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A B S T R A C T   

Social behavior is essential for the well-being and survival of individuals. However, social isolation is a serious 
public health issue, especially during the COVID-19 pandemic, affecting a significant number of people world
wide, and can lead to serious psychological crises. Microglia, innate immune cells in the brain, are strongly 
implicated in the development of psychiatry. Although many microglial inhibitors have been used to treat 
depression, there is no literature report on pexidartinib (PLX3397) and social isolation. Herein, we adopted 
PLX3397 to investigate the role of microglia in the modulation of social isolation. Our results found that social 
isolation during adolescence caused depressive-like, but not anxiety-like behavior in mice in adulthood, with 
enhanced expression of the microglial marker Iba1 in the hippocampus. In addition, treatment with PLX3397 
reduced the expression of the microglial marker Iba1, decreased the mRNA expression of IL-1β, increased the 
mRNA expression of Arg1, elevated the protein levels of DCX and GluR1 and restored the dendritic spine 
branches and density, ultimately mitigating depressive-like behavior in mice. These findings suggest that inhi
bition of microglia in the hippocampus could ameliorate mood disorders in mice, providing a new perspective for 
the treatment of psychiatric disorders such as depression.   

1. Introduction 

Appropriate social behaviors are essential for the well-being and 
survival of individuals [1]. However, social isolation, defined as the 
objective absence of social contact and reduced social network size [2], 
is a serious public health issue affecting a significant number of people 
worldwide. In recent years, the coronavirus disease 2019 (COVID-19) 
crisis has posed a pervasive threat to the overall health of all pop
ulations. In addition to the disease itself [3], accumulating evidence has 
demonstrated that the adoption of segregation during the COVID-19 
pandemic caused social isolation, which is also associated with de
mentia and mental health conditions [4–7]. Although interventions 
addressing social isolation have been studied, their effectiveness is 
limited [8]. Therefore, further exploration of the mechanisms underly
ing social isolation might be beneficial for the optimized treatment of 

disorders associated with social deficits. 
Neuroinflammation is suggested to be a mechanism implicated in 

behavioral disorders, such as depression [9–11]. Microglia, key cells 
involved in neuroinflammation, play critical roles in development and 
homeostasis, as well as in injury and diseases [12–14]. Numerous studies 
have shown that microglia can promote neurite formation, synapto
genesis, and myelination and regulate synaptic pruning [15]. In the 
resting state, microglia have small cell bodies and are highly ramified, 
and their processes are highly dynamic, which facilitates the monitoring 
and stabilization of homeostasis in the brain [16]. During disease, 
injury, or stress, microglia are activated and secrete neurotoxic proin
flammatory cytokines, which further eliminate synapses and suppress 
hippocampal neurogenesis [17–19]. In fact, after treatment with 
microglia inhibitors, such as minocycline, chronically stressed animals 
showed improved cognitive behavior and alleviated depression-like 
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behavior, which might be due to normalized microglial function 
[20–22]. Consistently, recent studies showed that minocycline could 
normalize the depression-like behavior induced by chronic social 
isolation in mice [23,24]. However, minocycline is suggested to function 
as an antibiotic, which might confound its effect [25,26]. Thus, using 
more specific methods to delete microglia might provide more infor
mation to address this issue. 

PLX3397, a colony-stimulating factor 1 receptor (CSF1R) inhibitor, 
had the strongest inhibitory effect on microglia [27]. It has been re
ported that continuous administration of PLX3397 can clear microglia in 
the brain, but microglia will gradually recover and regenerate when 
drug administration is stopped [28]. Therefore, in this study, we aimed 
to illustrate the role of the deletion of microglia by PLX3397 in socially 
isolated mice. Our results demonstrated that social isolation could 
induce depressive-like behavior in mice in adulthood, coupled with 
activation of microglia in the hippocampus. Importantly, the deletion of 
microglia by PLX3397 effectively attenuated depressive-like behavior, 
which might be due to the rebalance of pro-/anti-inflammatory cyto
kines, with modulation of the GluR1 subunits of the glutamate receptor, 
thus boosting neurogenesis and enhancing synaptic plasticity. 

