, Student’s t-test). In addition, both groups dis-
played similar levels of anxiety in the EPM (t(8) = 0.77, 
p = 0.46, Student’s t-test). These findings are in line with 
earlier behavioral studies that utilize saline and DMSO or 
Tween-80 as vehicle groups, and demonstrate comparable 
durations in locomotor activity (Amiri et al. 2015; Castro 
et al. 1995; Jesse et al. 2008; Konieczny et al. 1998) and 
behavioral despair (Amiri et al. 2015; Tanyeri et al. 2013; 
Zomkowski et al. 2005).

Behavioral despair

We confirmed the antidepressant effect of the 10 mg/kg dose 
of ketamine (i.e. Ket10 group) in the FST, which produced a 
significant reduction in immobility (M = 18.23, SD = 11.18) 
compared to the vehicle group (M = 44.49, SD = 21.90; 
t(14) = 3.01, p = 0.009, d = 1.51, Student’s t-test). In contrast, 
the sub-effective dose used in the Ket1 group led to similar 
immobility levels (M = 31.54, SD = 26.42) with the control 
animals (t(14) = 1.06, p = 0.304, Student’s t-test).

We analyzed FST-1 by dividing it into three 5-min 
periods to confirm the induction of behavioral despair. 
We found a significant increase in immobility behavior 
over time (F(2,110) = 98.07, p < 0.001, R2 = 0.64, repeated 
measures one-way ANOVA), consistent with earlier proto-
cols (Porsolt et al. 1977; Yankelevitch-Yahav et al. 2015). 
Immobility time during the last five minutes (M = 78.53, 
SD = 38.39) was higher than in the second five minutes 
(M = 62.59, SD = 29.43; t(110) = 4.00, p < 0.001, d = 0.46), 
and the first five minutes (M = 24.27, SD = 14.69; 
t(110) = 13.62, p < 0.001, d = 1.86). Similarly, immobility 
time significantly increased from the first five minutes to 
the second five minutes of FST-1 (t(110) = 9.62, p < 0.001, 
d = 1.64, Sidak’s corrected). We also compared the immo-
bility time in the first five minutes of FST-1 to FST-2 for 

each group, and found that MTEP led to an elevated immo-
bility duration in FST-2 (M = 37.35, SD = 21.00) com-
pared to the initial phase of FST-1 (M = 20.91, SD = 8.91; 
t(7) = 3.04, p = 0.019, Student’s t-test).

In following experiments, pre-treatment with mGluR5 
agents was done 10 min before ketamine administra-
tion as explained earlier (Fig. 2A). We observed a sig-
nificant main effect of ketamine following mGluR5 
activation via CDPPB pre-treatment (F(1,28) = 12.90, 
p = 0.001, R2 = 19.41, 2 × 2 two-way ANOVA; Fig. 2B), 
as the Ket10 group displayed less immobility compared 
to the vehicle group (M = 44.49, SD = 21.90; t(28) = 2.90, 
p = 0.021). The immobility scores of CDPPB + Ket10 
(M = 25.76, SD = 19.93) did not differ from the vehicle 
group (M = 44.49, SD = 21.90), t(28) = 2.07, p = 0.137) 
or the Ket10 group (t(28) = 0.83, p = 0.797, Sidak’s cor-
rected; Fig. 2B), suggesting a partial attenuation (Koike 
et al. 2011; Li et al. 2015) or occlusion (Gerhard et al. 
2020) of the antidepressant effect of ketamine by CDPPB 
pre-treatment.

The combination of the sub-effective dose of ketamine 
(1 mg/kg) with MTEP (1.25 mg/kg) also revealed the effect 
of ketamine (F(1,28) = 4.35, p = 0.046, R2 = 12.72; Fig. 2B). 
The MTEP + Ket1 group (M = 18.93, SD = 13.85) exhib-
ited significantly less immobility compared to the vehi-
cle group (M = 44.49, SD = 21.90; t(28) = 2.40, p = 0.046, 
d = 1.39; Fig. 2B). In contrast, animals receiving MTEP 
alone (M = 37.35, SD = 20.99) showed a similar immobility 
duration to the vehicle group (M = 44.49, SD = 21.90). Like-
wise, the Ket1 group (M = 31.54, SD = 26.42) did not differ 
from the vehicle group (M = 44.49, SD = 21.90; t(28) = 1.21, 
p = 0.413, Sidak’s corrected). These findings collectively 
indicate a synergistic antidepressant effect of MTEP and 
ketamine.

