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Altered GABAergic, glutamatergic 
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Introduction: Deficits in social communication are in the core of clinical 
symptoms characterizing many neuropsychiatric disorders such as schizophrenia 
and autism spectrum disorder. The occurrence of anxiety-related behavior, a 
common co-morbid condition in individuals with impairments in social domain, 
suggests the presence of overlapping neurobiological mechanisms between 
these two pathologies. Dysregulated excitation/inhibition balance and excessive 
neuroinflammation, in specific neural circuits, are proposed as common 
etiological mechanisms implicated in both pathologies.

Methods and Results: In the present study we evaluated changes in glutamatergic/
GABAergic neurotransmission as well as the presence of neuroinflammation within 
the regions of the Social Decision-Making Network (SDMN) using a zebrafish model 
of NMDA receptor hypofunction, following sub-chronic MK-801 administration. 
MK-801-treated zebrafish are characterized by impaired social communication 
together with increased anxiety levels. At the molecular level, the behavioral 
phenotype was accompanied by increased mGluR5 and GAD67 but decreased 
PSD-95 protein expression levels in telencephalon and midbrain. In parallel, MK-
801-treated zebrafish exhibited altered endocannabinoid signaling as indicated 
by the upregulation of cannabinoid receptor 1 (CB1R) in the telencephalon. 
Interestingly, glutamatergic dysfunction was positively correlated with social 
withdrawal behavior whereas defective GABAergic and endocannabinoid activity 
were positively associated with anxiety-like behavior. Moreover, neuronal and 
astrocytic IL-1β expression was increased in regions of the SDMN, supporting the 
role of neuroinflammatory responses in the manifestation of MK-801 behavioral 
phenotype. Colocalization of interleukin-1β (IL-1β) with β2-adrenergic receptors 
(β2-ARs) underlies the possible influence of noradrenergic neurotransmission to 
increased IL-1β expression in comorbidity between social deficits and elevated 
anxiety comorbidity.

Discussion: Overall, our results indicate the contribution of altered excitatory and 
inhibitory synaptic transmission as well as excessive neuroinflammatory responses 
in the manifestation of social deficits and anxiety-like behavior of MK-801-treated 
fish, identifying possible novel targets for amelioration of these symptoms.
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Introduction

Impairments in social functioning are in the core of clinical 
symptoms characterizing many neuropsychiatric disorders, ranging 
from social aversion in Autism Spectrum Disorder (ASD) and 
schizophrenia to an unusual hyper-social phenotype observed in 
Williams-Syndrome (Barak and Feng, 2016). One of the proposed 
pathophysiological mechanisms contributing to social withdrawal is 
the disruption of the balance between excitation and inhibition (E/I 
balance), often associated with hyper-glutamatergic and/or hypo-
GABAergic function at large-scale neuronal circuits (Fatemi et al., 
2009; Sohal and Rubenstein, 2019). At the single-neuron level, 
different factors contribute to E/I imbalance including aberrant 
synaptic transmission and plasticity arising from altered 
neurotransmitter release (Takada et al., 2015), impaired expression of 
excitatory (Catts et  al., 2016) or inhibitory postsynaptic receptors 
(Fatemi et al., 2009) and/or their scaffolding proteins (Coley and Gao, 
2019). Such alterations cause changes in circuit excitability in key 
cortical and subcortical regions, contributing to social withdrawal 
(Zikopoulos and Barbas, 2013).

The potential involvement of N-methyl-D-aspartate receptors 
(NMDAR) hypofunction in the manifestation of social withdrawal 
phenotype has been emphasized in several studies both in rodents and 
teleosts, since sub-chronic (+)-MK-801 treatment, a non-competitive 
NMDAR antagonist, decreased social interaction in adult rats 
(Matsuoka et al., 2005) and zebrafish (Perdikaris and Dermon, 2022). 
Also, the selective knockout of NMDARs in parvalbumin interneurons 
resulted in decreased sociability in mice (Saunders et  al., 2013), 
further highlighting NMDA receptors’ importance in regulating social 
behavior. Indeed, NMDARs located on fast-spiking GABAergic 
interneurons have a role of E/I imbalance in NMDA hypofunction 
models of social withdrawal, leading to excessive glutamate release 
and hyperstimulation of downstream cortical and sub-cortical 
networks (Homayoun and Moghaddam, 2007). Consistent with this 
view, it was reported increased ratio of E/I activity, in a serine 
racemase knockout model of NMDAR hypofunction (Jami et  al., 
2021). However, further studies are necessary for better understanding 
the pathophysiological mechanisms implicated in the synaptic 
dysfunction and contribute to aberrant network activity observed in 
neuropsychiatric disorders characterized by impairments in 
social functioning.

There is increasing evidence from clinical data reporting a 
significant link between impaired social function and anxiety, since 
individuals with high-functioning autism exhibited higher levels of 
anxiety compared to healthy control subjects (Top et  al., 2016). 
Similarly, animal studies support the above relationship as various 
ASD mouse models (Peça et  al., 2011; Chao et  al., 2018) and 
MK-801-treated zebrafish (Perdikaris and Dermon, 2022) exhibit 
both decreased sociability as well as increased anxiety levels. 
Moreover, experimental manipulations that facilitate social 
behaviors tend to diminish anxiety levels, suggesting that certain 
subsets of these two pathologies may arise from common neural 
mechanisms. Since the disturbance of E/I balance in various brain 
regions can also promote anxiety-like behavior (Yuen et al., 2012; 
Ghosal et al., 2020; Yu et al., 2020), it is worth investigating the 
specific synaptic mechanisms that contribute to E/I imbalance after 
NMDAR hypofunction, linking social withdrawal with anxiety-
like behavior.

Previous studies have demonstrated that altered inflammatory 
responses are associated with various neuropsychiatric disorders 
including anxiety and ASD (El-Ansary and Al-Ayadhi, 2014; Masi 
et  al., 2017; Zheng et  al., 2021), whereas also the levels of both 
pro-inflammatory and anti-inflammatory cytokines were associated 
with symptoms severity (Ashwood et al., 2011; Masi et al., 2017). 
Interestingly, interleukin 1β (IL-1β) has been shown to induce anxiety-
like behavior in mice by interacting with endocannabinoid binding 
receptors (Rossi et al., 2012) as well as to be implicated in the etiology 
of ASD by contributing to the E/I imbalance (El-Ansary and 
Al-Ayadhi, 2014). Also, the implication of IL-1β in influencing E/I 
balance is further supported by the manifestation of social withdrawal 
phenotype following the activation of IL-1 receptor 1 (IL-1R1), located 
on glutamatergic neurons in hippocampus (DiSabato et al., 2021). 
While evidence supports that altered cytokine profile contributes to 
social withdrawal and anxiety-like phenotype, by regulating synaptic 
structure and function (Pozzi et al., 2018), further research is required 
to better understand the relationship between E/I imbalance and 
excessive inflammatory responses in the above comorbidities.

The zebrafish (Danio rerio) due to its well characterized repertoire 
of social and anxiety-like behavior and the fact that a high proportion 
of disease-related genes in humans possess at least one zebrafish 
orthologue (Howe et  al., 2013), provide an attractive model to 
investigate the pathophysiological mechanisms that contribute to 
social deficits and anxiety-like behavior. Decision-making processes 
that are related to social behavior are regulated by the social-decision 
making network (SDMN), an evolutionary conserved network 
consisting of two interconnected circuits, the social behavior network 
and the mesolimbic reward system (O'Connell and Hofmann, 2011). 
This network is highly conserved between mammals and zebrafish 
sharing high structural and circuit homology thus giving the 
opportunity to investigate and identify specific neural circuits 
characterized by altered E/I balance, associating aberrant region 
activity with impairments in social function and anxiety-
like behavior.

In the current study we  used a zebrafish model displaying 
NMDAR hypofunction, after sub-chronic MK-801 administration in 
order to assess the possible influences of impaired glutamatergic and 
GABAergic neurotransmission in the manifestation of social 
withdrawal and anxiety-like behavior. Also, in order to associate 
impaired synaptic plasticity across the SDMN with the comorbidity of 
social impairment and increased anxiety levels, we  analyzed the 
expression of IL-1β in different nodes within the SDMN to link altered 
cytokine profile with excitatory/inhibitory ratio. Moreover, for the first 
time in zebrafish, we questioned the involvement of endocannabinoid 
receptor 1 (CB1R), as an additional mechanism contributing to the 
neurochemical profile, based on the crucial role of endocannabinoid 
signaling in regulating both excitatory and inhibitory 
neurotransmission (Chevaleyre et al., 2006).

Materials and methods

Animals and husbandry

Wild-type, adult (3–4 months old) male zebrafish of the short-fin 
strain were obtained from commercial distributor and housed in 40-L 
tanks equipped with biological filters (one fish/L), under constant 
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aeration and a standard 12/10 h light/dark cycle, for at least 10 days 
prior to testing. Water quality including temperature (26°C ± 1°C), pH 
value (7.0 ± 0.20) and total ammonia (≤0.01 mg/L) was continuously 
monitored, according to established standard of zebrafish care 
(Avdesh et al., 2012).

Drug and treatment

(+)-MK-801 hydrogen maleate (MK-801) was purchased from 
Sigma Aldrich (St. Louis, Missouri, United  States), dissolved in 
non-chlorinated water and was administered to zebrafish via water 
immersion for 3 h per day, for 7 consecutive days at 1,349 ng/mL (4 
μΜ). Τhe dose of MK-801 was chosen based on a previous study in 
zebrafish (Perdikaris and Dermon, 2022). Control group was exposed 
to the same conditions but treated with drug-free vehicle. Immediately 
after the daily treatment the animals returned to their home tanks. 
Experimental design is shown in Figure 1.

Behavioral assays and analysis

At the 8th day of the experimental procedure, animals were 
individually subjected to a battery of behavioral tests as described 
below. The 24 h interval period between the 7 days treatment protocol 
and the behavioral testing, was selected to avoid a possible acute effect 
of drug treatment on zebrafish behavior. All behavioral tests were 
conducted in the light phase of the photoperiod, between 10:00 and 
15:00, and the behavioral set up was placed over a light box to improve 
image quality of the automated video tracking. Fish were recorded 
from above using a digital video camera and video recordings were 
analyzed using Ethovision XT9 (Noldus Inc.). The data were exported 
and further analyzed where needed.

Social preference test

The social preference test (SPT) followed the protocol described 
previously (Perdikaris and Dermon, 2022). Briefly, the experimental 
fish were placed into the center area of a glass apparatus and after an 
acclimatization period (150 s) were allowed to explore the tank and 
select between a social chamber, containing a group of four fish (1:1 
sex ratio) and an empty chamber (Figure 2A), during a 6-min test. The 
experimental fish had visual and olfactory contact with both chambers 

(transparent, with 1 mm holes Plexiglas), as has also been described 
for rodents (Yang et al., 2011). The amount of time each test fish spent 
in social and non-social zone was quantified and used to calculate the 
sociability index [% (Tsocial zone/Tsocial + Tnon-social zone)], that served as an 
indicator of zebrafish sociability. The social and non-social zone were 
defined within an area of 5 cm, immediately adjacent to the social and 
non-social chamber. Total distance traveled and mean velocity were 
also calculated.

Open-field test

The open-field test (OFT) was used to estimate zebrafish 
thigmotactic behavior and locomotor activity as described elsewhere 
(Perdikaris and Dermon, 2022). Animals were introduced into the 
corner of a square arena (15 cm × 15 cm), divided into central and 
peripheral zone, and freely allowed to explore the tank, while their 
swimming activity was recorded for 6 min (Supplementary Figure 2A). 
The amount of time each fish spent in the peripheral zone was 
quantified and used to calculate the thigmotaxis index [% (Tperipheral zone/
Tarena)], that served as an indicator of anxiety and fear-related 
responsiveness. Total distance traveled and mean velocity were 
also calculated.

Dark–light test

The dark–light test (DLT), based on the rodent light/dark box 
(Bourin and Hascoët, 2003) was carried out here as previously 
described (Maximino et al., 2010a). Briefly, the experimental fish 
were placed into the center area of a glass apparatus and after an 
acclimatization period (300 s) were allowed to explore the tank 
for 15 min and select between two equals in size compartments, 
a dark and light box (Figure 3A). The walls and bottom of the 
boxes were covered with either dark or white opaque, 
non-reflective dark Plexiglas to ensure uniform background in 
each box. The amount of time each fish spent in dark or light box 
was measured and used to calculate the dark–light (DL) index 
(Tdark box − Tlight box/Tarena). A DL index of 1 indicates 100% 
preference in the dark box, whereas a DL index of −1 indicates 
100% preference in the light box. The proportion of time that 
each experimental fish displayed thigmotactic behavior in the 
light box (<2 cm from the walls) was also calculated and served 
as a risk assessment behavior (Maximino et al., 2010b).

FIGURE 1

Schematic representation of the experimental timeline including the methodological approaches used to evaluate zebrafish social and anxiety-like 
behavior following sub-chronic MK-801 treatment. SPT, social preference test; OFT, open field test; DLT, dark–light test; WB, western blot; IHC, 
immunohistochemistry; IF, immunofluorescence.
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FIGURE 3

MK-801-treated zebrafish exhibit abnormal dark avoidance behavior. (A) Diagram of dark–light test and representative behavioral trajectories of control 
and MK-801-treated zebrafish. (B,C) Anxiety parameters of Control and MK-801-treated zebrafish as estimated in the dark–light test. (B) Dark–light 
index and (C) light box thigmotaxis. n = 8 per experimental group. Data are expressed as mean ± SEM. **p ≤ 0.01, ***p ≤ 0.001, compared to control 
group.

