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A B S T R A C T   

Self-grooming is an innate, cephalo-caudal progression of body cleaning behaviors that are found in normal 
rodents but exhibit repetitive and stereotyped patterns in several mouse models, such as autism spectrum dis
orders (ASDs). It is also recognized as a marker of stress and anxiety. Mice with Shank3B gene knockout (KO) 
exhibit typical ASD-like behavioral abnormalities, including stereotyped self-grooming and increased levels of 
anxiety. However, the exact relationship between anxiety and stereotyped self-grooming in certain types of 
animal models is not clear. We selected three animal models with high anxiety to compare their self-grooming 
parameters. First, we confirmed that Shank3B KO mice (ASD model), acute restraint stress mouse model (stress 
model), and chronic inflammatory pain mouse model (pain model) all showed increased anxiety levels in the 
open field test (OFT) and elevated plus maze (EPM). We found that only the ASD model and the stress model 
produced increased total grooming duration. The pain model only exhibited an increasing trend of mean self- 
grooming duration. We used the grooming analysis algorithm to examine the self-grooming microstructure 
and assess the cephalo-caudal progression of grooming behavior. The results showed distinct self-grooming 
microstructures in these three models. The anxiolytic drug diazepam relieved the anxiety level and the total 
time of grooming in the ASD and stress models. The grooming microstructure was not restored in Shank3B KO 
mice but was partially relieved in the stress model, which suggested that anxiety aggravated stereotyped self- 
grooming duration but not the grooming microstructure in the ASD mouse model. Our results indicated that 
stereotyped behavior and anxiety may be shared by separate, but interacting, neural circuits in distinct disease 
models, which may be useful to understand the mechanisms and develop potential treatments for stereotyped 
behaviors and anxiety.   

1. Introduction 

Stereotyped behaviors are defined as repetitive, coordinated, seem
ingly purposeless, rhythmic behaviors (Lai et al., 2014; Rapp and 
Vollmer, 2005). These behaviors can be found in normal people but are 
also typical symptoms in several psychiatric disorders, such as autism 

spectrum disorders (ASDs) (Uljarević et al., 2021) and 
obsessive-compulsive disorders (OCD) (Pertusa et al., 2008). They may 
cause the patients to lose educational opportunities and be excluded 
from social interactions (Taylor et al., 2005). To understand the neural 
mechanisms of the stereotyped behaviors, the proper and correlated 
phenotype in animal models is necessary. Self-grooming is a common 
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stereotyped behavior that is observed in many animal species, especially 
rodents (Arakawa, 2021; Askari-Zahabi et al., 2021). It follows an innate 
cephalo-caudal progression, beginning with paw licking, then nose/
face/head washing, body grooming, leg licking, and finally tail/genitals 
grooming, which display subtle hierarchical motor control (Kalueff 
et al., 2007). And the quantity and progression of self-grooming were 
found to be changed in several rodent models of neuropsychiatric dis
orders (Kalueff et al., 2016). For example, stereotyped self-grooming is 
known as one of the core symptoms of several ASDs mouse models 
(Meyza et al., 2013; Peca et al., 2011). And anxiety and stress were also 
found to be accompanied by increased self-grooming behaviors in ro
dents (Estanislau et al., 2013). 

One particularly interesting thing is that anxiety is also common 
emotional comorbidity in many diseases, such as ASDs, chronic pain, 
and stress states (Guo et al., 2018; Mosaffa et al., 2021; van Steensel 
et al., 2011). It raises a question: what’s the relationship between anx
iety and stereotyped behaviors. In clinical, some pieces of evidence 
suggest that anxiety and stereotyped behaviors are separate and distinct 
categories (Gotham et al., 2013; Renno and Wood, 2013). However, 
several studies suggested that children with high anxiety had more 
stereotyped behaviors and vice versa (Baribeau et al., 2020, 2021; 
Rodgers et al., 2012). In animal models, self-grooming has long been 
recognized as a marker of stress (Moody et al., 1988; Mu et al., 2020), 
and stress and anxiety were intertwined (Daviu et al., 2019). Recent 
work found that mice with Shank3 gene knockout (KO), an ASDs mouse 
model, exhibited stereotyped self-grooming and increased anxiety (Peca 
et al., 2011). These associations suggest that stereotyped self-grooming 
may be due to its emotional comorbidity-anxiety. However, the recip
rocal interaction between stereotyped self-grooming and anxiety is not 
known. 

