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Introduction: Accumulating evidence indicates that the glutamatergic system plays an
important role in the development of depression. Notably, the antidepressant effect of
metabotropic glutamate receptor 5 (mGluR5) modulation is inconsistent across studies.
Here, we attempted to identify the involvement of the gut microbiota and inflammation in
mGluR5−/− mice.

Methods: mGluR5−/− mice and their wild-type littermates were used in our study. We
used the open field (OF) and elevated plus maze (EPM) tests to assess anxiety-like
behaviors, and we used the two-day forced swim test (FST) and tail suspension test (TST)
to test despair-like behaviors. 16S rDNA was used to analyze the gut microbiota. Enzyme-
linked immunosorbent assays (ELISAs) were used to measure the levels of inflammatory
factors. Western blotting was used to detect the levels of various proteins.

Results:mGluR5−/− mice had no significant increase or decrease of despair-like behavior
in the absence of stress exposure. However, mGluR5−/− mice exhibited despair-like
behaviors following stress exposure. No significant changes in other glutamate receptors
or representative synaptic proteins were detected in the prefrontal cortex (PFC) or
hippocampus of mGluR5−/− mice. Very similar bacterial groups were observed in
mGluR5−/− mice and wild-type controls. In addition, there was no significant difference
in the a-diversity of the microbiota between mGluR5−/− mice and wild-type controls. The
levels of all measured cytokines (IL-1b, IL-2, IL-4, IL-6, IL-10, and TNF-a) did not change
significantly in the PFCs or colons of mGluR5−/− mice.

Conclusion: In conclusion, we deduced that mGluR5−/− mice are susceptible to despair-
like behavior. The systemic knockout of mGluR5 did not affect the gut microbiota or
inflammatory factors in mice.
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INTRODUCTION

In the nervous system of vertebrate, glutamate is the most
abundant neurotransmitter (1). The glutamatergic system plays
an important role in the development of depression and is an
essential target of antidepressant drugs (2). Recently, more
attention has been focused on the potential roles of
metabotropic glutamate receptors (mGluRs) (3–5). The
mGluRs are classified into three groups: group I includes
mGluR1 and mGluR5, group II includes mGluR2 and
mGluR3, and group III includes mGluR4, mGluR6, mGluR7,
and mGluR8 (6, 7). Among them, group I mGluRs are
distributed primarily at postsynaptic excitatory synapses and
are related to many neuropsychiatric diseases, such as anxiety,
stress disorders, neurodegeneration, and depression (3, 5, 8).

It is noticeable, however, that the antidepressant-like effect of
mGluR5 modulation is still controversial. Some studies showed
that the antagonists of mGluR5 can effectively alleviate
depression-like behaviors in rodents (9) and that the basal
immobility of mGluR5−/− mice decreased in the forced swim
test (FST) (9) and tail suspension test (TST) (1). However, Shin
et al.'s study showed that in many stress-induced models of
depression, mGluR5−/− mice exhibited increased depression-like
behaviors which could be reversed by rescue of mGluR5 in the
shell of the nucleus accumbens (NAc) (10).

In addition, many studies have shown that the gut microbiota
and inflammation play a major role in the pathophysiological
process of depression (11–13). Do gut microbiota and
inflammation also affect the mGluR5-related mouse model?
Here, we attempted to identify the involvement of the gut
microbiota and inflammation in mGluR5− /− mice, a
controversial model linked to depression.
METHODS

Animals
mGluR5−/− mice and wild-type littermates were purchased from
Nanjing BioMedical Research Institute of Nanjing University
(NBRI). All experimental mice were housed in groups in a room
with controllable temperature and humidity and a 12/12-h light/
dark cycle. mGluR5−/−mice were divided into three groups, group
one (n = 7) for the open field (OF) and FST, group two (n = 7) for
elevated plus maze EPM and TST, and group three (n = 8) for gut
microbiota, protein, and inflammatory factor analysis.