FIGURE 2

MK-801-treated zebrafish display social impairments. (A) Diagram of social preference test and representative behavioral trajectories of control and 
MK-801-treated zebrafish. (B–E) Social and locomotor parameters of control and MK-801-treated fish as estimated in the social preference test. 
(B) Sociability index, (C) time spent in social (S) and non-social (NS) zone, (D) distance traveled, and (E) mean velocity. Control: n = 25, MK-801: n = 26. 
Data are expressed as mean ± SEM. ***p ≤ 0.001, ns, non-significant, compared to control group.
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Western blot analysis

Animals were anesthetized, sacrificed, their brains were removed, 
dissected according to zebrafish brain atlas (Wullimann et al., 1996); 
telencephalon (without the olfactory bulbs) and midbrain (cross 
section 127–204), and stored at −80°C until use. Western blot was 
carried out under denaturing and reducing conditions as described 
previously (Perdikaris and Dermon, 2022). Briefly, tissues were 
homogenized in ice-cold RIPA lysis buffer (50 mM Tris–HCl pH 8.0, 
150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) with 
1X protease inhibitor cocktail (Roche Life Science). The homogenate 
was centrifuged at 5,000 rpm for 10 min at 4°C, the pellet was 
discarded, and the protein concentration of supernatant was 
determined with the BCA protein assay (BCA protein assay, Thermo 
Fisher Scientific).

Twenty (telencephalon) or 30 (midbrain) micrograms of total 
protein were separated on 9% SDS-polyacrylamide gel electrophoresis 
and transferred to PVDF membranes (Merck Millipore). Membranes 
were blocked with 5% milk in TBS-T (50 mM Trizma-Base, 150 mM 
NaCl, 0.05% Tween-20, pH 7.5) for 75 min, and then incubated with 
the appropriate primary antibodies (rabbit anti-mGluR5, mouse anti-
GAD67, mouse anti-PSD95, goat anti-CB1R, mouse anti-beta-actin, 
Supplementary Data) diluted in 2.5% milk/TBS-T, for 16–18 h at 
4°C. Membranes were washed in TBS-T, and incubated with 
horseradish-peroxidase-conjugated donkey anti-rabbit (1:30,000; 
406,401, BioLegend), goat anti-mouse (1:15.000; A16084, Invitrogen) 
and donkey anti-goat (1:20.000; sc-2020, Santa Cruz) secondary 
antibodies at RT. Specific signals were visualized using the Immobilon 
Western Chemiluminescent HRP Substrate (Merck Millipore) 
according to the manufacturer’s instructions. Western blot films were 
scanned, and grayscale images were quantified by densitometric 
analysis using the NIH ImageJ software (National Institutes of Health). 
Band intensities were normalized against beta-actin that served as a 
loading control. Measurements were obtained in duplicate for 
each sample.

Immunohistochemistry and 
immunofluorescence

All animals were deeply anesthetized with 0,006% tricaine 
methane sulfonate (MS-222, Sigma-Aldrich, E10521) and 
intracardially perfused with saline followed by 4% paraformaldehyde 
(PFA, Sigma-Aldrich, Germany) in 0.1 M phosphate buffer (PB, 
pH = 7.4). For the preparation of cryosections, brains were isolated, 
post-fixed 2 h in 4% PFA PB and cryoprotected overnight in 20% 
sucrose in 4% PFA at 4°C. Tissue was embedded in sectioning 
medium (Leica Biosystems, Buffalo Grove, United  States) rapidly 
frozen in dry-ice-cooled isopentane (2-methylbutane; Sigma-Aldrich) 
at approximately −35°C and stored at −80°C. Coronal sections (20 μm 
thick) were cut in a Leica cryostat, collected in gelatin-coated slides, 
and stored at −80°C until used. After antigen retrieval with citrate 
buffer (10 mM Sodium citrate, 0.05% Tween 20, pH 6.0) at 80°C for 
5–10 min, single or double immunohistochemistry was performed.

For single-labeling experiments, sections were incubated in 1.5% 
H2O2 (Sigma-Aldrich) in 0.1 M PBS for 10 min in room temperature 
(RT) to inhibit endogenous peroxidase activity and then washed in 
PBS. Non-specific protein binding sites were blocked with 5% bovine 

serum albumin (BSA; Sigma-Aldrich) and 1% normal horse serum 
(NHS; Vector Laboratories) in 0.5% Triton X-100/PBS (PBS-T) for 
60 min at RT and were incubated for 16–18 h at 4°C with an antibody 
against IL-1 beta (IL-1β; 1:250, P420B, Invitrogen). Sections were 
incubated with biotinylated secondary horse anti-rabbit IgG (ready-
to-use, Vector Laboratories), washed in PBS-T, incubated with 
Vectastain Elite ABC reagent (1:100 A and 1:100 B; Vector 
Laboratories) in 0.5% PBS-T for 1 h in the dark at RT and washed with 
PBS, followed by peroxidase-catalyzed polymerization of 
3,3-diaminobenzidine (DAB; Vector Laboratories) to visualize the 
immunoreaction. The sections were then dehydrated with ethanol, 
cleared with xylene and cover slipped with Entellan (Merck, 
Darmstadt, Germany).

For double-labeling experiments, after the antigen retrieval step, 
sections were blocked, and incubated with a mixture of primary 
antibodies diluted in 1% BSA and 0.2% NHS in 0.5% PBS-T, for 16–18 
or 40 h at 4°C. After PBS washes, slides were incubated for 2.5 h at 
room temperature with AlexaFluor-488 donkey anti rabbit IgG and 
AlexaFluor-555 donkey anti mouse IgG (1:500, Invitrogen) in 1% BSA 
in 0.5% PBS-T, washed again five times for 10 min each in PBS and 
cover-slipped with an aqueous fluorescent mounting medium 
(H-1700; Vector Laboratories).

Microscopic observation and quantification 
of IL-1β positive cells

Brain areas of interest were determined using the zebrafish 
neuroanatomical atlas (Wullimann et al., 1996). Images of single and 
double-labeling experiments were acquired using a colored digital 
camera CFW-1308C (Scion Corp., United States), attached to a Nikon 
Eclipse E800 optical and fluorescent microscope (Nikon, Tokyo, 
Japan). Each image consisted of a stack of optically sliced images, 
generated by NIH ImageJ software, and further used for identification 
of double-labeled cells and/or quantification of IL-1β+ cells.

For quantification of IL-1β+, three coronal brain sections were 
analyzed manually per brain area, blindly to the experimental 
condition, using the ImageJ software. More specifically, one (Dm, PM) 
or two (SRF) squares (0.01 mm2) within each nucleus of interest per 
brain hemisphere, were used to quantify the number of IL-1β+ cells.

Data analysis

Normal distribution of data was assessed using Shapiro–Wilk test 
and analyzed using the unpaired Student’s t-test in case of 
homogeneity, whereas in case of non-normal distribution by the 
non-parametric Mann–Whitney U-test for significance between 
“control” and “MK-801” groups. To analyze paired data (weights), the 
paired-samples t-test or the non-parametric Wilcoxon signed-ranked 
test was used. Statistical analysis was performed the statistical 
program IBM SPSS. Two-way analysis of variance (ANOVA), 
followed by Bonferroni post-test (independent variables: treatment 
and zone) was applied for the comparison of the time spent in the 
social or non-social zones by control and experimental groups. The 
Spearman correlation coefficient determined the strength of 
monotonic relationship between parameters of zebrafish behavioral 
and neurochemical phenotype, with effect sizes above 0.60 or below 
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−0.60, representing strong correlations. Data are presented as 
mean ± standard error of the mean (SEM). Statistical significance was 
considered at p value < 0.05.

Results

Reduced body weight in MK-801-treated 
zebrafish

We compared body weights in each group (control, MK-801) at 
day 0 and day 9 of the experimental timeline (Figure 1). MK-801 
administration caused a significant decrease in zebrafish body weight 
(Z = −3.701, p ≤ 0.001, Wilcoxon signed-ranked test). No alteration 
was observed in control group (Z = −1.846, p  = 0.065, Wilcoxon 
signed-ranked test; Supplementary Figure 1A). No difference in body 
length was observed between control and MK-801-treated group 
(U = 228.5, p  = 0.427, Mann–Whitney U-test, two tailed; 
Supplementary Figure 1B).

Impaired social preference in MK-801-
treated zebrafish

MK-801 treated zebrafish displayed impaired social preference 
compared to control group, as measured by the decreased sociability 
index (U = 30, p  ≤ 0.001, Mann–Whitney U-test, two tailed; 
Figure  2B). More specifically, control zebrafish spent significantly 
increased time in the social than in the non-social zone whereas 
MK-801 treated fish showed no significant preference (treatment X 
zone: F1,98  = 130.979, p  < 0.001, effect of treatment: F1,98  = 13.056, 
p  = 0.001, effect of zone: F1,98  = 234.193, p  < 0.001, Socialcontrol vs. 
Non-Socialcontrol: p < 0.001, SocialMK-801 vs. Non-SocialMK-801: p = 0.0533, 
two-way ANOVA; Figure 2C). When their locomotor activities were 
compared, MK-801-treated and control fish traveled similar distance 
[t(49) = −0.348, p = 0.730, unpaired t-test; Figure 2D] and had similar 
mean velocities [t(49) = −0.294, p = 0.770, unpaired t-test; Figure 2E] 
in the social preference test. These results suggest that MK-801 fish 
exhibit a social withdrawal phenotype which could not be attributed 
to a locomotor defect, as they display similar locomotor activity with 
the control group.

MK-801-treated zebrafish displayed 
thigmotactic behavior

We next evaluated whether MK-801 fish exhibit abnormal 
behavior in response to a stress-inducing stimulus, using the OFT. In 
comparison to the control group, MK-801-treated zebrafish displayed 
thigmotactic behavior as indicated by their increased thigmotaxis 
index (U = 25, p  ≤ 0.001, Mann–Whitney U-test, two tailed; 
Supplementary Figure 2B), increased latency to enter the central zone 
(U = 75, p  ≤ 0.001, Mann–Whitney U-test, two tailed; 
Supplementary Figure 2C), and decreased total number of entries to 
the center (U = 45.5, p ≤ 0.001, Mann–Whitney U-test, two tailed; 
Supplementary Figure  2D), suggesting the presence of increased 
anxiety. No significant alteration was observed in the locomotor 
parameters between control and MK-801 fish (mean velocity: U = 195, 

p = 0.904; distance traveled: U = 194, p = 0.883, Mann–Whitney U-test, 
two tailed; Supplementary Figures 2E,F).

MK-801-treated zebrafish displayed 
abnormal avoidance behavior in the DLT

We next performed the DLT as another measure of anxiety-like 
behavior. This assay revealed that MK-801 fish displayed a preference 
for the light box, as indicated by the decreased dark–light index 
[t(14) = 3.689, p  = 0.002, unpaired t-test; Figure  3B], compared to 
control group. Moreover, MK-801-treated fish exhibited a 
characteristic thigmotactic behavior in the light box, as they spend 
more time in the periphery of the light box, compared to control 
[t(14) = −3.166, p = 0.007, unpaired t-test; Figure 3C]. Regarding their 
locomotor activity in the light box, no significant difference was 
observed in mean velocity between both groups [t(14) = −0.669, 
p  = 0.515, unpaired t-test] whereas MK-801-treated fish traveled 
increased distance compared to control [t(14) = −3.767, p = 0.002, 
unpaired t-test; data not shown]. These data suggest that MK-801-
treated zebrafish display a characteristic dark avoidance behavior, 
which may serve as a readout for increased anxiety levels, as also has 
been indicated in previous studies (Champagne et al., 2010).

Altered expression levels of proteins that 
are implicated in E/I balance, in 
telencephalon and midbrain of MK-801-
treated zebrafish

The disruption of E/I balance is one of the proposed mechanisms 
implicated in social withdrawal (Gao and Penzes, 2015), thus 
we  questioned whether MK-801-treated fish exhibited altered 
expression levels of proteins that regulate excitatory and inhibitory 
neurotransmission. We first analyzed the expression levels of mGluR5, 
a key modulator of glutamatergic neurotransmission and synaptic 
plasticity (Piers et al., 2012). mGluR5 was detected as a single band at 
approximately 250 kDa, corresponding to its dimeric functional form 
(Lum et al., 2016) and considered as specific in previous studies using 
the same antibody (Ayala et al., 2012). MK-801-treated fish displayed 
increased total mGluR5 protein expression levels in telencephalon 
[t(16) = −3.994, p  = 0.001, unpaired t-test] and midbrain 
[t(16) = −2.537, p = 0.022, unpaired t-test; Figure 4A], compared to 
control group. Next, we  analyzed the protein levels of PSD-95 
(postsynaptic density protein 95), a major postsynaptic scaffold 
protein in the PSD of glutamatergic synapses, that is involved in 
synaptic plasticity and neuronal excitability (Kim and Sheng, 2004; 
Prange et al., 2004; Keith and El-Husseini, 2008) and its deficiency is 
associated with several neuropsychiatric disorders (Matosin et al., 
2016; Coley and Gao, 2018). Interestingly, our results indicate that 
MK-801-treated fish displayed decreased protein expression levels of 
PSD-95 in telencephalon [t(16) = 3.329, p = 0.004, unpaired t-test] and 
midbrain [t(16) = 4.241, p  ≤ 0.001, unpaired t-test; Figure  4B] 
compared to control. In addition to the alterations observed in 
glutamatergic markers, we analyzed the protein expression levels of 
GAD1, the key enzyme that catalyzes the conversion of L-glutamic 
acid into the neurotransmitter GABA (Martin and Barke, 1998). More 
specifically, our antibody recognized a more intense band at 44 kDa, 
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corresponding to an enzymatically active isoform of GAD1 as 
characterized both in mouse and zebrafish brain (Hariharan, 2013; 
Trifonov et al., 2014). Our results indicate that the protein expression 
levels of GAD1(44 kDa) were significantly increased in telencephalon 
of MK-801-treated fish [t(14) = −2.242, p = 0.042, unpaired t-test], 
whereas no significant alterations were observed in midbrain 
[t(12) = 0.400, p = 0.696, unpaired t-test; Figure 4C].