To better understand the relationship between excessive self- 
grooming and anxiety, we selected three mouse models with 
increasing anxiety-like behavior: Shank3B KO ASDs mouse model (Peca 
et al., 2011), acute restraint stress mouse model (Mosaffa et al., 2021), 
and chronic inflammatory pain mouse model induced by complete 
Freund’s adjuvant (CFA) (Guo et al., 2018) to achieve our goals. The 
aims of the present study were: (a) to compare the self-grooming 
changes in different anxiety mouse models by analyzing classical 
grooming parameters and the cephalo-caudal grooming microstructure 
(Kalueff et al., 2007; Kalueff and Tuohimaa, 2005); (b) to understand the 
roles of anxiety in self-grooming by using an anxiolytic medicine diaz
epam; (c) to compare the activated brain regions in the progress of 
self-grooming by using c-Fos labeling strategy. 

2. Material and methods 

2.1. Animals 

Adult male C57BL/6 mice aged 6–8 weeks were obtained from the 
Laboratory Animal Center of the Fourth Military Medical University 
(Xi’an, China). Shank3B KO mice were obtained from Prof. Guoping 
Feng (Peca et al., 2011). The mice were housed at a constant tempera
ture (22–25 ◦C) in an environment on a 12-h light/dark cycle (lights on 
at 08:00 and off at 20:00). Food and water were available ad libitum. 
The Institutional Animal Care and Use Committee (IACUC) of the FMMU 
approved all experimental procedures, which were performed in 
accordance with the “Principles of Medical Laboratory Animal Care” 
issued by the National Ministry of Health in China. All efforts were made 
to minimize the number of animals used and reduce animal suffering. 

2.2. Animal models 

2.2.1. Restraint stress-induced anxiety model (stress model) 
Anxiety was produced by restraining mice in tubes (Garcia-Keller 

et al., 2021). Briefly, mice were placed into a modified 50-mL Falcon 
tube with breather holes with only the tail and tip of the nose free for 30 

min. At the end of restraint, animals were immediately transferred to a 
grooming chamber or open field test equipment for behavioral testing. 
Control animals were left in their home cages for the same amount of 
time. Each mouse was restrained only once in the entire testing process. 

2.2.2. CFA-induced chronic inflammatory pain model (pain model) 
The CFA-induced chronic inflammatory pain model was established 

as previously described (Guo et al., 2018). Mice were anesthetized with 
isoflurane. CFA (10 μL) was injected into the plantar left hindpaw of 
mice, and the needle was left in place for 2 min after injection. Control 
animals received injections with saline (0.9% sodium chloride). 
Behavioral tests were performed at least 24 h later. 

2.3. Behavioral procedures 

All behavioral tests were performed in a sound-attenuated room with 
low-intensity light of approximately 30 lux. Observers were unaware of 
the treatment applied. Animals were acclimated to the holding room for 
at least 1 h before behavioral testing. 

2.3.1. Open field test (OFT) 
An OFT was performed to detect anxiety and locomotor activity, as 

previously described (Kraeuter et al., 2019b). Animals were individually 
placed in the central area of box (50 × 50 × 50 cm) and recorded for 10 
min by a camera located above the box. The apparatus floor was divided 
into 16 equal parts, and the 4 middle parts were merged as the central 
area. The time and entries spent in the center and total distance traveled 
were measured using an automated analysis system (SMART 3.0, Panlab 
S.L.U., Spain). 

2.3.2. Elevated plus-maze (EPM) 
The EPM is used to assess the anxiety responses of mice (Kraeuter 

et al., 2019a). The plus maze apparatus was placed 90 cm above the 
floor and consisted of two open arms (25 × 8 × 12 cm), two closed arms 
(25 × 8 × 12 cm), and a junction platform (8 × 8 cm). Mice were gently 
placed at the center of the platform facing the open arms. The activity 
and travel trace of mice were measured for 5 min by a camera located 
above the apparatus. In EPM, experimental animals with low anxiety 
will spend more time in the open arms than control animals (Guo et al., 
2018). It is worth noting that parameters of EPM had different meaning: 
the percentage of time spend in open arms and percentage of open arms 
entries in total entries (open arms entries + close arms entries) were 
taken as anxiety factors, but entries in close arms were used for motor 
activity (Cruz et al., 1994). We analyze all these three parameters. An 
entry in the open arm is defined as all four paws are in the area. 