Behavioral Testing
Open Field Test
The experimental process is as described in the previous study
(14). Briefly, mice were tested in a white plastic box measuring 40
cm × 40 cm × 40 cm under full-light conditions (1,000 lux). At
the beginning of the experiment, the mouse was placed in the
center of the arena. The duration of each video recording was 5
min. Mice were taken to their home cages after video recording.
We used an automated analysis system (SMART 3.0, Panlab
S.L.U.) to analyze the time spent in the center of the arena, which
was used to evaluate anxiety levels.
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Elevated Plus Maze Test
The experimental process is as described in the previous study
(14). Briefly, mice were tested in the black plastic equipment with
four arms measuring 50 cm × 5 cm each, which were rested on a
platform 1 m from the ground. There are two closed arms with
15-cm-high walls and two open arms without walls. At the
beginning of the experiment, the mouse was placed in the
center of a platform facing one of the open arm. The duration
of each video recording was 5 min, after which the mouse was
taken to its home cage. We used an automated analysis system
(SMART 3.0, Panlab S.L.U.) to analyze the time spent in the open
arms, which was used to evaluate anxiety levels.

Two-Day Forced Swim Test
The experimental process is as described in the previous study
(14). Briefly, mice were tested in a glass cylinder with 24°C water.
The duration of each video recording was 6 min, and afterwards
the mouse was taken from the tank into an individual cage for
recovery for 90 min. The last 4 min of the FST video was used to
assess immobility of the mouse. Twenty-four hours later, the
mice were repeatedly tested under the same conditions.

Two-Day Tail Suspension Test
The experimental process is as described in the previous study
(15). Briefly, mice were suspended 50 cm above the floor
acoustically and visually isolated by adhesive tape, which was
placed one-third of the way from the tip of the tail. The last 4 min
of the 6-min period was used to analyze the immobility time.
Mice were suspended by the tail on 2 consecutive days.

Gut Microbiota Analysis
DNA Extraction and Detection
The fecal samples were collected before behavioral testing, placed in
1.5ml tubes and stored at −80°C. FormGluR5−/−mice and wild-type
mice, fecal samples were collected before behavioral testing. The
genomic DNA of each sample was extracted by Beijing Genomics
Institute Tech Solutions Co., Ltd. (Shenzhen, Guangdong, China).
The microplate reader and agarose gel electrophoresis were used to
analyze DNA concentration and integrity.

16S rDNA Compositional Sequencing
The 16S rDNA compositional sequencing process is as described in
the previous study (16). Once the DNA sample was received, a
quality test was performed first, and then a library was constructed
of all the qualified DNAs. The T4 DNA polymerase, Klenow
fragment, and T4 polynucleotide kinase were used to convert the
jagged ends of PCR products into blunt ends. Then, we added an ‘A'
base to each 3′ end tomake it easier to add adapters.We used fusion
primers with dual indexes and adapters for PCR. In both cases, we
only used the qualified libraries for sequencing, and the next
bioinformatic analysis was based on the results of the sequencing.

Bioinformatic Analysis
The raw data were filtered to obtain clean reads by eliminating
adapter pollution and low-quality reads, and then paired-end
reads with overlaps were merged to tags, which were clustered
into OTUs (operational taxonomic units) at 97% sequence
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similarity (17). The Ribosomal Database Project (RDP) Naïve
Bayesian Classifier v.2.2. was used to assign taxonomic ranks to
OTU-representative sequences. The tag numbers of each
taxonomic rank or OTU in different samples were summarized
in a profiling table or histogram, which was drawn with the
software R (v3.1.1) (18). The different species screenings and a-
diversity were analyzed based on OTU and taxonomic ranks.

Brain and Colon Tissue Cytokine
Detections
Brain (prefrontal cortex, PFC) and colon tissue of mGluR5−/−mice
and wild-type littermates (group three) were collected. Samples
were analyzed using the MSD V-Plex CustomMouse Cytokine kit
(4A Biotech Co., Ltd, China) per the vendor instructions.
Western Blot Analysis
The experimental process is as described in the previous study
(19). PFC and hippocampal tissues of mGluR5−/− mice and wild-
type littermates (group three) were collected and lysed in 100–300
ml of Radio Immunopreciptation Assay (RIPA) lysis buffer (10
mM Tris, 1 mM EDTA, 0.5% NP-40, 150 mM NaCl, and 1%
Triton X-100 at pH 7.4). The RIPA lysis buffer contained a 1:100
(v/v) ratio of a protease inhibitor cocktail and a phosphatase
inhibitor cocktail (Roche). The BCA protein assay (Pierce) was
used to quantify the total protein samples (20–40 mg), and then
the samples were resolved via sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to PVDF membranes. The primary antibodies were as follows:
anti-b-actin (1:1,000, Cell Signaling Technology); anti-mGluR5
(1:1,000, Abcam); anti-NR2A (1:1,000, Cell Signaling
Technology); anti-NR2B (1:1,000, Cell Signaling Technology);
anti-PSD95 (1:1,000, Abcam); anti-homer1 (1:1,000, Abcam);
and anti-Erk1/2 (1:1,000, Cell Signaling Technology). The
enhanced chemiluminescence (ECL) detection method
(Advansta) was used to visualize all Western blots. Image J
software (version 1.47) was used to quantify the scanned images.
Statistical Analyses
All data except for data on the microbiota are expressed as means ±
SEM. The unpaired t-test, two-sided t-test, or one- or two-way
ANOVA was used to test the statistical significance according to
the experimental design. The significant differences in microbiota
compositions were assessed by theMann–Whitney U test. Multiple
comparisons were corrected by P-values using the Benjamini–
Hochberg (BH) correction [false discovery rate (FDR) < 0.05].
RESULTS