Given the post-synaptic localization of mGluR5 (Cartmell and 
Schoepp, 2000), we next analyzed whether glutamatergic activity may 
modulate GABAergic neurotransmission in specific forebrain areas 
belonging to the social decision—making network (SDMN; O'Connell 
and Hofmann, 2011; Figure  4D). Double immunofluorescent 
experiments demonstrated the localization of mGluR5  in GAD1 
positive cells in the medial zone of the dorsal telencephalic area (Dm; 

FIGURE 4

MK-801-treated zebrafish are characterized by altered expression levels of proteins involved in glutamatergic and GABAergic neurotransmission (A–C) 
Representative blots and quantification of the relative expression levels of (A) mGluR5, (B) PSD-95 and (C) GAD1. n = 6–7 (GAD1) or n = 9 (mGlur5, PSD-
95) per experimental group. Data are expressed as mean ± SEM. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ns, non-significant, compared to control group. 
(D) Immunofluorescent microphotographs of selected transverse sections showing colocalization of mGluR5 with GAD1 immunoreactive cells within 
different areas of the SDMN. (D1–1’’) medial zone of the dorsal telencephalic area (Dm), (D2–2’’)- ventral nucleus of the ventral telencephalic area (Vv), 
(D3–3’’) parvocellular preoptic nucleus, anterior part (PPa), (D4–4’’) parvocellular preoptic nucleus, posterior part/gigantocellular part of magnocellular 
preoptic nucleus (PPp/PMg), (D5–5’’) ventral zone of periventricular hypothalamus (Hv). Arrows indicate examples of colocalization. Microphotographic 
images are representative of both control (D1–1”,D3–3”,D4–4”,D5–5”) and MK-801-treated (D2–2’’) fish. Scale bar: 25 μm.
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Figure 4D1–1’’), the ventral nucleus of the ventral telencephalic area 
(Vv; Figure  4D2–2’’), the anterior part of parvocellular preoptic 
nucleus (PPa, Figure 4D3–3’’), the magnocellular preoptic nucleus 
(PM; data not shown), the gigantocellular part of magnocellular 
preoptic nucleus (PMg; Figure  4D4–4’’) and the ventral zone of 
periventricular hypothalamus (Hv; Figure 4D–5”). Interestingly, the 
high level of colocalization between mGluR5 and GAD1, in Dm, Vv 
and PPa was observed both in the periventricular areas as well as in 
the brain parenchyma. These results suggest that mGluR5 signaling 
may influence GABAergic neurotransmission within the SDMN, by 
controlling the excitability of GAD1+ cells.

MK-801-treated zebrafish are 
characterized by altered CB1R protein 
expression levels

The protein expression levels of CB1R served as an indirect 
indication of endocannabinoid system activity. Specifically, 
we  observed increased protein expression levels of CB1R in 
telencephalon of MK-801-treated fish [t(14) = −2.802, p  = 0.014, 
unpaired t-test], whereas no significant difference was observed in 
midbrain [t(14) = −1.018, p = 0.326, unpaired t-test; Figure 5A].

CB1R immunoreactivity was intensively present in punctate 
structures or in cell bodies and to a lesser extent in fibers, in 
forebrain areas belonging to the SDMN (Figure  5B1–5’’). 
Interestingly, double labeling experiments showed that CB1R/GFAP 
co-expression was mainly localized in the periventricular area of Dm 
(Figure  5B1–1’’), ventral and dorsal nucleus of the ventral 
telencephalic area (Vv, Vd; Figure  5B2–2’’), posterior part of 
parvocellular preoptic nucleus (PPp, Figure  5B3–3’’), PPa 
(Figure  5B4–4’’) and Hv (Figure  5B5–5’’). As expected, CB1R 
immunoreactive puncta in the parenchyma were not colocalized 
with GFAP, as they may represent excitatory and inhibitory boutons 
(Figure 5B4#). These data raise the possibility that altered CB1R 
signaling may regulate neuronal excitability and synaptic 
transmission directly, by inhibiting neurotransmitter release in the 
presynaptic terminal or indirectly through the Ca2+-release of 
gliotransmitters and subsequent modulation of synaptic activity in 
heteroneuronal synapses, based on the “tripartite synapse” concept 
(Perea et al., 2009).

Abnormal IL-1β expression and neuronal/
glial phenotype of IL-1β+ cells within the 
SDMN of MK-801-treated zebrafish

The density of IL-1β positive cells was quantified in selected brain 
areas belonging to the SDMN; medial zone of the dorsal telencephalic 
area (Dm), magnocellular preoptic nucleus (PM) and in midbrain 
structures (Figures 6A-F) known to regulate arousal states: superior 
reticular formation (SRF; Faraguna et al., 2019). Our results revealed that 
MK-801-treated zebrafish displayed significantly increased density of 
IL-1β positive cells within the region of interest (ROI) in Dm 
[t(8) = −5.946, p  ≤ 0.001], PM [t(8) = −4.886, p  = 0.001], and SRF 
[t(8) = −4.406, p  = 0.008] compared to control group (Figure  6G), 
suggesting that excessive IL-1β expression within the SDMN, may 
be associated with social withdrawal behavior and increased anxiety levels.

The identity of IL-1β+ cells in the aforementioned regions of the 
SDMN was determined by double immunofluorescence experiments 
with pan–neuronal (HuC/D) and glial markers (GFAP). The vast 
majority of IL-1β positive cells in Dm (Figure  7A–A’’), PM 
(Figure  7B–B’’), and SRF (Figure  7C–C’’) were HuC/D+ neurons. 
However, IL-1β was colocalized with GFAP almost exclusively in the 
periventricular zone of Dm (Figure 7D–D’’) and PM (Figure 7E–E’’). 
Specifically, within the region of interest of Dm parenchyma, a few, 
small GFAP+ cells that also expressed IL-1β were found 
(Figure 7D–D’’). No colocalization between IL-1β and GFAP was 
observed in SRF (data not shown).

To further investigate the possible involvement of microglia in the 
abnormal immune response, observed in MK-801-treated zebrafish, 
we  performed double immunofluorescence staining with OX-42 
(CD11b), a general marker expressed in activated microglia (Jeong 
et  al., 2013). No expression levels of OX-42 were detected in the 
forebrain and midbrain of control zebrafish (data not shown) whereas 
in MK-801-treated fish, a few small IL-1β positive cells in Dm 
(Supplementary Figure 3A) and SRF (Supplementary Figure 3B) also 
expressed OX-42. No OX-42 immunoreactive microglia cells were 
observed in PM of MK-801-treated fish (data not shown). 
Interestingly, immunofluorescence analysis demonstrated that IL-1β+ 
cells expressed also β2-adrenoceptors (β2-ARs) in Dm (Figures 8A–A’’), 
PPp/PM (Figure 8B–B’’) and SRF (Figure 8C–C’’). Together, these 
results suggest that neurons and astrocytes, but not microglial cells, 
are primarily involved in increased expression pattern of IL-1β, within 
SDMN in MK-801-treated group, and highlight a possible 
noradrenergic influence on the expression of proinflammatory  
responses.

Social withdrawal and anxiety-like behavior 
are related to distinct mechanisms

Spearman pair-wise correlations determined the possible 
relationship between the behavioral phenotype in MK-801-treated 
fish and their telencephalic glutamatergic and GABAergic activity 
(Figure 9; Supplementary Table 1). Interestingly, the sociability index 
was negatively correlated with telencephalic mGluR5 expression and 
positively correlated with PSD-95 expression levels. No correlation 
was observed between thigmotactic behavior and elements of 
glutamatergic neurotransmission. Importantly, thigmotactic behavior 
was positively correlated with GAD1 and CB1R protein expression 
levels in the telencephalon of MK-801 group, indicating that 
glutamatergic and GABAergic neurotransmission contribute 
differentially to aspects of the behavioral profile observed in MK-801-
treated fish.

The excessive IL-1β expression within areas of the SDMN were 
related with the asocial and anxiety-like behavior in MK-801-treated 
fish (Figure 9; Supplementary Table 1). Our results indicate that the 
density of IL-1β+ cells in Dm was positively correlated with 
thigmotaxis index, whereas no correlation was observed with 
sociability index. In PM, the number of IL-1β+ cells were negatively 
correlated with sociability index and positively correlated with 
thigmotactic behavior. Similarly, the density of IL-1β+ cells in SRF was 
negatively correlated with sociability index and positively correlated 
with thigmotactic behavior. These results suggest that excessive IL-1β 
expression in Dm is possibly associated with anxiety-like behavior 
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whereas the altered IL-1β expression profile in PM and SRF may 
be  implicated in the manifestation of both social withdrawal and 
anxiety-like state.

Discussion

The present study advanced previous evidence (Perdikaris and 
Dermon, 2022) on MK-801-treated zebrafish characterized by impaired 

social communication together with increased anxiety levels, a common 
comorbid psychiatric symptom in individuals diagnosed with several 
neuropsychiatric disorders, such as ASD and schizophrenia (Top et al., 
2016; Hall, 2017). Additionally, at the molecular level these behavioral 
defects were accompanied by altered expression levels of different 
proteins associated with glutamatergic and GABAergic 
neurotransmission, thus implying the possible presence of E/I 
imbalance at synaptic or circuit level in MK-801-treated fish. Such 
imbalance is suggested to represent a common pathophysiological 

FIGURE 5

Altered endocannabinoid signaling in telencephalon of MK-801-treated zebrafish. (A) Representative blots and quantification of the relative expression 
levels of CB1R in telencephalon and midbrain. n = 8 per experimental group. Data are expressed as mean ± SEM. *p ≤ 0.05, ns, non-significant, 
compared to control group. (B1–5’’) Immunofluorescent microphotographs of selected transverse sections showing colocalization of CB1R with GFAP 
immunoreactive cells in the periventricular zone within different nodes of the SDMN. (B1–1’’) medial zone of the dorsal telencephalic area (Dm), (B2–
2’’) ventral nucleus of the ventral telencephalic area/dorsal nucleus of the ventral telencephalic area (Vv/Vd), (B3–3’’) parvocellular preoptic nucleus, 
anterior part (PPa), (B4–4’’) parvocellular preoptic nucleus, posterior part (PPp), (B5–5’’) ventral zone of periventricular hypothalamus (Hv). Arrows 
indicate examples of colocalization, dashed arrows point to single positive cells. Within brain parenchyma, CB1R-immunostaining is intensively present 
in punctate structures around or in close proximity with cell somata (B4#). Microphotographic images are representative of MK-801-treated fish. Scale 
bar: 25 μm.
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mechanism implicated in the etiology of social deficits (Gao and Penzes, 
2015). Importantly, the dysregulated GABAergic and glutamatergic 
neurotransmission was accompanied by increased telencephalic 
expression of CB1R protein levels and increased density of IL-1β+ cells 
in specific forebrain and midbrain nuclei, also highlighting the presence 
of endocannabinoid and immune system dysregulation. Τhis is of 
particular significance since several studies, both in humans as well as 
in rodents have reported alterations in endocannabinoid signaling as 
well as immune dysfunction in various conditions characterized by 
social impairment (Careaga et al., 2017; Zou et al., 2021; Robinson-
Agramonte et  al., 2022), thus further validating this zebrafish 
pharmacological model as a useful model for studying the mechanisms 
involved in social dysfunction.

MK-801-treated zebrafish displayed robust social deficits as 
indicated by the decreased sociability index. More specifically, 
MK-801-treated fish did not show any characteristic preference for the 
social zone compared to the non-social compartment, supporting 
previous findings of impaired social interaction in rodents and 
zebrafish after acute and sub-chronic MK-801 administration (Rung 
et  al., 2005; Gururajan et  al., 2012; Zimmermann et  al., 2016; 
Perdikaris and Dermon, 2022). Although deficits in social 
communication commonly co-occur with increased anxiety, a possible 
common neural mechanism remains largely unclear, with studies 
reporting that the “basolateral amygdala-ventral hippocampus” 
circuitry is involved in regulating both behaviors (Felix-Ortiz and Tye, 
2014). Similarly, MK-801-treated zebrafish displayed increased 

FIGURE 6

Excessive IL-1β expression within the SDMN and SRF, in MK-801 treated zebrafish displaying social withdrawal and anxiety-like behavior. (A–F) 
Representative staining for IL-1β in (A,B) medial zone of the dorsal telencephalic area (Dm), (C,D) magnocellular preoptic nucleus and (E,F) superior 
reticular formation (SRF) of control and MK-801 treated fish. Scale bar: 25 μm. (G) The density of IL-1β positive cells were significantly increased in MK-
801 treated zebrafish, in Dm, PM and SRF, compared to control group. Bars represent the number (mean ± SEM) of IL-1β positive cells. n = 5 per 
experimental group. **p ≤ 0.01, ***p ≤ 0.001, compared to control group.
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anxiety levels as indicated by their increased thigmotaxis index in the 
OFT, a well-validated index of fear and anxiety in zebrafish (Maximino 
et al., 2010b). Moreover, the increased latency of MK-801-treated fish 

to enter the central compartment as well as the decreased center 
entries serve as further indicators of their centrophobic behavior. 
Previous studies are consistent with this view, since NMDA receptor 

FIGURE 7

Expression of IL-1β in neurons and/or astrocytes within areas of the SDMN, in MK-801-treated zebrafish. (A–E’’) Immunofluorescent microphotographs 
of selected transverse sections showing colocalization of IL-1β with HuC/D (A–C”), or GFAP (D–E”) in medial zone of the dorsal telencephalic area 
(Dm) (A–A”,D–D”), parvocellular preoptic nucleus, posterior part/magnocellular preoptic nucleus (PPp, PM) (B–B”,E–E”) and superior reticular 
formation (SRF) (C). Arrows indicate examples of colocalization, dashed arrows point to single positive cells. Microphotographic images are 
representative of MK-801-treated fish, n = 5. Scale bar: 25 μm. ROI, region of interest.
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hypofunction after MK-801 administration, caused heightened 
anxiety state in male rats, as indicated by increased thigmotactic 
behavior (Feinstein and Kritzer, 2013) or the presence of hypoactivity 
and decreased exploratory behavior (Latysheva and Rayevsky, 2003) 
in the OFT.