2. Materials and methods 

2.1. Animals 

Three- to four-week-old male C57BL/6 mice purchased from Hunan 
SJA Laboratory Animal Corporation Limited were divided into group- 
housed (GH) and socially isolated (SI) groups. Group-housed (GH) 
mice were housed at 7 animals (460 × 300 × 160 mm) per cage. Socially 
isolated (SI) mice were raised one per cage (290 × 178 × 160 mm) for 9 
weeks. The mice were kept in a quiet, clean and well-ventilated room 
with a room temperature of 22–24 ◦C, a relative humidity of 55%-60%, 
and a circadian rhythm of 12 h. The mice had free access to food and 
water. The behavioral tests were performed in the 9th week. 

2.2. Drug 

PLX3397 was purchased from ShangHai Superlan Chemical Tech
nique Centre and mixed into the rodent chow supplied at a dosage of 
290 mg/kg. Socially isolated mice were divided into three groups: SI 
group (treated with normal chow), PLX3397 1w (treated with PLX3397 
chow for one week, which was then replaced with normal chow for a 
week), and PLX3397 2w (treated with PLX3397 chow for two weeks). 
The PLX3397 chow was administered from the 7th week. 

2.3. Behavioral procedure 

2.3.1. Open field test (OFT) 
The open field test was performed to assess motor ability and 

anxiety-like behaviour [29]. In this experiment, a 40 cm × 40 cm × 40 
cm device was used. The bottom of the open field was evenly divided 
into 25 grids, and the central 9 grids were defined as the central region. 
Before the experiment, the mice were familiarized with the environment 
for 1 h. At the beginning of the experiment, mice were placed into the 
center of the open field, and the total distance the mice traveled in the 
open field and the percentage of time spent in the central area within 5 
min were recorded by a Smart 3.0 (Shenzhen Rayward Life Technology). 
The arena was cleaned with 75% ethanol between trials to avoid re
sidual odors. The observers were blinded to the experimental conditions. 

2.3.2. Forced swimming test (FST) 
The forced swimming was used to detect desperate behavior in mice 

[30]. During the experiment, mice were placed in a transparent plastic 
bucket of 10 cm (diameter) × 30 cm (height), which was filled with 
water at a temperature of 23℃± 2 ◦C and a height of 10 cm. The per
centage of time mice spent immobile within 6 min was recorded by a 
Smart 3.0. Immobility was characterized as no active movements. Each 
animal was dried with a towel and returned to their home cage after the 
test. 

2.3.3. Tail suspension test (TST) 
The principle of the tail suspension test is that a mouse suspended 

from its tail is unable to escape from the impasse and then shows 
desperate behaviour [31]. During the experiment, the tail of each mouse 
was fixed on a suspension box (height 40 cm, width 30 cm) with medical 
tape, and the percentage of time the mice spent immobile within 6 min 
was analyzed by a Smart 3.0. Immobility was defined as when the mouse 
hung passively and completely motionless. 

2.4. Immunohistochemistry (IHC) 

The mice were euthanized with 1% pentobarbital sodium for 
immunohistochemistry after behavior testing. The mice were trans
cardially perfused with 0.9% saline and 4% paraformaldehyde (PF) in 
turn. The brain was completely removed, immersed in 4% PF overnight, 
and then transferred to 15% and 30% sucrose solution for dehydration. 
Finally, the brains were coronally sectioned on a cryostat at 30 μm 
thickness, and sections were stored in 0.01 M PBS and moved to 3% 
hydrogen peroxide solution for 15 min to remove endogenous peroxi
dase. Then, the sections were blocked with 5% BSA containing 0.2% 
Triton X-100 at room temperature for 1 h. Next, the sections were 
incubated with primary antibody (anti-Iba1, 1:2000) overnight. The 
next day, sections were incubated with secondary antibody (bio
tinylated goat anti-rabbit IgG secondary antibody, 1:200) at room 
temperature for 2 h after washing and then incubated with the third 
antibody (VECTASTAIN® ABC HRP Kit) at room temperature for 1 h 
after washing. Finally, the sections were stained with a DAB kit, 
mounted on slides and dried at room temperature. Finally, the slices 
were coverslipped with neutral balsam medium (Sinopharm, China) 
after dehydration using graded ethanol and vitrification by dime
thylbenzene. Images were acquired using a microscope (Leica) with 
identical exposure settings. Data were acquired from 3 mice and at least 
3 brain slices from each mouse. The data were averaged to produce a 
single value per subject. 