mGluR5−/− Mice Exhibited Despair-Like
Behaviors After Stress Exposure
Depression is often accompanied by anxiety-like symptoms,
therefore, we tested for anxiety-like symptoms in mGluR5−/−

mice using the OF test and EPM test. The time spent in the
Frontiers in Psychiatry | www.frontiersin.org 3
central area of the OF test and the open arms of the EPM test
made no significant difference between mGluR5−/− mice and
wild-type mice (Figures 1A, B).

Although antidepression-like symptoms of mGluR5−/− mice
were found by using FST in a previous study (9), our results did not
show any difference between wild-type control mice and mGluR5−/
− mice in a one-day FST or TST. We then performed two-day FST
to test depressive behaviors. Under the two-day FST and TST, wild-
type mice and mGluR5−/− mice showed no substantial differences
in immobility time on day 1, whereas on day 2, mGluR5−/− mice
spent more time immobile than wild-type mice (Figures 1C, D).
These results suggest that after the first day of stress stimulation,
the mice exhibit despair-like symptoms the next day.

mGluR5−/− Mice Showed No Changes in
Other Glutamate Receptors or Synaptic
Proteins
Previous studies suggest that mGluR5 in the PFC and
hippocampus may play key roles in the pathological process of
depression (20). In the Western blot analysis, mGluR5−/− mice
showed normal levels of synaptic scaffold proteins (homer1 and
PSD-95), ionotropic glutamate receptors (NR2A and NR2B), and
extracellular regulated protein kinases (Erk1/2) in the PFC and
hippocampus (Figure 2).

Knockout of mGluR5 Did Not Change the
Gut Microbiota
For the controversial mGluR5−/− model, the detection of
intestinal microflora may be used to identify the key issues
A

B

DC

FIGURE 1 | (A, B) mGluR5−/− mice exhibit despair-like behaviors after stress
exposure. (A) Anxiety-like behaviors assessed in OF tests. (B) Anxiety-like
behaviors assessed in EPM tests. (C) The immobility in FST was measured
during the last 4 min of the 6-min video. Two-sided t-test, *P < 0.05. (D) The
immobility time of TST was measured during the last 4 min of the 6-min
video. Two-sided t-test, *P < 0.05. n = 7 mice for mGluR5+/+ and 7 for
mGluR5−/−.
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underlying the disease. Therefore, we examined the intestinal
microflora of mGluR5−/− mice before stress stimulation. MiSeq
sequencing was a total of 1,970,656 raw reads, ranging from
188,224 to 205,284. Paired-end reads were spliced into tags based
on the overlap between reads. There were a total of 822,680 tags
among all samples, with an average of 82,268 samples and an SD
of 705. The stitched tags were optimized to cluster them into
OTUs for species classification at 97% similarity. The abundance
of the OTUs preliminarily illustrated the species richness of the
sample. A total of 476 OTUs were generated from the 10
samples, which were assigned to the taxa from the phylum
level to the genus level. The OTU statistics for each sample are
shown in Supplementary Table 1 and Supplementary Figure 1.

The taxonomic-composition distribution histograms of each
sample are shown at the phylum, class, order, family, genus, and
species levels separately. The ratio of the species in each sample is
displayed using the histograms. No significant changes of
taxonomic-composition distribution in the bacterial groups
were observed in the mGluR5−/− mice (Figure 3).

a-Diversity is used to analyze the complexity of species
diversity by using multiple indices (21), including observed
species, Chao, Ace, Shannon and Simpson indices. No
significant difference was observed in the a-diversity of
microbiota between mGluR5−/− mice and wild-type mice
(Figure 4).