In order to have a better understanding on zebrafish anxiety state, 
we analyzed their behavior in the DLT, a well-established paradigm 
for estimating anxiety-levels based on a conflict between their 
preference for protected areas and their innate motivation to explore 
new environments (Maximino et al., 2010a). Our results indicated that 
MK-801-treated fish spent increased time in the light compartment 

compared to control group, as indicated by the dark–light index. 
Although, most of the studies have interpreted this behavior as 
anxiolytic (Lau et al., 2011; Duarte et al., 2019; Fontana et al., 2022) 
other findings characterize dark-avoidance behavior as an anxiety-like 
response (Champagne et al., 2010). The latter may appear paradoxical, 
but one must consider that zebrafish are diurnal species and unlike 
nocturnal rodents, moving to a lit area may be preferable in order to 
avoid predators (Ziv et al., 2013). It should also be noted that our 
control group displayed a characteristic dark preference/light 
avoidance behavior similar to other studies reporting the innate 
preference of zebrafish for dark vs. light environments (Maximino 

FIGURE 8

Possible noradrenergic regulation of IL-1β expression through β2-adrenoceptors (β2-ARs) activation within areas of the SDMN. (A–C’’) 
Immunofluorescent microphotographs of selected transverse sections showing colocalization of IL-1β with β2-ARs in (A–A’’) medial zone of the dorsal 
telencephalic area (Dm), (B–B’’) parvocellular preoptic nucleus, posterior part/magnocellular preoptic nucleus (PPp, PM), and (C–C’’) superior reticular 
formation (SRF). Arrows indicate examples of colocalization, dashed arrows point to single positive cells. Microphotographic images are representative 
of MK-801-treated fish, n = 5. Scale bar: 25 μm.
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et al., 2010a). In an attempt to carefully elucidate this, we propose that 
the observed light preference of MK-801-treated zebrafish, 
accompanied by thigmotactic behavior, may indicate an adaptive risk 
assessment behavior, an anxiety-related response. Risk assessment 
behavior is based on individual’s inability to determine if there is a 
threatening situation or environment and subsequent HPA axis 
activation (Blanchard et al., 1990; Blanchard, 2018). In agreement, a 
previous study suggested that the exploration of white compartment 
in the DLT is primarily driven by fear/anxiety and not novelty, due to 
the absence of intrasession habituation (Maximino et al., 2010a). Also, 
the anxiolytic properties of isoflavones on zebrafish were demonstrated 
in another study, after decreasing their thigmotactic behavior in the 
light compartment (de Melo et al., 2020). Increased number of risk-
assessment behaviors were also observed in BTBR mice, an animal 
model of ASD also characterized by impaired sociability and high 
anxiety (Chao et al., 2018). In line with the above, adult zebrafish that 
were subjected to social isolation during their early-life stages 
displayed a characteristic dark avoidance behavior that could not 
be interpreted as an anxiolytic response, suggesting the inability to 
develop stress-associated arousal state (Varga et  al., 2020). Our 
perspective that MK-801-treated zebrafish are characterized by a 
heightened anxiety-state, is further reinforced by their diminished 
weight gain, a response that is reported in rodents and zebrafish after 
prolonged stress exposure (Riaz et al., 2015; Fulcher et al., 2017). In 

support, MK-801-treated zebrafish were previously shown to exhibit 
aspects of anxiety-like behavior in the novel tank test (Perdikaris and 
Dermon, 2022). Although new behavioral endpoints and may provide 
additional information about the behavioral phenotype of MK-801 
treated fish, our data support the presence of a robust social 
withdrawal and anxiogenic profile, characterizing many 
neuropsychiatric disorders.

E/I imbalance is considered an important pathophysiological 
mechanism contributing to social withdrawal behavior (Rubenstein 
and Merzenich, 2003; Gao and Penzes, 2015). Increased evidence 
highlights the presence of glutamatergic dysfunction in the 
development of many neuropsychiatric disorders, characterized by 
social impairments and increased anxiety (Nasir et al., 2020; Nisar 
et al., 2022). In support, the imbalance of Ε/Ι in synaptic or circuit 
levels has been reported in several NMDA receptor hypofunction 
models (Flores-Barrera et al., 2020; Jami et al., 2021). In the present 
study, western blot results demonstrated alterations in brain 
neurochemistry regarding the function and stabilization of excitatory 
and inhibitory synapses, possibly contributing to alterations in E/I 
balance. Specifically, the protein expression levels of mGluR5 were 
significantly increased in the telencephalon and midbrain of MK-801-
treated fish whereas PSD-95 protein expression levels were 
significantly decreased in both regions. In agreement, the pivotal role 
of mGluR5 signaling in social withdrawn behavior has been previously 

FIGURE 9

Chord diagram obtained from Spearman’s correlation analysis showing the relationship between social withdrawal and anxiety-like behavior, 
excitation/inhibition imbalance and excessive IL-1β expression. Links indicate strong positive (+) and negative (−) significant correlations, with “r” values 
above 0.6 or below −0.6, respectively. Notice that glutamatergic dysfunction was associated with social withdrawal behavior whereas GABAergic and 
endocannabinoid system dysfunction was associated with increased anxiety. Excessive IL-1β expression in Dm was associated with anxiety-like 
behavior while in PM and SRF was linked both to social withdrawal and increased anxiety. p ≤ 0.05.
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introduced in zebrafish (Perdikaris and Dermon, 2022). Studies using 
ASD-associated Shank3 knockout mice, that exhibit social deficits, 
demonstrated disrupted ability of hippocampal neurons to express 
mGluR1 and mGluR5, and impaired mGluR-dependent long-term 
depression (LTD; Lee et  al., 2019), as well as increased mGluR5 
expression levels in hippocampus, thalamus, and amygdala (Cai et al., 
2019). On the other hand, there is increasing evidence that the 
mGluR5 agonists or the mGluR5 positive allosteric modulator, 
enhanced social interaction by normalizing NMDA receptor function 
in Shank2 mutant mice (Won et  al., 2012), thus implying that 
deviation of mGluR5 activity in either direction leads to social 
impairments. Our results further validate the increased mGluR5 
expression in telencephalon and midbrain of MK-801-treated fish, 
possibly indicating mGluR5 hyperactivity and that administration of 
mGluR5 antagonists may have beneficial effects in restoring 
social function.

Evidence of compromised glutamatergic neurotransmission is 
further supported by the downregulation of PSD-95  in the 
telencephalon and midbrain of MK-801-treated zebrafish. Prior 
studies demonstrated that PSD-95 is involved in the molecular 
organization of the PSD (Chen et al., 2011) and synapse stabilization 
by regulating the recruitment and trafficking of NMDARs and 
AMPARs in the postsynaptic membrane (Chen et al., 2015). Indeed, 
disruption of PSD-95 expression is reported in various 
neuropathologies that are characterized by social impairment 
(Matosin et al., 2016; Coley and Gao, 2018) as well as in anxiety-
related responses (Feyder et  al., 2010; Wang et  al., 2020). More 
specifically, a significant decrease in PSD-95 mRNA and protein 
expression levels was reported in prefrontal cortex and CA1 
hippocampal region in postmortem brain samples from schizophrenic 
patients (Ohnuma et al., 2000; Matosin et al., 2016). We suggest that 
the decreased expression of PSD-95 in telencephalon and midbrain of 
MΚ-801-treated fish observed here, may be  related to an overall 
reduction of NMDAR and/or AMPAR in the postsynaptic membranes, 
leading to aberrant PSD synaptic activity.

Increasing evidence supports that dysfunction of inhibitory 
neurotransmission is implicated in the pathophysiology of several 
neuropsychiatric disorders characterized by social impairment and 
anxiety (Fogaça and Duman, 2019; Zhao et  al., 2021). To assess 
whether MK-801-treated zebrafish were characterized by GABAergic 
system dysregulation, we analyzed the expression of GAD1 (44 kDa), 
an enzymatically active isoform of GAD1 that catalyzes the conversion 
of L-glutamic acid into the neurotransmitter GABA (Trifonov et al., 
2014). Although previous studies reported decreased mRNA and 
protein expression levels of GAD2 and GAD1  in cerebellum and 
parietal cortex in autistic individuals (Fatemi et al., 2002; Yip et al., 
2007) or reduced GABAA receptor binding in hippocampus and 
cingulate cortex (Blatt et al., 2001; Oblak et al., 2009), in the present 
study the protein expression levels of GAD1 (44 kDa) were 
significantly increased in the telencephalon of MK-801-treated fish. 
Our results, despite the fact that they do not appear to be in the same 
direction with previous studies reporting suppressed GABAergic 
inhibition in ASD or schizophrenia (Banerjee et al., 2013; Xu and 
Wong, 2018), highlight a more complex picture since enhanced 
glutamatergic activation and GABAergic inhibition in different 
microcircuits in specific telencephalic regions of MK-801-treated fish 
may contribute to social impairments and increased anxiety. In 

agreement with our results, previous studies reported increased 
GABAergic activity in striatum of rodent ASD and/or fragile X 
syndrome model (Centonze et al., 2008; Horder et al., 2018), a finding 
that is indicative of the heterogeneity of mechanisms that contribute 
to social deficits. It is possible that the increased expression of GAD1 
(44 kDa) in the telencephalon of MK-801-treated fish serves as a 
compensatory mechanism to increased mGluR5 signaling. Indeed, a 
high GAD1 and mGluR5 co-expression pattern was observed in 
various SDMN nodes, such as Dm, Vv, PPa, PPp/PM and Hv, 
supporting the hypothesis that glutamate may influence the typical 
GABAergic firing pattern, via mGluR5 activation. In support, GAD1 
expression is known to be modulated by neuronal activity (Patz et al., 
2003; Lau and Murthy, 2012), therefore the observed upregulation of 
GAD1 protein expression, may represent a homeostatic mechanism 
to counteract the increased excitability of projection neurons and thus 
control network activity. While the present study cannot elucidate 
whether MK-801 administration does indeed contribute to E/I 
imbalance, we hypothesize that NMDAR hypoactivity in GABAergic 
interneurons and/or glutamatergic projection neurons (Bygrave et al., 
2019) may lead to a compensatory increase in mGluR5 and GAD1 
expression and possibly to changes in circuit excitability. Although, 
previous studies emphasize the role of NMDAR hypofunction 
specifically on PV+ interneurons in reduced sociability (Saunders 
et al., 2013; Cao et al., 2022), the contribution of mGluR5 and GAD1 
co-expressing cells within nodes of SDMN may underlie the 
comorbidity between social deficits and anxiety-like behaviors, 
observed in the present study.

In addition, CB1Rs expression in zebrafish SDMN and their 
possible involvement in the manifestation of social withdrawal and 
anxiety-like behavior, was addressed in the present study, taking into 
account that the endocannabinoid system regulates excitatory and 
inhibitory synaptic transmission by mediating short- and long-term 
of plasticity at glutamatergic and GABAergic synapses (Chevaleyre 
et  al., 2006). Indeed, evidence is provided on the presence of 
disrupted endocannabinoid signaling as indicated by the increased 
protein expression levels of CB1R in the telencephalon of MK-801-
treated zebrafish, in agreement to previous findings reporting 
molecular alterations in components of endocannabinoid signaling 
in several psychiatric conditions characterized by social impairment 
(Zou et al., 2021) as well as in anxiety disorders (Maldonado et al., 
2022). The increased protein expression levels of CB1R in the 
telencephalon of MK-801-treated fish may serve as homeostatic 
mechanism to decreased endocannabinoid signaling, as previously 
described in ASD children and VPΑ-treated rats (Aran et al., 2019; 
Zou et al., 2021). Interestingly, a previous study reported that Fmr1 
knockout mice, that are characterized by excessive mGluR5 signaling 
(Mody et al., 2021), displayed diminished 2-arachidonoyl-sn-glycerol 
(2AG)-dependent LTD at excitatory synapses of mouse forebrain 
(Jung et al., 2012). Moreover, the endocannabinoid system controls 
the activity of NMDARs (Sánchez-Blázquez et al., 2014) and as a 
consequence altered endocannabinoid signaling may cause excessive 
NMDAR hypofunction. Importantly, in the present study, the 
localization of CB1Rs in astroglial cells within forebrain regions 
belonging to the SDMN raises the possibility that may influence 
astrocyte activity, thus regulating the Ca2+-dependent gliotransmitter 
release and in turn modulating neuronal excitability, as an active part 
of the “tripartite synapse” concept (Perea et al., 2009). A recent study 
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by Wang et al., supports the above assumptions since impaired Ca2+ 
signaling in astrocytes resulted in diminished release of ATP and 
contributed to ASD-like behavior (Wang et al., 2021). Considering 
the above, the identification of specific neural circuits characterized 
by aberrant E/I balance as well as altered endocannabinoid signaling 
may provide important synaptic endpoints of impaired 
neurotransmission in order to link social deficits with increased 
anxiety levels.