2.5. Reverse transcription real-time quantitative PCR (RT-qPCR) 

Mice were anesthetized with 1% pentobarbital sodium, and the 
hippocampus was isolated and frozen at − 80 ◦C. RNA was extracted 
using TRIzol® (Invitrogen, USA) following the manufacturer’s in
structions. The cDNA was generated using the High-Capacity cDNA 
Reverse Transcription Kit (Vazyme, R223-01) and processed for real- 
time PCR quantification in the QuantStudio 3 Real Time PCR System 
(Applied Biosystems, USA). The primer sequences are as follows:    
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2.6. Western blot (WB) 

Mice were euthanized with 1% pentobarbital sodium, brains were 
quickly removed, and the hippocampus was isolated. Then, hippocam
pal tissue protein was extracted as previously described [32]. The tissue 
was homogenized in a mixture with tissue protein extraction and pro
tease inhibitor (Thermo Fisher Scientific). The supernatant was 
collected after centrifugation at 4 ◦C for 20 min at 12000 rpm and de
natured for 8 min. Equal amounts of protein were separated by a 9% 
SDS-PAGE gel at 110 V for 2 h and transferred to a 0.45 μm nitrocel
lulose membrane. Then, the membranes were blocked with 5% skim 
milk at room temperature for 1 h, followed by incubation with primary 
antibody overnight at 4 ◦C. The primary antibodies included anti-NR1 
antibody (1:1000, Rb, Abcam), anti-NR2A antibody (1:500, Rb, 
Abcam), anti-NR2B antibody (1:500, Ms, Abcam), anti-DCX antibody 
(1:1000, Rb, Abcam), anti-Iba1 antibody (1:1000, Rb, Abcam), anti- 
PSD95 antibody (1:1000, Ms, Abcam), anti-SYN antibody (1:8000, Rb, 
Abcam), anti-GluR1 antibody (1:1000, Rb, Abcam), anti-GluR2 antibody 
(1:1000, Rb, Proteintech), and anti-iNOS antibody (1:1000, Rb, Pro
teintech). On the second day, the membrane was incubated with sec
ondary antibody (HRP-labeled sheep anti-rabbit secondary antibody, 
1:2000) for 2 h and was then developed by an ECL imaging system. The 
densitometric values of bands were measured by ImageJ software (NIH). 

2.7. Golgi staining 

Golgi staining was performed according to the experimental methods 
provided by the FD Rapid Golgistain Kit (FD NeuroTechnologies) 
[30,33]. Mice were anesthetized with sevoflurane, and their brains were 
removed quickly. The brains were gently dipped in distilled water, and 
residual blood was washed with plastic tweezers, after which the brain 
tissue was immersed in the supernatant of a mixture of A and B prepared 
in advance at 24 h (stored at room temperature and protected from 
light). The brain tissue was soaked for two weeks in a new A and B 
mixture after 24 h. Next, the brain tissue was immersed in solution C and 
soaked for another 7 days in a new solution C after 24 h. Then, 100 μm 
slices were dried at room temperature in the dark. A few drops of 30% 
sucrose solution were added to the slide with a pipettor, and sucrose 
solution allowed the brain slice to adhere to the slide. The section was 
then transferred with a glass specimen retriever onto a slide, and a fine 
paint brush was used to adjust the position of the section so that it was 
flat and oriented on the slide. A lens cleaning paper (GE Healthcare, 
Chicago, IL, USA, catalog number: 10149470) was used to cover the 
section to protect it from damage or any movement. A piece of filter 
paper was used to absorb the excess solution. Gentle pressure was 
applied on the filter paper with fingers so that no air bubbles or solution 
were present between the section and the slide. Then, the lens cleaning 
tissue was carefully removed. The sections were mounted on slides in 
racks and kept in a dark room to dry overnight. Finally, the cells were 
stained with solution D and solution E. Images were acquired using a 
microscope (Leica) and analyzed by Fiji. The length of dendrites and the 
number of dendritic branches were analyzed by Sholl analysis. 