Cytokines in the PFC Did Not Change
Significantly in mGluR5−/− Mice
Cytokines in the PFC, including IL-1b, IL-2, IL-4, IL-6, IL-10,
and TNF-a, were assessed as markers of inflammation. The
levels of these cytokines did not change significantly in the PFC
of mGluR5−/− mice (Figures 5A–F).

Cytokines in the Colon Did Not Change
Significantly in mGluR5−/− Mice
Colonic levels of inflammatory cytokines play a key role in some
patients with depression (22). In our study, the levels of cytokines
Frontiers in Psychiatry | www.frontiersin.org 4
in the colon, including IL-1b, IL-2, IL-4, IL-6, IL-10, and TNF-a
were assessed as markers of inflammation. The levels of these
cytokines did not change significantly in the colons of mGluR5−/−

mice (Figures 6A–F).
DISCUSSION

The mGluR5−/− mouse is a promising genetic tool for studying
psychiatric diseases. Our results suggest that mGluR5−/− mice
had no significant despair-like or antidepressant behavior in the
absence of stress exposure. Furthermore, there was no significant
change in the intestinal flora and the levels of inflammatory
factors in the PFC and colon. Notably, mGluR5−/− mice
exhibited despair-like behaviors following stress exposure.

Previous studies have indicated that mGluR5 was involved in
many neuropsychiatric disorders (4, 5). For example, Wijetunge
et al. used mGluR5−/− mice to research the role of mGluR5 in
pattern formation (23). Carvalho et al. demonstrated that the
cortex and striatum of mGluR5−/− mice showed reduced number
of neurons at 12 months of age and provided evidence that
mGluR5 plays an important role in brain aging through
modulating multiple cell types (8). Most recently, a study
showed that mGluR5−/− mice have some translationally
relevant abnormalities associated with schizophrenia (24).

In fact, the depression-related behaviors of mGluR5−/− mice
are still controversial. In 2006, Li et al. demonstrated for the first
time that the mGluR5-knockout mouse exhibits antidepressant-
like behavior (9). Subsequently, Chen et al. found that mGluR5−/−

mice had increased number of spine densities, which may partly
explain the hyperexcitability observed in mGluR5−/− mice (25).
Recently, Liu et al. verified the antidepressant-like effects of
mGluR5 in whole-body knockout mice. In addition,
transplanting bone marrow from mGluR5−/− mice to wild-type
mice can also induce depression-like behaviors (1).

However, in the present study, we did not detect significant
depression-like or antidepressant behavior in mGluR5−/− mice,
A B

C

FIGURE 2 | (A) Western blot analysis of the prefrontal cortex and hippocampus of mGluR5+/+ and mGluR5−/− mice. (B, C) mGluR5−/− mice showed normal levels of
NR2A, NR2B, PSD-95, homer1 and extracellular regulated protein kinases (Erk1/2) in the prefrontal cortex and hippocampus. The experiment was successfully
repeated three times.
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which is similar to the previous study by Shin et al. (10). There
are several possible reasons why our findings are inconsistent
with previous findings. First, mGluR5 KO mice were constructed
differently. For example, the congenic global mGluR5 KO mice
used by Liu et al. were based on embryonic stem cell gene
targeting technology (1). In our study, the Grm5flox/flox mice were
crossed with B6.C-Tg (CMV-cre) mice (NBRI, China) to
generate the mGluR5 KO mice. Second, the differences in the
process of despair-like behavioral tests may also affect the results.
Frontiers in Psychiatry | www.frontiersin.org 5
For example, every test session of the TST in Liu et al.'s study
lasted for 5 min, and the whole period was scored for immobility
(1). In our study and Shin et al.'s study (10), the immobility time
of TST was analyzed during the last 4 min of the 6-min period.