Importantly, the presence of excessive IL-1β expression in 
MK-801-treated fish, as indicated by the increased number of IL-1β+ 
cells colocalized with NeuN or GFAP, within the SDMN is of 
particular significance. In contrast to the neuronal or astroglial 
phenotype of IL-1β+ cells, only a small proportion expressed 
OX-42 in Dm and SRF, suggesting a minor contribution of activated 
microglia in the enhanced IL-1β expression within the SDMN. The 
contribution of neutrophils and monocytes also cannot be excluded 
since they also express OX-42 (Jeong et al., 2013). In agreement, 
excessive neuroinflammation is an element of neuropathology across 
many neuropsychiatric disorders characterized by social impairment 
and increased anxiety (El-Ansary and Al-Ayadhi, 2014; Müller et al., 
2015). More specifically, IL-1β has been reported to be elevated in 
plasma of children and adults with ASD (Ashwood et al., 2011; Masi 
et  al., 2017) as well as in the brain of schizophrenic patients 
(Söderlund et al., 2009) whereas enhanced IL-1β expression has also 
been implicated in anxiety-like responses in rodents (Rossi et al., 
2012) and zebrafish (Song et al., 2018). Our results support the view 
of a dysregulated proinflammatory state in MK-801 treated fish, that 
is mediated by neurons and astrocytes and are consistent with a 
previous study reporting increased IL-1β immunoreactivity in glia 
cells and neurons, in structures of limbic system under stress 
conditions (Badowska-Szalewska et al., 2009). Similarly, increased 
IL-1β expression, specifically in neuronal populations of 
hippocampal CA1 region, striatum and paraventricular nucleus were 
reported in mice subjected to repeated immobilization stress (Kwon 
et  al., 2008). Several studies have begun to investigate the 
non-immunological role of IL-1β, indicating that IL-1β regulates 
neuronal plasticity by impairing LTP in several regions of 
hippocampus and regulating neurotransmitter release (Merali et al., 
1997; Hoshino et  al., 2017) or affecting synapse structure and 
function, by decreasing PSD-95 expression and frequency of 
miniature excitatory postsynaptic currents (mEPSCs), through a 
MeCP2 dependent mechanism (Tomasoni et al., 2017). There is also 
increased evidence that excessive IL-1β disrupts the E/I balance, 
both by enhancing glutamatergic transmission (Mandolesi et al., 
2013) or by delaying excitatory to inhibitory switch of GABA in the 
offspring of a maternal immune activation mouse model (Corradini 
et al., 2018). Therefore it is important to further link neural circuits 
displaying aberrant activity, with excessive IL-1β expression within 
SDMN regions, in MK-801-treated fish. Toward that direction, Dm 
a putative homologous to the mammalian basolateral amygdala 
(BLA) and PM, a part of the preoptic area, are key nodes in the 
SDMN (O'Connell and Hofmann, 2011), regulate both social 
behavior (Bickart et al., 2014; Nunes et al., 2021) as well as fear and 
anxiety-related responses (Lal et al., 2018; Chuang et al., 2021), so it 
is logical to considered as targets of great importance. The enhanced 
expression of IL-1β may alter synaptic plasticity in these brain 
regions, contributing to social impairments and anxiety-like 

behavior, observed in MK-801-treated fish. Similarly, it was recently 
shown that excessive inflammatory response induced anxiety and 
depressive-like behavior by increasing the excitability of BLA 
glutamatergic neurons (Zheng et  al., 2021). Consistent with this 
interpretation, excessive IL-1β production in Dm was positively 
correlated with thigmotactic behavior, providing further evidence 
about the implication of this region in regulating anxiety responses. 
Moreover, heightened inflammatory responses in SRF, a region 
implicated in regulation of arousal states (Faraguna et al., 2019), may 
contribute to the behavioral profile of MK-801-treated fish, since 
abnormally elevated arousal is associated with stress and anxiety 
(Pfaff et al., 2007). Indeed, IL-1β expression in SRF was positively 
correlated with social withdrawal and anxiety-like behavior, 
supporting the notion that SRF may be part of a common network 
regulating both behaviors.

While we  did not extensively determine the phenotype of 
IL-1β + cells, our data regarding the localization of β2-adrenoceptors 
(β2-ARs) in the IL-1β expressing neurons or astrocytes, raise the 
possibility of a direct noradrenergic regulation of IL-1β production. 
Such noradrenergic influence has been reported via modulation of the 
cAMP cell levels (Bourne et al., 1974; Vizi, 1998). The induction of 
IL-1β by β2-AR signaling has been previously observed in a mouse 
model of social defeat stress, where the increased expression of IL-1β 
mRNA in microglia cells was prevented by a β-ΑR antagonist (Wohleb 
et al., 2011). The above interpretation does not exclude the possibility 
that additional neurotransmission systems, such as glutamate, are 
implicated in excessive proinflammatory responses, since previous 
studies reported increased IL-1β production following prolonged 
neuronal activity (Del Rey et al., 2016). However, the present data 
combined with previous evidence on increased β2-AR protein 
expression levels in the forebrain and midbrain of MK-801-treated 
zebrafish (Perdikaris and Dermon, 2022) support a possible 
contribution of noradrenergic neurotransmission in the excessive 
IL-1β expression. Nevertheless, further studies are needed in order to 
investigate the above assumption and associate it with the comorbidity 
between social deficits and increased anxiety levels.

Conclusion

In the present study the possible presence of dysregulated of 
excitatory and inhibitory neurotransmission is highlighted in 
forebrain and midbrain of a zebrafish pharmacological model, 
displaying robust social impairment and increased anxiety-like 
behavior. Specifically, glutamatergic dysfunction was positively 
associated with social withdrawal behavior whereas impaired 
GABAergic signaling was linked with anxiety-like behavior. In 
addition, altered endocannabinoid signaling accompanied the 
manifestation of these behaviors, suggesting the possible regulatory 
role of CB1Rs in astrocytes.

Moreover, the presence of excessive IL-1β expression in neurons 
and astroglia, within key nodes of the SDMN, as well as the 
colocalization with β2-ARs, is suggested to serve as an additional 
pathophysiological mechanism contributing to social withdrawal and 
anxiety-like behavior. Evidence provided here using zebrafish, confirm 
and expand previous rodents’ studies providing an additional insight 
into the putative contribution of altered E/I balance and exaggerated 
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proinflammatory response in the pathophysiology of social deficits 
and anxiety-like behavior.

Data availability statement

The raw data supporting the conclusions of this article will 
be made available by the authors, without undue reservation.

Ethics statement

All experimental procedures were approved by the Ethics 
Committee of University of Patras and were in accordance with 
the European Communities council directive (86/609/EEC) for 
the care and use of laboratory animals. All efforts were made to 
minimize animal suffering and to reduce the number of 
animals used.

Author contributions

PP and CD conceived and designed experiments and wrote and 
reviewed the manuscript. PP performed the experiments and analyzed 
the data. All authors contributed to the article and approved the 
submitted version.

Funding

Part of the work was supported by the Hellenic Foundation for 
Research and Innovation (HFRI) scholarship to PP. The publication 

fees of this manuscript have been financed by the Research Council of 
the University of Patras.

Acknowledgments

The authors wish to thank Tsantila Katerina for the assistance in 
analyzing IL-1β expression pattern.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers.  
Any product that may be evaluated in this article, or claim that may 
be made by its manufacturer, is not guaranteed or endorsed by the  
publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fnmol.2023.1120993/
full#supplementary-material

References
Aran, A., Eylon, M., Harel, M., Polianski, L., Nemirovski, A., Tepper, S., et al. (2019). 

Lower circulating endocannabinoid levels in children with autism spectrum disorder. 
Mol. Autism. 10, 2–11. doi: 10.1186/s13229-019-0256-6

Ashwood, P., Krakowiak, P., Hertz-Picciotto, I., Hansen, R., Pessah, I., and Van de 
Water, J. (2011). Elevated plasma cytokines in autism spectrum disorders  
provide evidence of immune dysfunction and are associated with impaired  
behavioral outcome. Brain Behav. Immun. 25, 40–45. doi: 10.1016/j.bbi.2010. 
08.003

Avdesh, A., Chen, M., Martin-Iverson, M. T., Mondal, A., Ong, D., Rainey-Smith, S., 
et al. (2012). Regular care and maintenance of a zebrafish (Danio rerio) laboratory: an 
introduction. J. Vis. Exp. 69:e4196. doi: 10.3791/4196

Ayala, R., Kett, L. R., Leach, T. L., Young, A. B., Dunah, A. W., and Orlando, L. R. 
(2012). Metabotropic glutamate receptor 1 (mGluR1): antibody specificity and receptor 
expression in cultured primary neurons. J. Neurosci. Methods 204, 221–226. doi: 
10.1016/j.jneumeth.2011.11.014

Badowska-Szalewska, E., Klejbor, I., Sidor-Kaczmarek, J., Cecot, T., Lietzau, G., 
Spodnik, J. H., et al. (2009). Stress-induced changes of interleukin-1β within the limbic 
system in the rat. Folia Morphol. 68, 119–128.

Banerjee, A., García-Oscos, F., Roychowdhury, S., Galindo, L. C., Hall, S., 
Kilgard, M. P., et al. (2013). Impairment of cortical GABAergic synaptic transmission in 
an environmental rat model of autism. Int. J. Neuropsychopharmacol. 16, 1309–1318. doi: 
10.1017/S1461145712001216

Barak, B., and Feng, G. (2016). Neurobiology of social behavior abnormalities in 
autism and Williams syndrome. Nat. Neurosci. 19, 647–655. doi: 10.1038/nn.4276

Bickart, K. C., Dickerson, B. C., and Barrett, L. F. (2014). The amygdala as a hub in 
brain networks that support social life. Neuropsychologia 63, 235–248. doi: 10.1016/j.
neuropsychologia.2014.08.013

Blanchard, D. C. (2018). Risk assessment: at the interface of cognition and emotion. 
Curr. Opin. Behav. Sci. 24, 69–74. doi: 10.1016/j.cobeha.2018.03.006

Blanchard, D. C., Blanchard, R. J., Tom, P., and Rodgers, R. J. (1990). Diazepam 
changes risk assessment in an anxiety/defense test battery. Psychopharmacology (Berl) 
101, 511–518. doi: 10.1007/BF02244230

Blatt, G. J., Fitzgerald, C. M., Guptill, J. T., Booker, A. B., Kemper, T. L., and 
Bauman, M. L. (2001). Density and distribution of hippocampal neurotransmitter 
receptors in autism: an autoradiographic study. J. Autism Dev. Disord. 31, 537–543. doi: 
10.1023/a:1013238809666

Bourin, M., and Hascoët, M. (2003). The mouse light/dark box test. Eur. J. Pharmacol. 
463, 55–65. doi: 10.1016/s0014-2999(03)01274-3

Bourne, H. R., Weinstein, Y., Melmon, K. L., Lichtenstein, L. M., Henney, C. S., and 
Shearer, G. M. (1974). Modulation of inflammation and immunity by cyclic AMP: 
receptors for vasoactive hormones and mediators of inflammation regulate many 
leukocyte functions. Science 184, 19–28. doi: 10.1126/science.184.4132.19

Bygrave, A. M., Kilonzo, K., Kullmann, D. M., Bannerman, D. M., and Kätzel, D. 
(2019). Can N-methyl-D-aspartate receptor hypofunction in schizophrenia be localized 
to an individual cell type? Front. Psych. 10:835. doi: 10.3389/fpsyt.2019.00835

Cai, G., Wang, M., Wang, S., Liu, Y., Zhao, Y., Zhu, Y., et al. (2019). Brain mGluR5 in 
Shank3B−/− mice studied with in  vivo [18F] FPEB PET imaging and ex  vivo 
immunoblotting. Front. Psych. 10:38. doi: 10.3389/fpsyt.2019.00038

Cao, W., Li, J. H., Lin, S., Xia, Q. Q., Du, Y. L., Yang, Q., et al. (2022). NMDA 
receptor hypofunction underlies deficits in parvalbumin interneurons and social 
behavior in neuroligin 3 R451C knockin mice. Cell Rep. 41:111771. doi: 10.1016/j.
celrep.2022.111771

Careaga, M., Murai, T., and Bauman, M. D. (2017). Maternal immune activation and 
autism spectrum disorder: from rodents to nonhuman and human primates. Biol. 
Psychiatry 81, 391–401. doi: 10.1016/j.biopsych.2016.10.020

Cartmell, J., and Schoepp, D. D. (2000). Regulation of neurotransmitter release by 
metabotropic glutamate receptors. J. Neurochem. 75, 889–907. doi: 
10.1046/j.1471-4159.2000.0750889.x

https://doi.org/10.3389/fnmol.2023.1120993
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fnmol.2023.1120993/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnmol.2023.1120993/full#supplementary-material
https://doi.org/10.1186/s13229-019-0256-6
https://doi.org/10.1016/j.bbi.2010.08.003
https://doi.org/10.1016/j.bbi.2010.08.003
https://doi.org/10.3791/4196
https://doi.org/10.1016/j.jneumeth.2011.11.014
https://doi.org/10.1017/S1461145712001216
https://doi.org/10.1038/nn.4276
https://doi.org/10.1016/j.neuropsychologia.2014.08.013
https://doi.org/10.1016/j.neuropsychologia.2014.08.013
https://doi.org/10.1016/j.cobeha.2018.03.006
https://doi.org/10.1007/BF02244230
https://doi.org/10.1023/a:1013238809666
https://doi.org/10.1016/s0014-2999(03)01274-3
https://doi.org/10.1126/science.184.4132.19
https://doi.org/10.3389/fpsyt.2019.00835
https://doi.org/10.3389/fpsyt.2019.00038
https://doi.org/10.1016/j.celrep.2022.111771
https://doi.org/10.1016/j.celrep.2022.111771
https://doi.org/10.1016/j.biopsych.2016.10.020
https://doi.org/10.1046/j.1471-4159.2000.0750889.x