The struggling behavior observed in the FST was 
affected by the administration of ketamine (10 mg/kg) 
(F(1,28) = 4.67, p = 0.039, R2 = 14.08, 2 × 2 two-way 
ANOVA). However, CDPPB (F(1,28) = 0.13, p = 0.713) 
or its interaction with ketamine (F(1,28) = 0.38 p = 0.539) 
did not have an impact on the struggling behavior. Simi-
larly, MTEP or ketamine (1 mg/kg) did not produce a 
main effect (F(1,28) = 2.10, p = 0.158 and F(1,28) = 0.02, 
p = 0.876, respectively) or revealed a significant interaction 
(F(1,28) = 0.26, p = 0.61, 2 × 2 two-way ANOVA; Fig. 2C).

Swimming performance in the FST remained unaffected 
by the presence of mGluR5 agents or ketamine. There was 
no main effect of CDPPB (F(1,28) = 0.33, p = 0.569, 2 × 2 
two-way ANOVA) or ketamine (10 mg/kg; F(1,28) = 2.14, 
p = 0.155) or their interaction (F(1,28) = 0.01, p = 0.897) on 
swimming duration. Likewise, we found no main effect of 
MTEP (1.25 mg/kg; F(1,28) = 1.15, p = 0.293), ketamine 
(1 mg/kg; F(1,28) = 1.08, p = 0.308), or their interaction 
(F(1,28) = 0.18, p = 0.674, 2 × 2 two-way ANOVA; Fig. 2D).
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Fig. 2   The forced swim test (FST). A) The experimental design and 
treatment schedule of the FST, and the legend for all experimental 
groups. B) The duration of immobility. C) The duration of struggling 
behavior. D) The duration of swimming. E) The number of headshak-

ing behaviors. Asterisks denote statistically significant (p < .05) main 
effects and post-hoc comparisons (brackets). Error bars represent 
SEM
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The frequency of diving and headshaking behavior 
were also not influenced by the administration of CDPPB 
or ketamine (all p values > 0.5, 2 × 2 two-way ANOVA). 
In the MTEP experiments, diving behavior did not show 
a dependence on MTEP (F(1,28) = 0.22, p = 0.637), keta-
mine (1 mg/kg; F(1,28) = 1.53, p = 0.225), or their interac-
tion (F(1,28) = 0.44, p = 0.510, 2 × 2 two-way ANOVA). In 
contrast, pre-treatment with MTEP had a significant effect 
on headshaking (F(1,28) = 6.20, p = 0.019, R2 = 17.96, 2 × 2 
two-way ANOVA; Fig. 2E).

Locomotor activity and anxiety‑like behavior

The activation of mGluR5 via CDPPB elevated locomotor 
activity (F(1,28) = 6.02, p = 0.021, R2 = 17.41; Fig. 3A). 
This observation was not affected by ketamine (10 mg/kg; 
F(1,28) = 0.57, p = 0.456), and there was no interaction 

between CDPPB and ketamine (F(1,28) = 0, p = 0.984). In 
the MTEP experiments, in contrast, ketamine (1 mg/kg) 
exerted a main effect on locomotor activity (F(1,28) = 6.87, 
p = 0.014, R2 = 12.76), along with an interaction between 
ketamine and MTEP (F(1,28) = 16.81, p < 0.001, R2 = 31.21, 
2 × 2 two-way ANOVA). The Ket1 group (M = 109.40, 
SD = 17.54) displayed hyperlocomotion compared to 
the vehicle group (M = 45.10, SD = 22.92; t(28) = 4.75, 
p < 0.001, d = 3.15). Importantly, combinatorial treatment of 
MTEP and ketamine (M = 56.03, SD = 38.46) restored loco-
motion to baseline (vehicle) levels (t(28) = 0.88, p = 0.964) 
and prevented the hyperlocomotion observed in ketamine 
receiving animals (t(28) = 3.94, p = 0.003, d = 1.78; Sidak’s 
corrected, Fig. 3A).