2.3.3. Grooming behavior analysis 
The self-grooming behavior was videotaped for 30 min from a side 

view using an FPV camera (IMA238, SONY, Japan) in a small trans
parent plastic box (20 × 20 × 25 cm). Four mice were simultaneously 
recorded in four separate uniform boxes with similar illumination (30 
lux) and background noise. The testing boxes were cleaned with 75% 
ethanol after the recording was finished. A manual score was deter
mined by observers who were blind to the animal group using BORIS 
(version 7.9) (Friard and Gamba, 2016). For classical analysis of 
grooming activity, the following parameters were evaluated: the total 
time spent grooming, the number of grooming bouts, and mean 
grooming duration in one bout. A new grooming bout started when the 
last grooming behavior terminated for more than 6 s (Kalueff et al., 
2007). The grooming patterns were analyzed based on the previous 
report by Kalueff and Tuohimaa (2004). The modified grooming 
microstructure was analyzed using the following scaling system: (stage 
0) no grooming, (stage 1) paw licking, (stage 2) nose/face/head wash, 
(stage 3) body grooming, (stage 4) leg licking, and (stage 5) tail/genitals 
grooming (Kalueff et al., 2007). In briefly, paw licking is that licking 
front paws with the mouth, nose/face/head wash is that front paws 
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stroke along the snout/head/behind ears, body grooming is body fur 
licking, leg licking is that licking hind paws with the mouth and tail/
genitals grooming is licking of the genital area and tail. Interestingly, in 
a complete grooming process, mice might stop grooming for a brief 
duration then continue grooming, this period is usually shorter than 6 s, 
called no grooming stage, it goes into a new bout once terminated 
duration is more than 6s. 

2.3.4. CFA-induced inflammatory pain behaviors 
Mechanical sensitivity was assessed by measuring paw withdrawal 

thresholds (PWTs) with a series of von Frey filaments using the “up- 
down” method (quantitative assessment of tactile allodynia in the mouse 
paw) (Guo et al., 2018). After habituation to individual Plexiglas com
partments for 1 h, the plantar surface of the mouse left hindpaw was 
stimulated by a series of von Frey filaments ranging from 0.07 g to 1.4 g. 
A positive response was considered a brisk withdrawal or paw flinching. 
PWTs were repeated five times in each mouse, and a 50% withdrawal 
threshold was analyzed. 

The thermonociceptive threshold was measured using an instrument 
for plantar analgesia. The mice were put in individual plastic boxes for 
30 min. The paw withdrawal latencies (PWLs) in response to a radiant 
heat source were collected. The PWLs were tested within 20 s to prevent 
tissue damage. The test was repeated 3 times with a 5-min interval in 
each mouse. 

2.4. c-Fos experiments 

The transcription factor c-Fos is widely used as a functional marker 
of activated neurons (Jaworski et al., 2018). We used c-Fos to identify 
the brain regions that were activated during grooming behavior. All 
mice used for c-Fos staining were acclimated to the holding room for at 
least 1 h before behavioral testing. And to decline the influence of 
experimental operation, we recorded and operated the experimental 
group and control group simultaneously. For Shank3B KO mice and its 
control group, after the acclimation, we immediately recorded grooming 
behavior for 30 min, and the mice were kept in their recording chamber 
until they were sacrificed 1.5 h after the grooming behavior. For the 
restraint stress-induced anxiety model, mice were first restrained for 30 
min and then recorded grooming behavior for 30 min. Similar to 
Shank3B KO mice, restraint mice were anesthetized 1.5 h later with 1% 
sodium pentobarbital and intracardially perfused with 4% para
formaldehyde in phosphate buffered saline (PBS, pH 7.4). Brains were 
post-fixed for 2 h and cryoprotected in 30% sucrose for 3 days. 50 μm 
coronal sections were obtained from a cryostat and processed for c-Fos 
immunohistochemistry. In order to explore the brain regions that acti
vated during self-grooming behavior as much as possible, we chose the 
brain slices with interval of 200 μm, and the majority of cerebral cortex, 
thalamus and amygdala were included. The slices were then washed 
with PBS for three times and incubated in a blocking solution for 2 h at 
room temperature and incubated overnight (4 ◦C) with primary anti
body rabbit anti-c-Fos (1:1500, Cell Signaling Technology), and then the 
secondary antibody donkey anti-rabbit conjugated with Alexa Fluor 488 
(1:500, Invitrogen) was used at room temperature for 4 h after washed 
with PBS. Images were obtained by microscope objective (FV3000, 
Olympus, Japan) and subsequent processing was in Imaris software 
(version 7.7, Bitplane, Switzerland) with its surface and spot motifs. 