Perdikaris and Dermon 10.3389/fnmol.2023.1120993

Frontiers in Molecular Neuroscience 17 frontiersin.org

Catts, V. S., Lai, Y. L., Weickert, C. S., Weickert, T. W., and Catts, S. V. (2016). A 
quantitative review of the postmortem evidence for decreased cortical N-methyl-D-
aspartate receptor expression levels in schizophrenia: how can we  link molecular 
abnormalities to mismatch negativity deficits? Biol. Psychol. 116, 57–67. doi: 10.1016/j.
biopsycho.2015.10.013

Centonze, D., Rossi, S., Mercaldo, V., Napoli, I., Ciotti, M. T., De Chiara, V., et al. 
(2008). Abnormal striatal GABA transmission in the mouse model for the fragile X 
syndrome. Biol. Psychiatry 63, 963–973. doi: 10.1016/j.biopsych.2007.09.008

Champagne, D. L., Hoefnagels, C. C., De Kloet, R. E., and Richardson, M. K. (2010). 
Translating rodent behavioral repertoire to zebrafish (Danio rerio): relevance for stress 
research. Behav. Brain Res. 214, 332–342. doi: 10.1016/j.bbr.2010.06.001

Chao, O. Y., Yunger, R., and Yang, Y. M. (2018). Behavioral assessments of BTBR T+ 
Itpr3tf/J mice by tests of object attention and elevated open platform: implications for 
an animal model of psychiatric comorbidity in autism. Behav. Brain Res. 347, 140–147. 
doi: 10.1016/j.bbr.2018.03.014

Chen, X., Levy, J. M., Hou, A., Winters, C., Azzam, R., Sousa, A. A., et al. (2015). 
PSD-95 family MAGUKs are essential for anchoring AMPA and NMDA receptor 
complexes at the postsynaptic density. Proc. Natl. Acad. Sci. 112, E6983–E6992. doi: 
10.1073/pnas.1517045112

Chen, X., Nelson, C. D., Li, X., Winters, C. A., Azzam, R., Sousa, A. A., et al. (2011). 
PSD-95 is required to sustain the molecular organization of the postsynaptic density. J. 
Neurosci. 31, 6329–6338. doi: 10.1523/JNEUROSCI.5968-10.2011

Chevaleyre, V., Takahashi, K. A., and Castillo, P. E. (2006). Endocannabinoid-
mediated synaptic plasticity in the CNS. Annu. Rev. Neurosci. 29, 37–76. doi: 10.1146/
annurev.neuro.29.051605.112834

Chuang, H. J., Chang, C. Y., Ho, H. P., and Chou, M. Y. (2021). Oxytocin signaling acts 
as a marker for environmental stressors in zebrafish. Int. J. Mol. Sci. 22:7459. doi: 
10.3390/ijms22147459

Coley, A. A., and Gao, W. J. (2018). PSD95: a synaptic protein implicated in 
schizophrenia or autism? Prog. Neuropsychopharmacol. Biol. Psychiatry 82, 187–194. doi: 
10.1016/j.pnpbp.2017.11.016

Coley, A. A., and Gao, W. J. (2019). PSD-95 deficiency disrupts PFC-associated 
function and behavior during neurodevelopment. Sci. Rep. 9, 9486–9413. doi: 10.1038/
s41598-019-45971-w

Corradini, I., Focchi, E., Rasile, M., Morini, R., Desiato, G., Tomasoni, R., et al. (2018). 
Maternal immune activation delays excitatory-to-inhibitory gamma-aminobutyric acid 
switch in offspring. Biol. Psychiatry 83, 680–691. doi: 10.1016/j.biopsych.2017.09.030

de Melo, E. L., Pinto, A. M., Baima, C. L. B., da Silva, H. R., da Silva Sena, I., 
Sanchez-Ortiz, B. L., et al. (2020). Evaluation of the in vitro release of isoflavones from 
soybean germ associated with kefir culture in the gastrointestinal tract and anxiolytic 
and antidepressant actions in zebrafish (Danio rerio). J. Funct. Foods 70:103986. doi: 
10.1016/j.foodchem.2017.02.095

Del Rey, A., Verdenhalven, M., Lörwald, A. C., Meyer, C., Hernangómez, M., 
Randolf, A., et al. (2016). Brain-borne IL-1 adjusts glucoregulation and provides fuel 
support to astrocytes and neurons in an autocrine/paracrine manner. Mol. Psychiatry 
21, 1309–1320. doi: 10.1038/mp.2015.174

DiSabato, D. J., Nemeth, D. P., Liu, X., Witcher, K. G., O’Neil, S. M., Oliver, B., et al. 
(2021). Interleukin-1 receptor on hippocampal neurons drives social withdrawal and 
cognitive deficits after chronic social stress. Mol. Psychiatry 26, 4770–4782. doi: 10.1038/
s41380-020-0788-3

Duarte, T., Fontana, B. D., Müller, T. E., Bertoncello, K. T., Canzian, J., and 
Rosemberg, D. B. (2019). Nicotine prevents anxiety-like behavioral responses in 
zebrafish. Prog. Neuropsychopharmacol. Biol. Psychiatry 94:109655. doi: 10.1016/j.
pnpbp.2019.109655

El-Ansary, A., and Al-Ayadhi, L. (2014). GABAergic/glutamatergic imbalance relative 
to excessive neuroinflammation in autism spectrum disorders. J. Neuroinflammation 
11:189. doi: 10.1186/s12974-014-0189-0

Faraguna, U., Ferrucci, M., Giorgi, F. S., and Fornai, F. (2019). The functional anatomy 
of the reticular formation. Front. Neuroanat. 13:55. doi: 10.3389/fnana.2019.00055

Fatemi, S. H., Halt, A. R., Stary, J. M., Kanodia, R., Schulz, S. C., and Realmuto, G. R. 
(2002). Glutamic acid decarboxylase 65 and 67 kDa proteins are reduced in autistic 
parietal and cerebellar cortices. Biol. Psychiatry 52, 805–810. doi: 10.1016/
s0006-3223(02)01430-0

Fatemi, S. H., Reutiman, T. J., Folsom, T. D., and Thuras, P. D. (2009). GABAA 
receptor downregulation in brains of subjects with autism. J. Autism Dev. Disord. 39, 
223–230. doi: 10.1007/s10803-008-0646-7

Feinstein, I., and Kritzer, M. (2013). Acute N-methyl-D-aspartate receptor 
hypofunction induced by MK801 evokes sex-specific changes in behaviors observed in 
open-field testing in adult male and proestrus female rats. Neuroscience 228, 200–214. 
doi: 10.1016/j.neuroscience.2012.10.026

Felix-Ortiz, A. C., and Tye, K. M. (2014). Amygdala inputs to the ventral hippocampus 
bidirectionally modulate social behavior. J. Neurosci. 34, 586–595. doi: 10.1523/
JNEUROSCI.4257-13.2014

Feyder, M., Karlsson, R. M., Mathur, P., Lyman, M., Bock, R., Momenan, R., et al. 
(2010). Association of mouse Dlg4 (PSD-95) gene deletion and human DLG4 gene 

variation with phenotypes relevant to autism spectrum disorders and Williams' 
syndrome. Am. J. Psychiatry 167, 1508–1517. doi: 10.1176/appi.ajp.2010.10040484

Flores-Barrera, E., Thomases, D. R., and Tseng, K. Y. (2020). MK-801 exposure 
during adolescence elicits enduring disruption of prefrontal E-I balance and its 
control of fear extinction behavior. J. Neurosci. 40, 4881–4887. doi: 10.1523/
JNEUROSCI.0581-20.2020

Fogaça, M. V., and Duman, R. S. (2019). Cortical GABAergic dysfunction in stress and 
depression: new insights for therapeutic interventions. Front. Cell. Neurosci. 13:e00087. 
doi: 10.3389/fncel.2019.00087

Fontana, B. D., Alnassar, N., and Parker, M. O. (2022). The zebrafish (Danio rerio) 
anxiety test battery: comparison of behavioral responses in the novel tank diving and 
light-dark tasks following exposure to anxiogenic and anxiolytic compounds. 
Psychopharmacology (Berl) 239, 287–296. doi: 10.1007/s00213-021-05990-w

Fulcher, N., Tran, S., Shams, S., Chatterjee, D., and Gerlai, R. (2017). Neurochemical 
and behavioral responses to unpredictable chronic mild stress following developmental 
isolation: the zebrafish as a model for major depression. Zebrafish 14, 23–34. doi: 
10.1089/zeb.2016.1295

Gao, R., and Penzes, P. (2015). Common mechanisms of excitatory and inhibitory 
imbalance in schizophrenia and autism spectrum disorders. Curr. Mol. Med. 15, 
146–167. doi: 10.2174/1566524015666150303003028

Ghosal, S., Duman, C. H., Liu, R. J., Wu, M., Terwilliger, R., Girgenti, M. J., et al. 
(2020). Ketamine rapidly reverses stress-induced impairments in GABAergic 
transmission in the prefrontal cortex in male rodents. Neurobiol. Dis. 134:104669. doi: 
10.1016/j.nbd.2019.104669

Gururajan, A., Taylor, D. A., and Malone, D. T. (2012). Cannabidiol and clozapine 
reverse MK-801-induced deficits in social interaction and hyperactivity in Sprague-
Dawley rats. J. Psychopharmacol. 26, 1317–1332. doi: 10.1177/0269881112441865

Hall, J. (2017). Schizophrenia—an anxiety disorder? Br. J. Psychiatry 211, 262–263. 
doi: 10.1192/bjp.bp.116.195370

Hariharan, V. (2013). Determining the functions of gad1 and gad2 in embryonic 
zebrafish using splice blocking morpholinos. Doctoral dissertation. University 
of Georgia.

Homayoun, H., and Moghaddam, B. (2007). NMDA receptor hypofunction produces 
opposite effects on prefrontal cortex interneurons and pyramidal neurons. J. Neurosci. 
27, 11496–11500. doi: 10.1523/JNEUROSCI.2213-07.2007

Horder, J., Petrinovic, M. M., Mendez, M. A., Bruns, A., Takumi, T., Spooren, W., et al. 
(2018). Glutamate and GABA in autism spectrum disorder—a translational magnetic 
resonance spectroscopy study in man and rodent models. Transl. Psychiatry 8, 106–111. 
doi: 10.1038/s41398-018-0155-1

Hoshino, K., Hasegawa, K., Kamiya, H., and Morimoto, Y. (2017). Synapse-specific 
effects of IL-1β on long-term potentiation in the mouse hippocampus. Biomed. Res. 38, 
183–188. doi: 10.2220/biomedres.38.183

Howe, K., Clark, M. D., Torroja, C. F., Torrance, J., Berthelot, C., Muffato, M., et al. 
(2013). The zebrafish reference genome sequence and its relationship to the human 
genome. Nature 496, 498–503. doi: 10.1038/nature12111

Jami, S. A., Cameron, S., Wong, J. M., Daly, E. R., McAllister, A. K., and Gray, J. A. 
(2021). Increased excitation-inhibition balance and loss of GABAergic synapses in the 
serine racemase knockout model of NMDA receptor hypofunction. J. Neurophysiol. 126, 
11–27. doi: 10.1152/jn.00661.2020

Jeong, H. K., Ji, K., Min, K., and Joe, E. H. (2013). Brain inflammation and microglia: 
facts and misconceptions. Exp Neurobiol 22, 59–67. doi: 10.5607/en.2013.22.2.59

Jung, K. M., Sepers, M., Henstridge, C. M., Lassalle, O., Neuhofer, D., Martin, H., et al. 
(2012). Uncoupling of the endocannabinoid signalling complex in a mouse model of 
fragile X syndrome. Nat. Commun. 3, 1080–1011. doi: 10.1038/ncomms2045

Keith, D. J., and El-Husseini, A. (2008). Excitation control: balancing PSD-95 function 
at the synapse. Front. Mol. Neurosci. 1:4. doi: 10.3389/neuro.02.004.2008

Kim, E., and Sheng, M. (2004). PDZ domain proteins of synapses. Nat. Rev. Neurosci. 
5, 771–781. doi: 10.1038/nrn1517

Kwon, M. S., Seo, Y. J., Lee, J. K., Lee, H. K., Jung, J. S., Jang, J. E., et al. (2008). The 
repeated immobilization stress increases IL-1β immunoreactivities in only neuron, but 
not astrocyte or microglia in hippocampal CA1 region, striatum and paraventricular 
nucleus. Neurosci. Lett. 430, 258–263. doi: 10.1016/j.neulet.2007.11.006

Lal, P., Tanabe, H., Suster, M. L., Ailani, D., Kotani, Y., Muto, A., et al. (2018). 
Identification of a neuronal population in the telencephalon essential for fear 
conditioning in zebrafish. BMC Biol. 16, 45–18. doi: 10.1186/s12915-018-0502-y

Latysheva, N. V., and Rayevsky, K. S. (2003). Chronic neonatal N-methyl-D-aspartate 
receptor blockade induces learning deficits and transient hypoactivity in young rats. 
Prog. Neuropsychopharmacol. Biol. Psychiatry 27, 787–794. doi: 10.1016/
S0278-5846(03)00110-6