The time spent in the center of the OFT was not influ-
enced by mGluR5 agents or ketamine (all p values > 0.5, 
2 × 2 two-way ANOVA; Fig. 3B). Accordingly, all groups 

Fig. 3   The open filed test 
(OFT). A) The duration of over-
all locomotor activity. B) The 
time spent in the center zone of 
the maze. C) Movement trajec-
tories of representative animals 
(black data points in Panels A 
and B) from each group. D) 
The number of unsupported 
rearing. E) The number of sup-
ported rearing. Asterisks denote 
statistically significant (p < .05) 
main effects and post-hoc com-
parisons (brackets). Error bars 
represent SEM
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exhibited comparable levels of thigmotaxis (Fig.  3C). 
Rearing behavior, in contrast, differed among experimen-
tal conditions. CDPPB activation of mGluR5 had a main 
effect on unsupported rearing behavior (F(1,28) = 6.487, 
p = 0.017, R2 = 18.79, 2 × 2 two-way ANOVA; Fig. 3D). In 
the case of supported rearing, the administration of keta-
mine (10 mg/kg) exhibited a main effect (F(1,28) = 4.21, 
p = 0.049, R2 = 12.25, 2 × 2 two-way ANOVA; Fig. 3E). The 
low dose of ketamine (F(1,28) = 6.44, p = 0.01, R2 = 12.87) 
and MTEP also had a main effect (F(1,28 = 8.41, p = 0.007, 
R2 = 16.71) on supported rearing, with a significant inter-
action (F(1,28) = 7.19, p = 0.012, R2 = 14.38, 2 × 2 two-way 
ANOVA; Fig. 3E). The Ket1 group (M = 15.00, SD = 6.07) 
displayed higher frequency of supported rearing compared 
to the vehicle group (M = 6.00, SD = 2.92; t(28) = 3.69, 
p = 0.006, d = 2.09), MTEP group (M = 5.62, SD = 5.42; 
t(28) = 3.84, p = 0.004, d = 1.63), and the MTEP + Ket1 

group (M = 5.37, SD = 4.50; t(28) = 3.94, p = 0.003, d = 1.80; 
Fig. 3E).

Anxiety-like behavior was subsequently evaluated using 
the elevated plus maze. Locomotor activity levels in the 
EPM were comparable across all groups (all p values > 0.5, 
2 × 2 two-way ANOVA; Fig. 4A). In the CDPPB experi-
ments, the administration of ketamine had a main effect on 
the time spent in the open arms (F(1,28) = 4.31, p = 0.047, 
R2 = 12.87; Fig. 4B). In the MTEP experiments, a signifi-
cant interaction was observed between MTEP and ketamine 
regarding anxiety-like behavior (F(1,28) = 15.15, p < 0.001, 
R2 = 34.51, 2 × 2 two-way ANOVA; Fig. 4B). The Ket1 
group spent a significantly longer duration in the open arms 
(M = 180.2, SD = 131.81) compared to the vehicle group 
(M = 0.53, SD = 1.41; t(28) = 3.29, p = 0.016, d = 1.92). Simi-
larly, the MTEP group (M = 166.9, SD = 141.50) exhibited 
an increased duration in the open arms compared to the 

Fig. 4   The elevated plus maze (EPM). A) The duration of overall 
locomotor activity. B) The time spent in the open arms of the maze. 
C) The number of unsupported rearing. D) The number of supported 

rearing. Asterisks denote statistically significant (p < .05) main effects 
and post-hoc comparisons (brackets). Error bars represent SEM
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vehicle group (t(28) = 3.05, p = 0.029, d = 1.66). However, 
the time spent in the open arms of the MTEP + Ket1 group 
(M = 46.3, SD = 101.04) did not differ from the vehicle group 
(t(28) = 0.83, p = 0.957, Sidak’s corrected; Fig. 4B).

There were no group-level differences in the frequency 
of unsupported rearing observed in the EPM (all p val-
ues > 0.5, 2 × 2 two-way ANOVA; Fig. 4C). In contrast, 
mGluR5 activation via CDPPB resulted in a higher num-
ber of supported rearings compared to the vehicle and 
Ket10 groups (F(1,28) = 9.72, p < 0.004, R2 = 25.53, 2 × 2 
two-way ANOVA; Fig. 4D). In the other set of experi-
ments, MTEP (F(1, 28) = 0.53, p = 0.471), ketamine (1 
mg/kg; F(1,28) = 2.05, p = 0.163), or their interaction 
(F(1,28) = 2.22, p = 0.147) did not yield any difference.