2.5. Drugs and injection 

Diazepam (Tocris, USA) was dissolved in 0.9 % saline. The drugs 
were given intraperitoneally (i.p.) 30 min before the behavioral tests in a 
concentration of 1 mg/kg (Kalinina et al., 2016). All solutions were 
freshly prepared prior to injection and protected from light. CFA was 
purchased from Sigma (1 mg/mL Mycobacterium Tuberculosis; Sigma, 
UK). 

2.6. Statistical analysis 

All results were analyzed using SPSS (version 21.0, IBM, United 
States) and were graphed using Prism (version 6.0, GraphPad Software 
Inc., United States). The data are expressed as the means ± SEM. 
Normality (Shapiro–Wilk test) and homogeneity of variance (Levene’s 
test) were tested first for statistical analyses. Student’s t-test was used in 
EPM, OFT and grooming behavior data only when the date met both the 
normality test and the homogeneity of variance test. Datasets that did 
not meet the normality test were analyzed with a nonparametric test 
(Mann-Whitney U test). Datasets that met the normality test but not the 
homogeneity of variance test were analyzed with a separate variance 
estimation t-test. Mechanical hypersensitivity and thermal hypersensi
tivity were evaluated using Friedman’s M test. p < 0.05 was considered 
statistically significant. All statistical data are presented in the Supple
mentary Table 1. 

3. Results 

3.1. The Shank3B KO autistic mouse model (ASD model), stress model, 
and pain model induced increased anxiety but distinct self-grooming 
behaviors 

We tested anxiety-like behavior and self-grooming in Shank3B KO 
mice (Fig. 1A). The OFT results showed a decreasing percentage of time 
in the center area (t = 3.108, p < 0.05; n = 7 mice per group) and entries 
in the center area (t = 4.847, p < 0.001) in KO mice compared to wild- 
type (WT) littermates. The total distance of KO mice was also reduced (t 
= 4.876, p < 0.001) (Fig. 1B–E). The EPM showed that the percentage of 
time KO mice spent in the open arms (Z = − 2.239, p < 0.05) (Fig. 1F–G) 
and the percentage of entries in open arms (t = 6.341, p < 0.0001) 
(Supplementary Fig. 1A) were also reduced. On the contrary, entries in 
close arms (t = − 4.347, p < 0.001) (Supplementary Fig. 1B) were 
increased. These results suggested that Shank3B KO mice showed 
increased anxiety-like behavior and reduced locomotor activity. We 
analyzed the self-grooming behavior of KO mice and WT littermates. We 
found that the total grooming time of the KO mice at 30 min was 
significantly increased compared to the WT mice (t = − 3.625, p < 0.01) 
(Fig. 1H). The number of grooming were similar between these two 
groups (t = 0.792, p = 0.444) (Fig. 1I). The mean grooming duration was 
increased in the KO groups (t = − 4.154, p < 0.01) (Fig. 1J). These re
sults confirmed that Shank3B KO mice had a high level of anxiety and 
stereotyped self-grooming behavior. 