2.8. Sholl analysis 

Sholl analysis was performed as described in a previous study 
[34–36]. We scanned images of all slices by a Panoramic 250 FLASH II 
digital slide scanner (3DHISTECH, Budapest, Hungary) and acquired the 
images with a 40 × objective lens by CaseViewer 2.4.0. Then, the images 
were imported into and processed using Fiji. First, we converted each 
image to an 8-bit image and autosubtracted the background and then 
randomly selected a representative sample from each image for Sholl 
analysis. Three mice were analyzed in each group (5 cells per animal for 
microglia), with a total of 15 cells. 

2.9. Statistical analysis 

GraphPad Prism 8.0 software (GraphPad Software, Inc., La Jolla, CA, 
USA) was used for statistical analysis of the experimental data, and the 
experimental results are presented as the mean ± standard error (mean 
± SEM). Student’s t test was used to compare two groups, and one- or 
two-way ANOVA was used for comparisons of three or more groups 
followed by Tukey’s multiple comparisons test. p < 0.05 was considered 
a statistically significant difference. 

3. Results 

3.1. SI induced depression-like behavior accompanied by the activation of 
hippocampal microglia 

We performed several behavioral tests to explore behavior in mice 
(Fig. 1A). In the OFT, we found that the percentage of time spent in the 
center of the open field was not different between the two groups (t =
0.4414, p = 0.6657; Fig. 1B). The total distance traveled by SI mice was 
significantly increased compared with that traveled by GH mice (t =
6.269, p < 0.0001; Fig. 1C), suggesting that SI did not induce anxiety- 
like behavior but increased motor ability in mice. Then, the FST and 
TST demonstrated that the percent immobility time of SI mice was 
significantly elevated compared to that of GH mice in both the FST (t =
3.745, p = 0.0022; Fig. 1D) and the TST (t = 6.318, p < 0.0001; Fig. 1E). 
Taken together, these results indicated that SI leads to depressive-like 
but not anxiety-like behavior in mice. Next, we detected the expres
sion of Iba1 in the hippocampi of mice by IHC, and the results showed 
that the average optical density was markedly upregulated in the CA1 (t 
= 4.053, p = 0.0154; Fig. 2B), DG (t = 11.68, p = 0.0003; Fig. 2C) and 
CA3 (t = 4.250, p = 0.0132; Fig. 2D) regions of the hippocampus in the 
SI group. These findings suggested that SI could induce depression-like 
behavior along with the activation of microglia. 

3.2. PLX3397 treatment ameliorated depression-like behavior induced by 
SI 

To investigate the effects of PLX3397 on the behavior of mice, we 
treated mice with PLX3397 from the 7th week for one or two weeks to 
observe its effects on behavior. One-way ANOVA showed that there 
were no differences in the percentage of time spent in the center in the 
OFT among the four groups (F (3, 24) = 0.5073, p = 0.6809; Fig. 3B). 
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That total distance of the SI group (t = 4.333, p = 0.0256; Fig. 3C) was 
significantly increased compared with the GH group, an the total dis
tances of the PLX3397 1w (t = 8.865, p < 0.0001; Fig. 3C) and PLX3397 
2w (t = 6.004, p = 0.0015; Fig. 3C) groups were significantly increased 
compared with the SI group, which revealed that PLX3397 treatment 
could increase the motor capacity of mice. We also found that SI mice 
showed significantly increased immobility time compared with the GH 
group in the FST (t = 5.356, p = 0.0047; Fig. 3D) and the TST (t = 5.089, 
p = 0.0073; Fig. 3E). Furthermore, the PLX3397 1w (t = 7.643, p <
0.0001 for FST; t = 5.163, p = 0.0065 for TST; Fig. 3D and E) and 2w (t 
= 8.655, p < 0.0001 for FST; t = 6.559, p = 0.0006 for TST; Fig. 3D and 
E) groups exhibited significantly reduced immobility time. Taken 
together, these results indicated that PLX3397 treatment could mitigate 
depressive-like induced by SI. 