Fear conditioning and extinction

The 3-min acclimation periods of the conditioning (Fig. 5A) 
were used to record baseline freezing, which were similar 
for all groups in the CDPPB and MTEP experiments (all p 
values > 0.5, 2 × 2 two-way ANOVA). In the CDPPB experi-
ments, the CS had a main effect on freezing (F(1,28) = 19.75, 
p < 0.001, R2 = 21.94, 2 × 2x2 three-way mixed ANOVA; 
Fig. 5B), indicating that the freezing response towards the 
cue was increased following the first tone-shock pairing. 
There was no main effect of the CDPPB (F(1,28) = 1.21, 
p = 0.280), ketamine (F(1,28) = 3.52, p = 0.071) or their 
interaction (F(1,28) = 0.27, p = 0.605). Similarly, there was 
no interaction of the CS with the CDPPB (F(1,28) = 1.14, 
p = 0.295), or with ketamine (F(1,28) = 0, p = 0.985; 
Fig. 5B).

In the MTEP experiments, a main effect of the CS on 
freezing was evident (F(1,28) = 23.09, p < 0.001, R2 = 18.64, 
2 × 2x2 three-way mixed ANOVA; Fig. 5C), indicating suc-
cessful conditioning. Concurrently, a main effect of MTEP 
was observed (F(1,28) = 6.80, p = 0.014, R2 = 10.82). 
However, there was no effect of ketamine (F(1,28) = 1.81, 
p = 0.189), and no observable interactions between the CS 
and ketamine (F(1,28) = 0.09, p = 0.756), MTEP and keta-
mine (F(1,28) = 0.07, p = 0.782; Fig. 5C), or CS and MTEP 
(F(1,28) = 0.193, p = 0.664).

In the Extinction session I, baseline freezing levels were 
similar between the groups in the CDPPB (Fig. 5D) and 
MTEP experiments (Fig. 5E; all p values > 0.5, 2 × 2 two-
way ANOVA). In the CDPPB experiments, the main effect 
for the CS was significant (F(9, 252) = 3.17, p = 0.001, 
R2 = 6.71, 2 × 2x10 three-way mixed ANOVA; Fig. 5D), 
indicating successful fear extinction. There was no interac-
tion of the CS with CDPPB (F(9,252) = 1.79, p = 0.069), 
or with ketamine (F(9,252) = 1.73, p = 0.082). Likewise, 
we did not observe effects of the CDPPB (F(1,28) = 0.30, 
p = 0.584), or ketamine (F(1,28) = 0.58, p = 0.451) or an 
interaction (F(1,28) = 0.43, p = 0.515).

Extinction of the conditioned response was also observed 
in the MTEP experiments, with a main effect of the CS 
(F(9,252) = 2.74, p = 0.004, R2 = 5.83, 2 × 2x10 three-way 
mixed ANOVA; Fig. 5E). Like the CDPPB experiments, no 
interaction of the CS and MTEP (F(9,252) = 1.72, p = 0.084), 
or CS and ketamine was found (F(9,252) = 0.46, p = 0.898). 
No individual main effect of the MTEP (F(1,28) = 3.97, 
p = 0.56) or ketamine (F(1,28) = 1.45, p = 0.237) was 
observed. However, there was an interaction between the 
MTEP and ketamine (F(1,28) = 4.42, p = 0.045, R2 = 3.28, 
2 × 2x10 three-way mixed ANOVA; Fig. 5E).

In the Extinction session II, CDPPB administration 
resulted in lower baseline freezing levels (F(1,28) = 6.20, 
p = 0.019, R2 = 17.33, 2 × 2 two-way ANOVA; Fig. 5F). Both 
the CDPPB (M = 20.35, SD = 19.33) and the CDPPB + Ket10 
(M = 20.23, SD = 9.14) groups showed lower freezing 
compared to the vehicle group (M = 37.28, SD = 14.86; 
t(28) = 2.38, p = 0.048, d = 0.98 and t(28) = 2.40, p = 0.046, 
d = 1.38, respectively). Similarly, the MTEP groups also 
displayed lower baseline freezing levels (F(1,28) = 5.32, 
p = 0.029, R2 = 15.63, 2 × 2 two-way ANOVA; Fig. 5G).