We introduced two types of mouse models with severe anxiety-like 
behavior (acute restraint stress mouse model and chronic inflamma
tory pain mouse model) to further investigate the possible relationship 
between anxiety and stereotyped self-grooming behavior. The anxiety- 
like behavior and self-grooming in the acute restraint stress mouse 
model were tested (Fig. 1K). The restraint mice showed a reduction in 
the percentage of time (t = 2.674, p < 0.05; control group n = 11 mice, 
restraint group n = 9 mice) and entries into the center area (t = 3.399, p 
< 0.01) (Fig. 1L–N) without significant changes in the total distance 
traveled in the OFT (t = 1.195, p = 0.104) (Fig. 1O). The percentage of 
time spent in the open arms of restraint mice was also reduced in the 
EPM (t = 2.144, p < 0.05) (Fig. 1P–Q), but there is no influence of 
percentage of entries in open arms (t = 1.143, p = 0.268) and entries in 
close arms (t = − 1.757, p = 0.096) (Supplementary Figs. 1C–D). The 
total grooming time (t = 6.804, p < 0.0001), number of grooming bouts 
(Z = − 2.798, p < 0.01), and mean grooming duration (Z = − 3.250, p <
0.01) were all significantly enhanced in the restraint mice (Fig. 1R–T). 
We checked the anxiety-like behavior and self-grooming in the chronic 
CFA-induced inflammatory pain model (Supplementary Fig. 1E). The 
CFA group showed significant mechanical (von Frey test) (χ2 = 21.552, 
p < 0.0001) and thermal (Hargreave’s test) hyperalgesia (χ2 = 12.600, p 
< 0.001), which continued to the 12th day compared to the control 
group (Supplementary Figs. 1F–G). We also found that the CFA 
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Fig. 1. The Shank3B KO autistic mouse model (ASD model) and stress model showed increased anxiety but distinct self-grooming behaviors. 
A, Schematic diagram of the behavioral testing protocol in the ASD model. B-E, Trajectory trials and OFT results in the ASD model. C-D, The percentage of time (Two- 
tailed unpaired separate variance estimation t-test) and entries in the center area of KO mice was reduced compared to wild-type (WT) mice (unpaired t-test, n = 7 
mice per group). E, The total distance traveled by KO mice in the OFT was also reduced. F-G, Trajectory trials and EPM results in the ASD model. G, The percentage of 
time KO mice spent in the open arms of the EPM was reduced (Mann-Whitney U test, n = 7 mice per group). H, The total grooming time of KO mice at 30 min was 
significantly increased. I, The numbers of grooming bouts were similar between these two groups. J, The mean grooming duration showed an increase in the KO 
groups (unpaired t-test, n = 7 mice per group). K, Schematic diagram of the behavioral testing protocol in the stress model. L-O, Trajectory trials and results of OFT in 
the ASD model. M-N, The percentage of time and entries in the center area of restraint mice was reduced (unpaired t-test, control group n = 11 mice, restraint group 
n = 9 mice) O, The total distance traveled by restraint mice in the OFT was not changed. P-Q, Trajectory trials and results of EPM in stress model. Q, The percentage 
of time restraint mice spent in the open arms of the EPM was reduced. R-T, The total grooming time (unpaired t-test), number of grooming bouts (Mann-Whitney U 
test), and the mean grooming duration (Mann-Whitney U test) were all significantly enhanced in restraint mice. Data are shown as the means ± SEM. *p < 0.05, **p 
< 0.01, ***p < 0.001 ****p < 0.0001. 
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treatment increased the anxiety-like behavior by decreasing the per
centage of time (t = 4.061, p < 0.01; -control group n = 8 mice, CFA 
group n = 7 mice) and entries in the center area (Z = − 2.555, p < 0.05) 
but without significant changes in the total distance traveled in the OFT 
(t = 0.793, p = 0.449) (Supplementary Figs. 1H–K). The percentage of 
time spent in the open arms of the EPM was also reduced (Z = − 1.969, p 
< 0.05) (Supplementary Fig. 1L–M), but percentage of entries in open 
arms (t = 0.538, p = 0.603) and entries in close arms (t = 0.308, p =
0.763) are similar (Supplementary Fig. 1N–O). However, the grooming 

duration of the CFA mice was not changed (t = − 1.249, p = 0.235), and 
there was only an increasing trend of mean grooming duration (t =
− 2.332, p = 0.056), but it did not reach the significant difference caused 
by the opposite changes from the number of grooming bouts (Z =
− 2.494, p < 0.05) (Supplementary Fig. 1P–R). 