Lau, B. Y., Mathur, P., Gould, G. G., and Guo, S. (2011). Identification of a brain center 
whose activity discriminates a choice behavior in zebrafish. Proc. Natl. Acad. Sci. 108, 
2581–2586. doi: 10.1073/pnas.1018275108

Lau, C. G., and Murthy, V. N. (2012). Activity-dependent regulation of inhibition via 
GAD67. J. Neurosci. 32, 8521–8531. doi: 10.1523/JNEUROSCI.1245-12.2012

https://doi.org/10.3389/fnmol.2023.1120993
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1016/j.biopsycho.2015.10.013
https://doi.org/10.1016/j.biopsycho.2015.10.013
https://doi.org/10.1016/j.biopsych.2007.09.008
https://doi.org/10.1016/j.bbr.2010.06.001
https://doi.org/10.1016/j.bbr.2018.03.014
https://doi.org/10.1073/pnas.1517045112
https://doi.org/10.1523/JNEUROSCI.5968-10.2011
https://doi.org/10.1146/annurev.neuro.29.051605.112834
https://doi.org/10.1146/annurev.neuro.29.051605.112834
https://doi.org/10.3390/ijms22147459
https://doi.org/10.1016/j.pnpbp.2017.11.016
https://doi.org/10.1038/s41598-019-45971-w
https://doi.org/10.1038/s41598-019-45971-w
https://doi.org/10.1016/j.biopsych.2017.09.030
https://doi.org/10.1016/j.foodchem.2017.02.095
https://doi.org/10.1038/mp.2015.174
https://doi.org/10.1038/s41380-020-0788-3
https://doi.org/10.1038/s41380-020-0788-3
https://doi.org/10.1016/j.pnpbp.2019.109655
https://doi.org/10.1016/j.pnpbp.2019.109655
https://doi.org/10.1186/s12974-014-0189-0
https://doi.org/10.3389/fnana.2019.00055
https://doi.org/10.1016/s0006-3223(02)01430-0
https://doi.org/10.1016/s0006-3223(02)01430-0
https://doi.org/10.1007/s10803-008-0646-7
https://doi.org/10.1016/j.neuroscience.2012.10.026
https://doi.org/10.1523/JNEUROSCI.4257-13.2014
https://doi.org/10.1523/JNEUROSCI.4257-13.2014
https://doi.org/10.1176/appi.ajp.2010.10040484
https://doi.org/10.1523/JNEUROSCI.0581-20.2020
https://doi.org/10.1523/JNEUROSCI.0581-20.2020
https://doi.org/10.3389/fncel.2019.00087
https://doi.org/10.1007/s00213-021-05990-w
https://doi.org/10.1089/zeb.2016.1295
https://doi.org/10.2174/1566524015666150303003028
https://doi.org/10.1016/j.nbd.2019.104669
https://doi.org/10.1177/0269881112441865
https://doi.org/10.1192/bjp.bp.116.195370
https://doi.org/10.1523/JNEUROSCI.2213-07.2007
https://doi.org/10.1038/s41398-018-0155-1
https://doi.org/10.2220/biomedres.38.183
https://doi.org/10.1038/nature12111
https://doi.org/10.1152/jn.00661.2020
https://doi.org/10.5607/en.2013.22.2.59
https://doi.org/10.1038/ncomms2045
https://doi.org/10.3389/neuro.02.004.2008
https://doi.org/10.1038/nrn1517
https://doi.org/10.1016/j.neulet.2007.11.006
https://doi.org/10.1186/s12915-018-0502-y
https://doi.org/10.1016/S0278-5846(03)00110-6
https://doi.org/10.1016/S0278-5846(03)00110-6
https://doi.org/10.1073/pnas.1018275108
https://doi.org/10.1523/JNEUROSCI.1245-12.2012


Perdikaris and Dermon 10.3389/fnmol.2023.1120993

Frontiers in Molecular Neuroscience 18 frontiersin.org

Lee, K., Vyas, Y., Garner, C. C., and Montgomery, J. M. (2019). Autism-associated 
Shank3 mutations alter mGluR expression and mGluR-dependent but not NMDA 
receptor-dependent long-term depression. Synapse 73:e22097. doi: 10.1002/syn.22097

Lum, J. S., Fernandez, F., Matosin, N., Andrews, J. L., Huang, X. F., Ooi, L., et al. 
(2016). Neurodevelopmental expression profile of dimeric and monomeric group 1 
mGluRs: relevance to schizophrenia pathogenesis and treatment. Sci. Rep. 6, 1–10. doi: 
10.1038/srep34391

Maldonado, R., Cabañero, D., and Martín-García, E. (2022). The endocannabinoid 
system in modulating fear, anxiety, and stress. Dialogues Clin. Neurosci. 22, 229–239. 
doi: 10.31887/DCNS.2020.22.3/rmaldonado

Mandolesi, G., Musella, A., Gentile, A., Grasselli, G., Haji, N., Sepman, H., et al. 
(2013). Interleukin-1β alters glutamate transmission at purkinje cell synapses in a mouse 
model of multiple sclerosis. J. Neurosci. 33, 12105–12121. doi: 10.1523/
JNEUROSCI.5369-12.2013

Martin, D. L., and Barke, K. E. (1998). Are GAD65 and GAD67 associated with 
specific pools of GABA in brain? Perspect. Dev. Neurobiol. 5, 119–129.

Masi, A., Breen, E. J., Alvares, G. A., Glozier, N., Hickie, I. B., Hunt, A., et al. (2017). 
Cytokine levels and associations with symptom severity in male and female children 
with autism spectrum disorder. Mol. Autism. 8, 63–11. doi: 10.1186/s13229-017-0176-2

Matosin, N., Fernandez-Enright, F., Lum, J. S., Engel, M., Andrews, J. L., Gassen, N. C., 
et al. (2016). Molecular evidence of synaptic pathology in the CA1 region in 
schizophrenia. NPJ Schizophr. 2, 16022–16028. doi: 10.1038/npjschz.2016.22

Matsuoka, T., Sumiyoshi, T., Tanaka, K., Tsunoda, M., Uehara, T., Itoh, H., et al. 
(2005). NC-1900, an arginine-vasopressin analogue, ameliorates social behavior deficits 
and hyperlocomotion in MK-801-treated rats: therapeutic implications for 
schizophrenia. Brain Res. 1053, 131–136. doi: 10.1016/j.brainres.2005.06.035

Maximino, C., de Brito, T. M., da Silva Batista, A. W., Herculano, A. M., Morato, S., 
and Gouveia, A. Jr. (2010b). Measuring anxiety in zebrafish: a critical review. Behav. 
Brain Res. 214, 157–171. doi: 10.1016/j.bbr.2010.05.031

Maximino, C., Marques de Brito, T., Dias, C. A. G. D. M., Gouveia, A., and Morato, S. 
(2010a). Scototaxis as anxiety-like behavior in fish. Nat. Protoc. 5, 209–216. doi: 10.1038/
nprot.2009.225

Merali, Z., Lacosta, S., and Anisman, H. (1997). Effects of interleukin-1β and mild stress on 
alterations of norepinephrine, dopamine and serotonin neurotransmission: a regional 
microdialysis study. Brain Res. 761, 225–235. doi: 10.1016/s0006-8993(97)00312-0

Mody, M., Petibon, Y., Han, P., Kuruppu, D., Ma, C., Yokell, D., et al. (2021). In vivo 
imaging of mGlu5 receptor expression in humans with fragile X syndrome towards 
development of a potential biomarker. Sci. Rep. 11:15897. doi: 10.1038/
s41598-021-94967-y

Müller, N., Weidinger, E., Leitner, B., and Schwarz, M. J. (2015). The role of 
inflammation in schizophrenia. Front. Neurosci. 9:372. doi: 10.3389/fnins.2015.00372

Nasir, M., Trujillo, D., Levine, J., Dwyer, J. B., Rupp, Z. W., and Bloch, M. H. (2020). 
Glutamate systems in DSM-5 anxiety disorders: their role and a review of glutamate and 
GABA psychopharmacology. Front. Psych. 11:548505. doi: 10.3389/fpsyt.2020.548505

Nisar, S., Bhat, A. A., Masoodi, T., Hashem, S., Akhtar, S., Ali, T. A., et al. (2022). 
Genetics of glutamate and its receptors in autism spectrum disorder. Mol. Psychiatry 27, 
2380–2392. doi: 10.1038/s41380-022-01506-w

Nunes, A. R., Gliksberg, M., Varela, S. A., Teles, M., Wircer, E., Blechman, J., et al. 
(2021). Developmental effects of oxytocin neurons on social affiliation and processing 
of social information. J. Neurosci. 41, 8742–8760. doi: 10.1523/JNEUROSCI.2939-20.2021

Oblak, A., Gibbs, T. T., and Blatt, G. (2009). Decreased GABAA receptors and 
benzodiazepine binding sites in the anterior cingulate cortex in autism. Autism Res. 2, 
205–219. doi: 10.1002/aur.88

O'Connell, L. A., and Hofmann, H. A. (2011). The vertebrate mesolimbic reward 
system and social behavior network: a comparative synthesis. J. Comp. Neurol. 519, 
3599–3639. doi: 10.1002/cne.22735

Ohnuma, T., Kato, H., Arai, H., Faull, R. L., McKenna, P. J., and Emson, P. C. (2000). 
Gene expression of PSD95 in prefrontal cortex and hippocampus in schizophrenia. 
Neuroreport 11, 3133–3137. doi: 10.1097/00001756-200009280-00019

Patz, S., Wirth, M. J., Gorba, T., Klostermann, O., and Wahle, P. (2003). Neuronal 
activity and neurotrophic factors regulate GAD-65/67 mRNA and protein expression in 
organotypic cultures of rat visual cortex. Eur. J. Neurosci. 18, 1–12. doi: 
10.1046/j.1460-9568.2003.02702.x

Peça, J., Feliciano, C., Ting, J. T., Wang, W., Wells, M. F., Venkatraman, T. N., et al. 
(2011). Shank3 mutant mice display autistic-like behaviours and striatal dysfunction. 
Nature 472, 437–442. doi: 10.1038/nature09965

Perdikaris, P., and Dermon, C. R. (2022). Behavioral and neurochemical profile of 
MK-801 adult zebrafish model: forebrain β2-adrenoceptors contribute to social 
withdrawal and anxiety-like behavior. Prog. Neuropsychopharmacol. Biol. Psychiatry 
115:110494. doi: 10.1016/j.pnpbp.2021.110494

Perea, G., Navarrete, M., and Araque, A. (2009). Tripartite synapses: astrocytes process 
and control synaptic information. Trends Neurosci. 32, 421–431. doi: 10.1016/j.
tins.2009.05.001

Pfaff, D. W., Martin, E. M., and Ribeiro, A. C. (2007). Relations between mechanisms 
of CNS arousal and mechanisms of stress. Stress 10, 316–325. doi: 
10.1080/10253890701638030

Piers, T. M., Kim, D. H., Kim, B. C., Regan, P., Whitcomb, D. J., and Cho, K. (2012). 
Translational concepts of mGluR5 in synaptic diseases of the brain. Front. Pharmacol. 
3:199. doi: 10.3389/fphar.2012.00199

Pozzi, D., Menna, E., Canzi, A., Desiato, G., Mantovani, C., and Matteoli, M. (2018). 
The communication between the immune and nervous systems: the role of IL-1β in 
synaptopathies. Front. Mol. Neurosci. 11:111. doi: 10.3389/fnmol.2018.00111

Prange, O., Wong, T. P., Gerrow, K., Wang, Y. T., and El-Husseini, A. (2004). A balance 
between excitatory and inhibitory synapses is controlled by PSD-95 and neuroligin. 
Proc. Natl. Acad. Sci. 101, 13915–13920. doi: 10.1073/pnas.0405939101

Riaz, M. S., Bohlen, M. O., Gunter, B. W., Henry, Q., Stockmeier, C. A., and Paul, I. A. 
(2015). Attenuation of social interaction-associated ultrasonic vocalizations and spatial 
working memory performance in rats exposed to chronic unpredictable stress. Physiol. 
Behav. 152, 128–134. doi: 10.1016/j.physbeh.2015.09.005

Robinson-Agramonte, M. D. L. A., Noris García, E., Fraga Guerra, J., Vega Hurtado, Y., 
Antonucci, N., Semprún-Hernández, N., et al. (2022). Immune dysregulation in autism 
Spectrum disorder: what do we know about it? Int. J. Mol. Sci. 23:3033. doi: 10.3390/
ijms23063033

Rossi, S., Sacchetti, L., Napolitano, F., De Chiara, V., Motta, C., Studer, V., et al. (2012). 
Interleukin-1β causes anxiety by interacting with the endocannabinoid system. J. 
Neurosci. 32, 13896–13905. doi: 10.1523/JNEUROSCI.1515-12.2012

Rubenstein, J. L. R., and Merzenich, M. M. (2003). Model of autism: increased ratio 
of excitation/inhibition in key neural systems. Genes Brain Behav. 2, 255–267. doi: 
10.1034/j.1601-183x.2003.00037.x

Rung, J. P., Carlsson, A., Markinhuhta, K. R., and Carlsson, M. L. (2005). (+)-MK-801 
induced social withdrawal in rats; a model for negative symptoms of schizophrenia. 
Prog. Neuropsychopharmacol. Biol. Psychiatry 29, 827–832. doi: 10.1016/j.
pnpbp.2005.03.004

Sánchez-Blázquez, P., Rodríguez-Muñoz, M., and Garzón, J. (2014). The cannabinoid 
receptor 1 associates with NMDA receptors to produce glutamatergic hypofunction: 
implications in psychosis and schizophrenia. Front. Pharmacol. 4:169. doi: 10.3389/
fphar.2013.00169