Freezing levels in the CDPPB experiments did not change 
in this session (Fig. 5F; all p values > 0.5, 2 × 2x10 three-way 
mixed ANOVA), indicating lack of further extinction. In 
the MTEP experiments, ketamine administration exhibited 
an effect on freezing (F(1,28) = 9.06, p = 0.005, R2 = 6.14). 
There was no main effect of the CS (F(9,252) = 1.00, 
p = 0.435), or MTEP (F(1,28) = 0.06, p = 0.793), and no 
interaction of the MTEP and ketamine (F(1,28) = 0.60, 
p = 0.443), CS and MTEP (F(9,252) = 1.29, p = 0.239), or 
CS and ketamine (F(9,252) = 1.71, p = 0.086).

Finally, we compared the average freezing levels of 
the two extinction sessions. Overall freezing decreased 
from Extinction I to Extinction II in both the CDPPB 
(F(1,28) = 14.62, p < 0.001, R2 = 9.55, 2 × 2x2 three-way 
mixed ANOVA) and MTEP experiments (F(1,28) = 20.15, 
p < 0.001, R2 = 13.38, 2 × 2x2 three-way mixed ANOVA), 
indicating a significantly better extinction in the second ses-
sion. There was no group-level difference in the CDPPB 
experiments (all p values > 0.5, 2 × 2x2 three-way mixed 
ANOVA). However, in the MTEP experiments, the Ket1 
and MTEP + Ket1 groups demonstrated a greater reduc-
tion in freezing during Extinction II when compared to the 
MTEP only and vehicle groups (F(1,28) = 6.56, p = 0.016, 
R2 = 10.68; 2 × 2x2 three-way ANOVA).

Discussion

This study investigated the impact of mGluR5 on the antide-
pressant, anxiolytic and fear memory-related effects of keta-
mine. We activated mGluR5 by using its positive allosteric 
modulator CDPPB to elucidate its role in the ameliorative 
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effects of an antidepressant dose of ketamine. Subsequently, 
we evaluated the effects of mGluR5 inhibition by combining 
low doses of MTEP and ketamine. The results revealed that 
the antidepressant effect of ketamine was occluded by PAM 
activation of the mGluR5. In contrast, blocking this receptor 
with MTEP shortly before administering ketamine produced 
a synergistic antidepressant effect. However, the combined 
administration of low doses of MTEP and ketamine nulli-
fied the individual anxiolytic effects observed in both the 
ketamine and MTEP groups 24 h following drug treatment.

The prerequisite of this study was to identify an antide-
pressant dose of ketamine as well as a sub-effective dose that 
would not by itself lead to antidepressant-like activity (i.e. 
significant decrease in overall immobility) in the FST. Utiliz-
ing a non/sub-antidepressant dose of ketamine in the second 
set of experiments was crucial to avoid a ceiling effect and 
be able to observe any synergistic action of ketamine with 
MTEP. In the first set of experiments, the 10 mg/kg dose of 
ketamine did produce an antidepressant effect as observed 
in several previous studies (Carreno et al. 2016; Choi et al. 
2016; Deyama et al. 2019; Engin et al. 2009; Garcia et al. 
2008). The 1 mg/kg dose, instead, did not alter behavior in 
the FST (see Koike and Chaki 2014; Liu et al. 2013; Pod-
kowa et al. 2016), but produced an anxiolytic effect in the 
EPM.

The CDPPB pre-treatment occluded the antidepressant 
effects of ketamine, as observed in the deletion or transient 
inhibition of several molecular players (refer to Table 1 in 
Kim et al. 2023). It is important to note that CDPPB and 
MTEP were administered 10 min before IP ketamine in 
our experiments to ensure an overlap of the peak effects 
of both drugs. Therefore, the pre-treatment with mGluR5 
agents in our study constitutes a concomitant administration 
protocol, resulting in a partial attenuation or occlusion of 
ketamine’s antidepressant effect compared to the vehicle-
treated animals. However, there was no statistical difference 
between the Ket10 and CDPPB + Ket10 groups, indicating 
that CDPPB did not completely prevent the therapeutic 
action. The occlusion effect may have arisen from the indi-
rect downregulation of the AMPA receptor and NMDAR 
inhibition via Homer1a, as mentioned earlier (Bockaert 
et al. 2021). Ketamine upregulates AMPA receptors, and its 

antidepressant effect can be blocked by pre-treatment with 
NBQX, an AMPA receptor antagonist (Aleksandrova et al. 
2017). Downregulation of the AMPA receptor by positive 
allosteric modulators of the mGluR5 may have contributed 
to the occlusion of the antidepressant effect observed in 
this study. Another factor can be the mGluR5 associated 
inhibition of the NMDAR activity (Bertaso et al. 2010), as 
subsequent activation of this receptor was demonstrated to 
be required for the ketamine’s antidepressant effect (Zanos 
et al. 2023).