3.3. PLX3397 treatment ameliorated microglial activation and induced 
morphological alterations in the hippocampus 

We detected the expression of Iba1 in the hippocampus of mice by 
IHC, and the results showed that compared with those in the SI group, 
the average optical densities were increased in the CA1 (t = 5.714, p =
0.0158; Fig. 4B), CA3 (t = 10.61, p = 0.0003; Fig. 4C) and DG (t = 5.427, 
p = 0.0207; Fig. 3D) regions of the hippocampus in the GH group. 
Conversely, the densities in the SI + PLX3397 1w (CA1: t = 5.548, p =
0.0185, CA3: t = 9.576, p = 0.0006, DG: t = 8.014, p = 0.0021; Fig. 4B- 
D) and SI + PLX3397 2w (CA1: t = 6.621, p = 0.0069, CA3: t = 11.16, p 
= 0.0002, DG: t = 8.688, p = 0.0012; Fig. 4B-D) groups were signifi
cantly decreased. In addition, we explored the morphological changes in 
microglia by Sholl analysis. Statistical analyses of complexity showed 
that SI induced amoeboid microglia, such as shorter and thicker pro
cesses, enlarged cell bodies, and less complex branches, while the 
PLX3397 1w group showed evidence of restoration. In addition, we also 
observed changes in Iba1 by WB, as indicated by our findings that the 
protein levels of Iba1 were upregulated in socially isolated mice (t =
9.720, p < 0.0001; Fig. 5C), while the expression levels were reduced in 
SI + PLX3397 1w (t = 15.01, p < 0.0001; Fig. 5C) and 2w (t = 14.79, p <

0.0001; Fig. 5C) mice. In conclusion, PLX3397 treatment for 1 w or 2 w 
inhibited the activation of microglia. 

3.4. PLX3397 treatment ameliorated SI-induced behavioral disorders by 
enhancing neurogenesis and synaptic plasticity 

Based on previous results, to clarify the role of PLX3397 in social 
isolation, we detected changes in cytokine factors in four different 
groups. We found that the mRNA levels of IL-1β were increased in the SI 
group (t = 4.066, p = 0.0427; Fig. 6A) compared with the GH group, and 
PLX3397 treatment reversed this increase (1w: t = 4.872, p = 0.0126; 
2w: t = 4.639, p = 0.0181; Fig. 6A), while the mRNA levels of Arg1 (t =
5.395, p = 0.0055; Fig. 6B) in SI were decreased, while PLX3397 
treatment could reverse this effect, including Arg1 (1w: t = 5.527, p =
0.0045; 2w: t = 4.654, p = 0.0176; Fig. 6B), but there were no changes in 
BDNF (Fig. 6C) and IGF2 (Fig. 6D) in the four different groups, although 
BDNF had a downward trend compared with the GH group (t = 3.936, p 
= 0.0516; Fig. 6C). In addition, the protein level of iNOS in socially 
isolated mice was obviously increased (t = 12.09, p < 0.0001; Fig. 6E 
and F), and PLX3397 reduced its expression (1w: t = 13.82, p < 0.0001; 
2w: t = 14.20, p < 0.0001; Fig. 6E and F) These findings suggest that 
PLX3397 treatment could maintain the balance in pro-/anti-inflamma
tory cytokines. 

Previous studies have found that neurogenesis and neuroplasticity 
are important in the pathogenesis of mental illness. Therefore, we 
assessed the expression of DCX by WB. PLX3397 treatment reversed the 
decrease in DCX induced by SI (1w: t = 5.674, p = 0.0081; 2w: t = 7.742, 
p = 0.0007; Fig. 6E and 6G), and we also observed changes in synaptic- 
related genes, such as NMDAR (NR2A and NR2B), AMPAR (GluR1, 
GluR2), the presynaptic protein SYP, and the postsynaptic protein 
PSD95 in the hippocampus by WB. Our results showed that SI signifi
cantly decreased the expression of GluR1 in the hippocampus (t = 5.038, 
p = 0.0034; Fig. 6H and 6I), and PLX3397 treatment reversed this 
decrease (1w: t = 5.050, p = 0.0033; 2w: t = 5.984, p = 0.0003; Fig. 6H 
and 6I). However, no differences were observed in NR2A, NR2B, GluR2, 
PSD95 or SYP (Fig. 6H and 6I). To further explore the effects of PLX3397 