Saunders, J. A., Tatard-Leitman, V. M., Suh, J., Billingslea, E. N., Roberts, T. P., and 
Siegel, S. J. (2013). Knockout of NMDA receptors in parvalbumin interneurons recreates 
autism-like phenotypes. Autism Res. 6, 69–77. doi: 10.1002/aur.1264

Söderlund, J., Schröder, J., Nordin, C., Samuelsson, M., Walther-Jallow, L., 
Karlsson, H., et al. (2009). Activation of brain interleukin-1β in schizophrenia. Mol. 
Psychiatry 14, 1069–1071. doi: 10.1038/mp.2009.52

Sohal, V. S., and Rubenstein, J. L. (2019). Excitation-inhibition balance as a framework 
for investigating mechanisms in neuropsychiatric disorders. Mol. Psychiatry 24, 
1248–1257. doi: 10.1038/s41380-019-0426-0

Song, C., Liu, B. P., Zhang, Y. P., Peng, Z., Wang, J., Collier, A. D., et al. (2018). 
Modeling consequences of prolonged strong unpredictable stress in zebrafish: complex 
effects on behavior and physiology. Prog. Neuropsychopharmacol. Biol. Psychiatry 81, 
384–394. doi: 10.1016/j.pnpbp.2017.08.021

Takada, Y., Hirano, M., Kiyonaka, S., Ueda, Y., Yamaguchi, K., Nakahara, K., et al. 
(2015). Rab3 interacting molecule 3 mutations associated with autism alter regulation 
of voltage-dependent Ca2+ channels. Cell Calcium 58, 296–306. doi: 10.1016/j.
ceca.2015.06.007

Tomasoni, R., Morini, R., Lopez-Atalaya, J. P., Corradini, I., Canzi, A., Rasile, M., et al. 
(2017). Lack of IL-1R8 in neurons causes hyperactivation of IL-1 receptor pathway and 
induces MECP2-dependent synaptic defects. Elife 6:e21735. doi: 10.7554/eLife.21735

Top, D. N. Jr., Stephenson, K. G., Doxey, C. R., Crowley, M. J., Kirwan, C. B., and 
South, M. (2016). Atypical amygdala response to fear conditioning in autism spectrum 
disorder. Biol Psychiatry Cogn Neurosci Neuroimaging 1, 308–315. doi: 10.1016/j.
bpsc.2016.01.008

Trifonov, S., Yamashita, Y., Kase, M., Maruyama, M., and Sugimoto, T. (2014). 
Glutamic acid decarboxylase 1 alternative splicing isoforms: characterization, expression 
and quantification in the mouse brain. BMC Neurosci. 15, 1–15. doi: 
10.1186/1471-2202-15-114

Varga, Z. K., Pejtsik, D., Biró, L., Zsigmond, Á., Varga, M., Tóth, B., et al. (2020). 
Conserved serotonergic background of experience-dependent behavioral responsiveness 
in zebrafish (Danio rerio). J. Neurosci. 40, 4551–4564. doi: 10.1523/
JNEUROSCI.2178-19.2020

Vizi, E. S. (1998). Receptor-mediated local fine-tuning by noradrenergic innervation 
of neuroendocrine and immune systems. Ann. N. Y. Acad. Sci. 851, 388–396. doi: 
10.1111/j.1749-6632.1998.tb09012.x

Wang, Q., Kong, Y., Wu, D. Y., Liu, J. H., Jie, W., You, Q. L., et al. (2021). Impaired 
calcium signaling in astrocytes modulates autism spectrum disorder-like behaviors in 
mice. Nat. Commun. 12, 3321–3313. doi: 10.1038/s41467-021-23843-0

Wang, A., Zou, X., Wu, J., Ma, Q., Yuan, N., Ding, F., et al. (2020). Early-life stress 
alters synaptic plasticity and mTOR signaling: correlation with anxiety-like and 
cognition-related behavior. Front. Genet. 11:590068. doi: 10.3389/fgene.2020. 
590068

Wohleb, E. S., Hanke, M. L., Corona, A. W., Powell, N. D., La'Tonia, M. S., and 
Sheridan, J. F. (2011). β-Adrenergic receptor antagonism prevents anxiety-like behavior 
and microglial reactivity induced by repeated social defeat. J. Neurosci. 31, 6277–6288. 
doi: 10.1523/JNEUROSCI.0450-11.2011

https://doi.org/10.3389/fnmol.2023.1120993
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1002/syn.22097
https://doi.org/10.1038/srep34391
https://doi.org/10.31887/DCNS.2020.22.3/rmaldonado
https://doi.org/10.1523/JNEUROSCI.5369-12.2013
https://doi.org/10.1523/JNEUROSCI.5369-12.2013
https://doi.org/10.1186/s13229-017-0176-2
https://doi.org/10.1038/npjschz.2016.22
https://doi.org/10.1016/j.brainres.2005.06.035
https://doi.org/10.1016/j.bbr.2010.05.031
https://doi.org/10.1038/nprot.2009.225
https://doi.org/10.1038/nprot.2009.225
https://doi.org/10.1016/s0006-8993(97)00312-0
https://doi.org/10.1038/s41598-021-94967-y
https://doi.org/10.1038/s41598-021-94967-y
https://doi.org/10.3389/fnins.2015.00372
https://doi.org/10.3389/fpsyt.2020.548505
https://doi.org/10.1038/s41380-022-01506-w
https://doi.org/10.1523/JNEUROSCI.2939-20.2021
https://doi.org/10.1002/aur.88
https://doi.org/10.1002/cne.22735
https://doi.org/10.1097/00001756-200009280-00019
https://doi.org/10.1046/j.1460-9568.2003.02702.x
https://doi.org/10.1038/nature09965
https://doi.org/10.1016/j.pnpbp.2021.110494
https://doi.org/10.1016/j.tins.2009.05.001
https://doi.org/10.1016/j.tins.2009.05.001
https://doi.org/10.1080/10253890701638030
https://doi.org/10.3389/fphar.2012.00199
https://doi.org/10.3389/fnmol.2018.00111
https://doi.org/10.1073/pnas.0405939101
https://doi.org/10.1016/j.physbeh.2015.09.005
https://doi.org/10.3390/ijms23063033
https://doi.org/10.3390/ijms23063033
https://doi.org/10.1523/JNEUROSCI.1515-12.2012
https://doi.org/10.1034/j.1601-183x.2003.00037.x
https://doi.org/10.1016/j.pnpbp.2005.03.004
https://doi.org/10.1016/j.pnpbp.2005.03.004
https://doi.org/10.3389/fphar.2013.00169
https://doi.org/10.3389/fphar.2013.00169
https://doi.org/10.1002/aur.1264
https://doi.org/10.1038/mp.2009.52
https://doi.org/10.1038/s41380-019-0426-0
https://doi.org/10.1016/j.pnpbp.2017.08.021
https://doi.org/10.1016/j.ceca.2015.06.007
https://doi.org/10.1016/j.ceca.2015.06.007
https://doi.org/10.7554/eLife.21735
https://doi.org/10.1016/j.bpsc.2016.01.008
https://doi.org/10.1016/j.bpsc.2016.01.008
https://doi.org/10.1186/1471-2202-15-114
https://doi.org/10.1523/JNEUROSCI.2178-19.2020
https://doi.org/10.1523/JNEUROSCI.2178-19.2020
https://doi.org/10.1111/j.1749-6632.1998.tb09012.x
https://doi.org/10.1038/s41467-021-23843-0
https://doi.org/10.3389/fgene.2020.590068
https://doi.org/10.3389/fgene.2020.590068
https://doi.org/10.1523/JNEUROSCI.0450-11.2011


Perdikaris and Dermon 10.3389/fnmol.2023.1120993

Frontiers in Molecular Neuroscience 19 frontiersin.org

Won, H., Lee, H. R., Gee, H. Y., Mah, W., Kim, J. I., Lee, J., et al. (2012). Autistic-like 
social behaviour in Shank2-mutant mice improved by restoring NMDA receptor 
function. Nature 486, 261–265. doi: 10.1038/nature11208

Wullimann, M. F., Rupp, B., and Reichert, H. (1996). Neuroanatomy of the zebrafish 
brain: a topological atlas. Basel: Birkhaeuser.

Xu, M. Y., and Wong, A. H. (2018). GABAergic inhibitory neurons as therapeutic 
targets for cognitive impairment in schizophrenia. Acta Pharmacol. Sin. 39, 733–753. 
doi: 10.1038/aps.2017.172

Yang, M., Silverman, J. L., and Crawley, J. N. (2011). Automated three-chambered social 
approach task for mice. Curr. Protoc. Neurosci. 8:Unit 8.26. doi: 10.1002/0471142301.
ns0826s56

Yip, J., Soghomonian, J. J., and Blatt, G. J. (2007). Decreased GAD67 mRNA levels in 
cerebellar Purkinje cells in autism: pathophysiological implications. Acta Neuropathol. 
113, 559–568. doi: 10.1007/s00401-006-0176-3

Yu, W., Wang, L., Yang, L., Li, Y. J., Wang, M., Qiu, C., et al. (2020). Activation of LXRβ 
signaling in the amygdala confers anxiolytic effects through rebalancing excitatory and 
inhibitory neurotransmission upon acute stress. Neurotherapeutics 17, 1253–1270. doi: 
10.1007/s13311-020-00857-y

Yuen, E. Y., Wei, J., Liu, W., Zhong, P., Li, X., and Yan, Z. (2012). Repeated stress 
causes cognitive impairment by suppressing glutamate receptor expression and 

function in prefrontal cortex. Neuron 73, 962–977. doi: 10.1016/j.
neuron.2011.12.033

Zhao, H., Mao, X., Zhu, C., Zou, X., Peng, F., Yang, W., et al. (2021). Gabaergic system 
dysfunction in autism spectrum disorders. Front. Cell Dev. Biol. 9:781327. doi: 10.3389/
fcell.2021.781327

Zheng, Z. H., Tu, J. L., Li, X. H., Hua, Q., Liu, W. Z., Liu, Y., et al. (2021). Neuroinflammation 
induces anxiety-and depressive-like behavior by modulating neuronal plasticity in the 
basolateral amygdala. Brain Behav. Immun. 91, 505–518. doi: 10.1016/j.bbi.2020.11.007

Zikopoulos, B., and Barbas, H. (2013). Altered neural connectivity in excitatory and 
inhibitory cortical circuits in autism. Front. Hum. Neurosci. 7:609. doi: 10.3389/
fnhum.2013.00609

Zimmermann, F. F., Gaspary, K. V., Siebel, A. M., and Bonan, C. D. (2016). Oxytocin 
reversed MK-801-induced social interaction and aggression deficits in zebrafish. Behav. 
Brain Res. 311, 368–374. doi: 10.1016/j.bbr.2016.05.059

Ziv, L., Muto, A., Schoonheim, P. J., Meijsing, S. H., Strasser, D., Ingraham, H. A., et al. 
(2013). An affective disorder in zebrafish with mutation of the glucocorticoid receptor. 
Mol. Psychiatry 18, 681–691. doi: 10.1038/mp.2012.64

Zou, M., Liu, Y., Xie, S., Wang, L., Li, D., Li, L., et al. (2021). Alterations of the 
endocannabinoid system and its therapeutic potential in autism spectrum disorder. 
Open Biol. 11:200306. doi: 10.1098/rsob.200306

https://doi.org/10.3389/fnmol.2023.1120993
https://www.frontiersin.org/journals/molecular-neuroscience
https://www.frontiersin.org
https://doi.org/10.1038/nature11208
https://doi.org/10.1038/aps.2017.172
https://doi.org/10.1002/0471142301.ns0826s56
https://doi.org/10.1002/0471142301.ns0826s56
https://doi.org/10.1007/s00401-006-0176-3
https://doi.org/10.1007/s13311-020-00857-y
https://doi.org/10.1016/j.neuron.2011.12.033
https://doi.org/10.1016/j.neuron.2011.12.033
https://doi.org/10.3389/fcell.2021.781327
https://doi.org/10.3389/fcell.2021.781327
https://doi.org/10.1016/j.bbi.2020.11.007
https://doi.org/10.3389/fnhum.2013.00609
https://doi.org/10.3389/fnhum.2013.00609
https://doi.org/10.1016/j.bbr.2016.05.059
https://doi.org/10.1038/mp.2012.64
https://doi.org/10.1098/rsob.200306

	Altered GABAergic, glutamatergic and endocannabinoid signaling is accompanied by neuroinflammatory response in a zebrafish model of social withdrawal behavior
	Introduction
	Materials and methods
	Animals and husbandry
	Drug and treatment
	Behavioral assays and analysis
	Social preference test
	Open-field test
	Dark–light test
	Western blot analysis
	Immunohistochemistry and immunofluorescence
	Microscopic observation and quantification of IL-1β positive cells
	Data analysis

	Results
	Reduced body weight in MK-801-treated zebrafish
	Impaired social preference in MK-801-treated zebrafish
	MK-801-treated zebrafish displayed thigmotactic behavior
	MK-801-treated zebrafish displayed abnormal avoidance behavior in the DLT
	Altered expression levels of proteins that are implicated in E/I balance, in telencephalon and midbrain of MK-801-treated zebrafish
	MK-801-treated zebrafish are characterized by altered CB1R protein expression levels
	Abnormal IL-1β expression and neuronal/glial phenotype of IL-1β + cells within the SDMN of MK-801-treated zebrafish
	Social withdrawal and anxiety-like behavior are related to distinct mechanisms

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note

	 References