In addition to analyzing behavior, we analyzed the gut
microbiota, which plays a major role in the pathophysiological
processes of depression (11–13). The gut microbiota in stress-
induced depression models changes significantly (26–29).
A B

D E F

C

FIGURE 3 | Composition of the gut microbiota at different taxonomic levels. The gut microbiota did not change significantly in mGluR5−/− mice. The taxonomic-
composition distribution histograms of each sample are shown at the phylum (A), class (B), order (C), family (D), genus (E), and species (F) levels separately. The
ratio of each species in a certain sample is displayed by the histogram. The species whose abundances were less than 0.5% in all samples were classified into
‘others' in sub-phylum ranks.
A B

D E

C

FIGURE 4 | There was no significant difference in the a-diversity of
microbiota between groups. Bacterial a-diversity was tested by observed
species (A), Chao (B), Ace (C), Shannon (D), and Simpson indices (E). The
Wilcoxon rank-sum test was used for comparisons between two groups. The
boxplot of a-diversity was drawn, and the analysis above was performed
using R software (v3.1.1).
A B

C D

E F

FIGURE 5 | Brain (PFC) cytokine analysis in two groups of mice (mGluR5+/+

and mGluR5−/−). The levels of all IL-1b (A), IL-2 (B), IL-4 (C), IL-6 (D), IL-10
(E), and TNF-a (F) did not change significantly in the PFC of mGluR5−/− mice.
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However, no study has been conducted to observe changes in the
gut microbiota in mGluR5 KO mice. Consistent with our
behavioral results, we did not detect abnormalities in the gut
microbiota. A recent study showed that there is no significant
correlation between gut microbiome and genetic ancestry, and that
host genetics play a secondary role in determining microbiome
composition (30). Over 20% of the interpersonal microbiome
variability is related to factors associated with drugs, diet, and
anthropometric measurements (30). Our results further confirm
that the effect of host gene changes on the intestinal microflora may
be less pronounced than that of the external stimuli.

Accumulating evidence suggests that inflammation is
involved in depression (11, 31). A meta-analysis published in
2010 showed significantly higher levels of proinflammatory
Frontiers in Psychiatry | www.frontiersin.org 6
cytokines, such as IL-6 and TNF-a, in depressed groups than
in control groups (32). In addition, a more recent systematic
review concluded that antidepressant treatment significantly
decreases IL-6 and TNF-a levels (31). Interestingly, Norman
et al. showed that the expression of IL-1b gene increased in the
frontal cortex of a depression mouse model and that depression-
like behavior is blocked by the injection of an IL-1 receptor
antagonist (33, 34), which implicates neuroinflammatory activity
in the brain as an underlying mechanism of depression. In the
present study, we measured the cytokines in the PFC and colon.
The results showed that the levels of the measured cytokines (IL-
1b, IL-2, IL-4, IL-6, IL-10, and TNF-a) did not change in
mGluR5−/− mice, which further suggests the reliability of our
behavioral results.
A B

C D

E F

FIGURE 6 | Colon cytokine analysis in two groups of mice (mGluR5+/+ and mGluR5−/−). The levels of all IL-1b (A), IL-2 (B), IL-4 (C), IL-6 (D), IL-10 (E), and TNF-a
(F) did not change significantly in the colons of mGluR5−/− mice.
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In one previous study, Shin et al. found that mGluR5−/− mice
exhibited depression-like behaviors after stress exposure, which
can be rescued by increasing mGluR5 expression in the nucleus
accumbens (10). The limitations of FST and TST for detecting
the resilience state have been documented by several studies
using specific gene knockout animal models (10, 35). In our
study, the 2 d-FST and 2 d-TST were used instead of the 1 d-FST
and 1 d-TST. Consistent with published results, mGluR5−/− mice
exhibited despair-like behavioral phenotype after stress exposure
in the present study. Although mGluR5−/− mice showed no
difference in the expression levels of NR2A, NR2B, PSD-95,
homer1 and Erk1/2 in the PFC and hippocampus, the systemic
knockout of mGluR5 still caused problems in mood regulation.
The mechanism that specifically leads to enhanced susceptibility
to despair-like behaviors requires more research.

Our research had some limitations. First, despair-like
behavior testing in mice is not comprehensive, and there are
many detection methods that have not been applied, such as the
novelty-suppressed feeding test, sucrose preference test, nesting
test and splash test, etc. Second, research on inflammation levels
in mGluR5−/− mice requires evidence from other tissues. Third,
the sample size of our study was small, and the conclusion we
draw needs to be verified by future studies.

In conclusion, we deduced that mGluR5−/− mice are
susceptible to despair-like behavior. The systemic knockout of
mGluR5 did not affect the gut microbiota or inflammatory
factors in mice.
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