Fig. 1. SI induces the depressive-like but not anxiety-like behavior in mice. (A) Schematic of the experimental procedure. Percentage of time spend in the central area 
(B) and total distance (C) between two groups in the OFT. Percentage of time spent immobile in the FST (D) and TST (E). **p < 0.01, ***p < 0.001 vs. GH group, n =
8/group. 
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treatment on synaptic plasticity, we detected dendrite length, number of 
dendrite branches and density of dendrite spines by Sholl analysis. Our 
results demonstrated that SI induced a decrease in dendrite length and 
reduced the number of dendrite branches (F (3, 612) = 103.1, p <
0.0001; Fig. 7A and 7D) and the density of dendrite spines (t = 6.464, p 
= 0.0010; Fig. 7B and 7C), and the PLX3397 1w and 2w groups could 
restore these parameters (1w: t = 5.897, p = 0.0025; 2w: t = 6.397, p =
0.0011; Fig. 6H and 6I). Taken together, our results showed that 
PLX3397 could improve mood disorder by relieving neuroinflammation, 
boosting neurogenesis and restoring synaptic plasticity. 

4. Discussion 

In this study, we demonstrated that socially isolated mice exhibited 
depressive-like behavior, with increased expression of Iba1 in the hip
pocampus. Furthermore, deleting microglia with PLX3397 normalized 
the phagocytosis and release of pro-/anti-inflammatory microglia and 
alleviated depressive-like behavior in mice. 

Social isolation acts as a stressor and can cause changes in social 
behavior in both animals and humans and has been considered a major 
risk factor for morbidity and mortality in humans in recent years 

Fig. 2. SI induces the activation of microglia in the hippocampus. (A) Representative immunohistochemical images of Iba1 are presented for the hippocampal CA1, 
CA3 and DG areas in two groups. The statistical results of Iba1 expression in the CA1 (B), DG (C) and CA3 (D) areas. *p < 0.05, ***p < 0.001 vs. SI group, n = 3/group, 
scale bar = 50 μm. 
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[37,38]. Previous studies have shown that SI induces neuro
inflammation and microglial overactivation [39]. This finding is 
consistent with our result that the expression of the microglial 
biomarker Iba1 in socially isolated mice was upregulated in the hippo
campus, which is a brain region vulnerable to stress. We also found that 
SI led to depressive-like behavior in mice, which is consistent with 
previous studies [40,41]. Strikingly, SI increased locomotor ability 
compared with the GH group. Evidence has shown that chronic stress 
could enhance locomotor activity [42], which has the same result, 
although different stressors were used. 

Microglia are resident macrophages of the central nervous system 
and play major roles in synaptic pruning, neurogenesis, neuro
inflammation and endoplasmic reticulum stress in animal models of 
stress-induced depression [43,44]. Social isolation could give rise to 
depression behavior in rats induced by microglial activation [24]. There 
are many inhibitors of microglia, such as minocycline and clodronate 
[45,46], but studies have shown that they have different pharmaco
logical effects. Minocycline, a tetracycline antibiotic, is able to cross the 
blood–brain barrier and exerts anti-inflammatory effects via microglial 
inhibition [47]. However, it is not a specific inhibitor of microglia and 
cannot delete microglia. As a member of the bisphosphonate family, 
clodronate administered to the brain can delete microglia, but it is 
potentially limited by the blood–brain barrier, astrocyte microanatom
ical domains, and the neurovascular network [48]. Inhibiting microglia 
with minocycline improved depression-like behavior induced by early- 
life social isolation in rats [24]. The specific role of microglia still 
needs further validation. 

PLX3397, a selective CSF1R kinase inhibitor, is able to cross the 
blood–brain barrier and has a strong inhibitory effect on microglia [49]. 
Therefore, we used PLX3397 to delete microglia and observed its effects 
on the behavior of mice. We found that deleting microglia could alle
viate depressive-like behavior, as indicated by the FST and TST. Evi
dence has shown that chronic stress induces microglial morphological 
remodeling to maintain homeostasis in the brain, such as ameboid 
microglia with shorter and thicker processes, enlarged cell bodies, and 
fewer complex branches [50,51]. These results are in line with the 
microglial morphological changes induced by SI. PLX3397 1w could 
reverse the decrease in the length of microglial processes and the 
complexity caused by SI, which may be caused by repopulation after 

drug withdrawal. Consistent with previous studies that microglial 
repopulation could promote an anti-inflammatory, and normalized 
proinflammatory gene expression [28]. However, we found that 
PLX3397 2w could not reverse the morphological changes of microglia 
because of the pharmacological effects of PLX3397. 