In MTEP experiments, the opposite behavioral effect was 
observed by combining a low dose of this antagonist with a 
low, sub-effective dose of ketamine. The behavioral effects 
of MTEP are typically dose-dependent, similar to those of 
ketamine. The administration of MTEP at high doses pro-
duced antidepressant effects in earlier studies (Domin et al. 
2014; Pałucha et al. 2005), while the dose utilized here (1.25 
mg/kg) did not affect behavioral despair as confirmed by a 
previous study (Belozertseva et al. 2007). Combining the 
sub-effective doses of MTEP and ketamine, however, pro-
duced a remarkable synergistic antidepressant effect. The 
role of mGluR5 in the antidepressant effects of ketamine 
likely emerge from its interaction with the NMDAR. In an 
earlier study, pre-treatment with NMDA prevented the anti-
depressant effects of MTEP, suggesting a functional cou-
pling between these receptors (Pomierny-Chamioło et al. 
2010). It must be noted that the MTEP possesses a very 
limited off-target binding affinity to non-mGluR5 targets 
including the NMDAR (Lea and Faden 2006), and the afore-
mentioned findings likely emerge due to receptor-receptor 
interactions between the NMDAR and mGluR5. The FST 
results of the present study altogether indicate an inverse 
relationship between mGluR5 activation and the antide-
pressant effects of ketamine. Suppressed mGluR5 activity 
is required for the rapid antidepressant action of ketamine, 
while activation of the mGluR5 occludes this therapeutic 
effect. More importantly, mGluR5 antagonism can be used 
to enhance the antidepressant potential of ketamine.

Similar to MTEP, Basimglurant, another mGluR5 antag-
onist, initially demonstrated promising antidepressant and 
anxiolytic properties in rodents (Lindemann et al. 2015). 
However, it did not succeed in the second phase of clinical 
trials, showing no improvements in mood compared to the 
placebo group (Youssef et al. 2018). Despite its failure as a 
stand-alone treatment, Basimglurant showed potential as an 
adjunctive therapy to monoaminergic antidepressant treat-
ment (SSRIs and SNRIs) in patient-rated measures (Qui-
roz et al. 2016). These findings suggest that solely blocking 
mGluR5 may not be sufficient for an effective antidepressant 
action in humans. However, combining an mGluR5 antago-
nist with an atypical antidepressant may be beneficial.

The role of mGluR5 in the antidepressant and other 
therapeutic actions of ketamine will likely depend on its 

Fig. 5   Auditory fear conditioning. A) The experimental design and 
treatment schedule of auditory fear conditioning, and the legend for 
all experimental groups. B) Freezing levels during CS-US pairing in 
the CDPPB experiments. C) Freezing levels during CS-US pairing in 
the MTEP experiments. D) Extinction I freezing levels in the CDPPB 
experiments. E) Extinction I freezing levels in the MTEP experi-
ments. F) Extinction II freezing levels in the CDPPB experiments. 
G) Extinction II freezing levels in the MTEP experiments. The same 
vehicle group was used and plotted for conditioning (B, C), Extinc-
tion I (D, E), and Extinction II (F, G). Asterisks denote statistical sig-
nificance (p < .05). Error bars represent SEM
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localization within specific cell types. The rapid antide-
pressant action of ketamine was associated with disinhibi-
tion of pyramidal neurons through NMDAR antagonism 
in GABAergic interneurons (Zanos and Gould 2018), 
as observed in the medial prefrontal cortex (Zhang et al. 
2021) and the hippocampus (Widman and McMahon 2018). 
Accordingly, mGluR5 antagonism may contribute to antide-
pressant action of ketamine via modulation of GABAergic 
interneuron excitability (Chaki et al. 2013). In line with this, 
the knockout of mGluR5 in glutamatergic neurons induced 
depressive-like behavior, while the specific knockout of this 
receptor in GABAergic neurons resulted in an antidepres-
sant effect (Lee et al. 2015). In another study, deletion of the 
mGluR5 in excitatory neurons of the forebrain did not alter 
the antidepressant effects of ketamine (Holz et al. 2019). 
These finding suggest that the CDPPB driven occlusion of 
the antidepressant effect observed in this study may have 
emerged via modulation of GABAergic interneurons.