Regulating synaptic plasticity, such as synapse maturation or elimi
nation, is an important physiological function of microglia, which are 
involved in the pathological process of depression [52,53]. Previous 
studies have shown that neuroinflammation induced by microglia can 
modulate neuronal plasticity and neurogenesis [54,55]. Therefore, we 
evaluated the levels of inflammatory cytokines in the hippocampus. Our 
results demonstrated that PLX3397 treatment partially recovered the 
pro-/anti-inflammatory balance induced by microglial dysfunction, 
including the expression levels of the pro-inflammatory cytokines IL-1β 
and iNOS and the anti-inflammatory cytokine Arg-1 [56]. In addition, 
we evaluated the protein levels of synaptic-associated protein and 
doublecortin (DCX) in the hippocampus by WB and observed the 
changes in dendrite length, number of dendrite branches and density of 
dendrite spines by Golgi staining. Our results indicated that PLX3397 
treatment reversed the downregulation of DCX and GluR1 and restored 
the decrease in dendrite length and the reduced number of dendrite 
branches and density of dendrite spines caused by SI. Our results showed 
that PLX3397 treatment for one week had the same effect as PLX3397 
treatment for two weeks, which was probably due to the protective role 
played by regenerated microglia [28]. Taken together, our results 
showed that PLX3397 could ameliorate depression-like behavior in 
mice, which was linked to maintaining the balance in pro-/anti-in
flammatory cytokines, promoting neurogenesis, and enhancing synaptic 
plasticity. 

In conclusion, our results showed that deleting microglia could 
alleviate depressive-like behavior in chronic socially isolated mice, 
which might be due to the rebalancing of pro-/anti-inflammatory cy
tokines, thus boosting neurogenesis and enhancing synaptic plasticity. 
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Fig. 3. PLX3397 treatment ameliorates SI-induced behavior disorder. (A) Schematic diagram of the experimental process. Percentage of time spent in the central area 
(B) and total distance (C) among groups in the OFT. Percentage of time spent immobile in the FST (D) and TST (E). *p < 0.05, **p < 0.01, ***p < 0.001 vs. SI group, n 
= 7/group. 
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Fig. 4. PLX3397 treatment decreases the expression of Iba1 in the hippocampi of mice. (A) Representative image of Iba1 expression in the hippocampal CA1, CA3 
and DG areas in four groups. The statistical results of Iba1expression in the CA1 (B), CA3 (C) and DG (D) areas. *p < 0.05, **p < 0.01, ***p < 0.001 vs. SI group, n = 3/ 
group, scale bar = 50 μm. 
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Fig. 5. Morphological changes of microglia in the hippocampus after PLX3397 treatment by Sholl analysis. (A) Representative images of Iba1+ cells are presented in 
the hippocampus in four groups. (B) Quantitative analyses of the complexity of Iba1+ cells. (C) Representative immunoblots and quantitative analyses of Iba1 
expression in hippocampus. **p < 0.01, ***p < 0.001 vs. SI group; &p < 0.05, &&p < 0.01, &&&p < 0.001 vs. PLX3397 1w group; #p < 0.05, ##p < 0.01 vs. PLX3397 2w 
group. n = 3/group, scale bar = 20 μm. 
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Fig. 6. Assessed inflammatory factors and synapse-associated proteins in different groups. (A-D) Changes in IL-1β, Arg1, BDNF and IGF2 expression in the hippo
campus, n = 6/group. (E-G) Representative bands and quantitative analyses of iNOS and DCX expression. (H-I) Representative images and quantitative analyses of 
NR1, NR2A, NR2B, GluR1, GluR2, PSD95 and SYN expression in different groups by WB. *p < 0.05, **p < 0.01, ***p < 0.001 vs. SI group, n = 4/group. 
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