In addition to its synergistic antidepressant action, antag-
onism of the mGluR5 shortly before ketamine administration 
abolished the subsequent anxiolytic effects observed in the 
saline + ketamine and MTEP + saline groups. Importantly, 
the low dose (1 mg/kg) ketamine utilized in this study pro-
duced a significant anxiolytic effect in the EPM. Earlier 
studies have shown the anxiolytic effects of relatively low 
doses of ketamine with repeated administration (Horsley 
et al. 2018; Zhang et al. 2015). Similar anxiolytic outcomes 
have been observed shortly after the single infusion of 0.1 
mg/kg ketamine in healthy subjects (Krystal et al. 1994). A 
similar level of anxiolytic effect was also observed with the 
low dose MTEP. In an earlier study, the same dose of MTEP 
(1.25 mg/kg) administered 30 min prior to testing did not 
influence anxiety-like behavior in the EPM (Pietraszek et al. 
2005b). In contrast, the anxiolytic action of MTEP in this 
study was observed the day after drug administration, and 
represents a potentially late onset therapeutic effect on anxi-
ety. In an earlier work, the role of mGluR5 in anxiety was 
explored in mGluR5-knockout mice, which exhibited anxi-
ety-like phenotypes (Brodkin et al. 2002). In the same study, 
a high dose of MTEP (16 mg/kg, SC) was found to reduce 
stress-induced hyperthermia in wild-type animals but had no 
effect in mGluR5-knockout mice (Brodkin et al. 2002). In 
contrast, a recent study demonstrated anxiety-like behavior 
following the knockdown of mGluR5 in CA1 pyramidal neu-
rons (Li et al. 2023), highlighting the differential contribu-
tion of mGluR5 localized in various cell types and circuits.

It is important to note that this study is unable to directly 
compare the behavioral despair results assessed immedi-
ately after drug administration with the findings on anxiety 
obtained 24 h following drug treatment in the EPM. Indeed, 
the anxiolytic effect of the selective mGluR5 antagonism 
employed in this study may have been initially latent, as 
it was not observed in the OFT. Alternatively, the OFT 

conducted on the same day following drug administration 
may not have established the necessary conditions to dif-
ferentiate the experimental groups based on anxiety-like 
behavior. Animals displayed considerable thigmotaxis in 
the OFT and spent more time in the periphery of the maze 
irrespective of their locomotor activity levels. However, in 
the EPM, a more robust anxiety measure, the vehicle-treated 
animals exclusively remained in the closed arms, exhibiting 
a high level of anxiety. In contrast, the experimental groups 
displayed a roughly bimodal behavioral pattern, with each 
animal predominantly staying either in the closed or open 
arms. Notably, this behavior was not attributed to freezing, 
as all groups displayed sufficient locomotor activity on the 
maze.

In line with the findings of this study, it has been sug-
gested that the EPM and OFT may be differentially sensitive 
to anxiolytics and measure distinct aspects of anxiety (Prut 
and Belzung 2003; Treit et al. 2010). For instance, in a pre-
vious study, a high dose of ketamine (50 mg/kg) produced 
an anxiolytic effect in the EPM but not in the OFT (Engin 
et al. 2009). Conversely, the anxiogenic effect of GPR30 
was observed in the OFT but not in the EPM (Anchan et al. 
2014). In this study, neutralizing the individual anxiolytic 
effects of a low dose of ketamine and MTEP through their 
combination implies that the NMDAR antagonism by keta-
mine and the mGluR5 antagonism by MTEP reduce anxiety 
through distinct molecular pathways, likely involving the 
activation of the other receptor. Concomitant administration 
of both agents may have interfered each other’s molecular 
cascades, blocking or counteracting the resulting anxiolytic 
effects of each pathway.

There was no effect of the low or high dose ketamine on 
auditory fear conditioning or extinction, as opposed to ear-
lier observations that report an effect of 10 mg/kg ketamine 
(IP) on the facilitation of extinction learning (Girgenti et al. 
2017; Radford et al. 2018). However, we observed that the 
concomitant administration of MTEP and ketamine (1 mg/
kg) rapidly diminished freezing responses in the first extinc-
tion session compared to the vehicle group.

Previous research has shown that higher doses of MTEP 
(2.5 mg/kg and 5 mg/kg) but not the lower dose (1.25 mg/
kg) reduce freezing in an extinction session conducted 24 h 
after conditioning (Gravius et al. 2006). Our study, using the 
same low dose of MTEP, illustrated that ketamine enhances 
the impact of mGluR5 antagonism on fear extinction initi-
ated 24 h after conditioning. Since MTEP also resulted in 
increased freezing during conditioning, this indicates that a 
low dose of MTEP plays a general beneficial role in affective 
memory, as seen in both the acquisition of cued fear memory 
and extinction learning.

In Extinction II, both the CDPPB and MTEP groups dis-
played reduced baseline freezing. In earlier observations, the 
activation of mGluR5 via CDPPB before extinction resulted 
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in decreased freezing in the retention test of contextual 
conditioning (Sethna and Wang 2014). Likewise, animals 
administered with MTEP (1.25 mg/kg) showed lower freez-
ing to the context following fear conditioning (Pietraszek 
et al. 2005b). In our study, the repeated presentation of the 
CS during Extinction I was carried out in the same con-
text as Extinction II (i.e. Context B). We hypothesized that 
this might have caused contextual conditioning, leading to 
a decrease in baseline freezing at the start of Extinction II. 
Additionally, the experimental groups receiving 1 mg/kg 
of ketamine exhibited reduced freezing responses through-
out Extinction II, possibly due to the delayed increase in 
locomotor activity induced by this dose of ketamine, as dis-
cussed below.

Locomotor activity in an open field was evaluated twice 
during the experiments. Initially, the animals were placed 
in the OFT 6 h after the first drug injections on Day 9. This 
assessment aimed to capture relatively late-onset or sus-
tained alterations in locomotor activity resulting from the 
pharmacological treatments. On Day 33, during the habit-
uation period of Extinction I, conducted in a novel open 
arena immediately after the second round of IP injections, 
we assessed the rapid-onset, acute effects of the drugs on 
locomotor activity. Notably, none of the groups exhibited 
changes in locomotor activity during the habituation phase 
of Extinction I. However, in the OFT, the administration 
of low dose ketamine resulted in elevated hyperlocomo-
tion, a phenomenon that was normalized by pre-treatment 
with MTEP. Notably, earlier observations have shown that 
typically high doses of ketamine (Liu et al. 2013; Razoux 
et al. 2007), but not the lower doses (Hetzler and Swain 
Wautlet 1985; Liu et al. 2013; Podkowa et al. 2016), are 
associated with increased locomotor activity. Nevertheless, 
a study revealed heightened locomotor activity after repeated 
administration of a low dose of ketamine (0.5 mg/kg) in the 
open arms of the EPM 48 h later, which was not observed 
when a higher dose of ketamine (3 mg/kg) was administered 
(Horsley et al. 2018). Furthermore, in earlier work, mGluR5 
antagonism augmented the hyperlocomotion led by blocking 
of the NMDAR transmembrane channel via PCP (Henry 
2002) or MK-801 (Henry 2002; Pietraszek et al. 2005a).

The anxiolytic dose of ketamine utilized in this study also 
resulted in a significantly higher frequency of supported 
rearing in the OFT. However, this effect was not observed 
in the MTEP + Ket1 group. Unsupported rearing in an open 
field is linked to acute stress, whereas supported rearing is 
a common response to a novel environment (Sturman et al. 
2018). The increased supported rearing seen in the low dose 
ketamine group is therefore consistent with the heightened 
locomotion noted in this group.

The present study revealed the interplay between mGluR5 
and the antidepressant and anxiolytic effects of ketamine. 
Positive allosteric modulation of mGluR5 impeded the 

antidepressant effect of ketamine, while antagonism of this 
receptor prior to ketamine administration synergistically 
enhanced the antidepressant impact. Notably, the combi-
nation of mGluR5 antagonism and ketamine nullified the 
anxiolytic effect independently produced by each of these 
drugs, indicating a distinctive relationship between NMDAR 
and mGluR5 in the neural circuits underlying depressive vs. 
anxiety-like behaviors. In conclusion, our study indicates 
that inhibiting mGluR5 activity can enhance ketamine’s 
antidepressant effectiveness. This approach holds promise 
for fostering the development of innovative cocktail drugs 
targeting both ionotropic and metabotropic glutamate recep-
tors in depression treatment.
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