Taken together, these results demonstrated that all three mouse 
models induced increased anxiety-like behavior. However, self- 
grooming presented different changes in these mouse models. Specif
ically, grooming was increased in the ASD model and the stress model, 

Fig. 2. The ASD model exhibited distinct microstructure of repetitive self-grooming phenotype compared to the stress model. 
A, In rodents, self-grooming behavior is an innate stereotyped cephalo-caudal microstructure of 5 stages. Stage 0 is no grooming. Stage 1 is paw licking. Stage 2 is face 
washing. Stage 3 is body grooming. Stage 4 is leg licking. And stage 5 is tail/genital grooming. B, KO mice spent more time in stage 2 and stage 3 grooming than WT 
mice (unpaired t-test, n = 7 mice per group). C-D, In the KO group, there were increased switches focusing on stage 1, stage 2, stage 3 and stage 4, including sequence 
order and reverse order. E, Total transitions of switch were increased in the KO group (unpaired t-test, n = 7 mice per group). F, Restraint mice spent increased time 
in stage 3, stage 4 and stage 5 grooming. G-H, The reverse order distribution of the microstructure in restraint mice was increased compared to control mice. I, The 
restraint mice exhibited higher switch frequency (Mann-Whitney U test, control group n = 11 mice, restraint group n = 9 mice). Data are shown as the means ± SEM. 
*p < 0.05, **p < 0.01, ***p < 0.001. 
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but it also showed some variance between these two models. However, 
the pain model did not induce obvious changes in stereotyped self- 
grooming. Thus, we will focus our attention more on ASD model and 
the stress model. 

3.2. The ASD model exhibited a distinct microstructure in the stereotyped 
self-grooming phenotype compared to the stress model 

We sought more detail to explain the differences in stereotyped self- 
grooming behavior between the ASD model and stress model. Self- 
grooming behavior is an innate stereotyped cephalo-caudal micro
structure in rodents that begins with paw licking and progresses to nose/ 
face/head washing, body grooming, leg licking, and finally tail/genitals 
grooming. We established the following groups for these microstruc
tures: stage 0 was no grooming; stage 1 was paw licking; stage 2 was face 
washing; stage 3 was body grooming; stage 4 was leg licking; and stage 5 
was tail/genital grooming (Fig. 2A). We first compared the micro
structure of self-grooming between Shank3B KO mice and their WT lit
termates. We found that the KO mice spent more time in stage 2 (t =
− 5.084, p < 0.001; n = 7 mice per group) and stage 3 grooming (t =
− 3.702, p < 0.01) than the WT mice (Fig. 2B). Previous studies sug
gested that anxiety-related grooming showed a chaotic pattern and 
defined the cephalo-caudal sequence (Kalueff and Tuohimaa, 2004). We 
also analyzed the switching between different stages of the 
self-grooming microstructure in WT and KO mice. A sequence switch 
was the major type of shifting in the microstructure of WT mice, such as 
a switch from stage 0 to stage 1, stage 3, stage 4, and stage 5, stage 1 to 
stage 2, stage 3. There were some relatively large reverse switches, 
including stage 1 to stage 0 and stage 5 to stage 0 (Fig. 2C). The 
increased switches in the KO group focused on stage 1, stage 2, stage 3, 
and stage 4, including sequence order and reverse order. For example, 
the switch from stage 0 to stage 2, stage 1 to stage 2, stage 2 to stage 3, 
stage 3 to stage 4, stage 2 to stage 1, stage 2 to stage 3, and stage 3 to 
stage 2 (Fig. 2D). In general, total transitions of these stages were more 
in KO group than WT group (t = − 2.494, p < 0.05) (Fig. 2E). These 
results suggested that the grooming microstructure of Shank3B KO mice 
was characterized by an increase in stages 2 and 3, and a stage 2, 
3-centered chaotic switching pattern. 

We checked the distribution and the switch pattern of the self- 
grooming microstructure in the stress model. The results showed that 
stage 3 (t = − 3.958, p < 0.01; control group n = 11 mice, restraint group 
n = 9 mice), stage 4 (Z = − 2.622, p < 0.01), and stage 5 (t = − 4.338, p 
< 0.001) were the main stages of the grooming microstructure that were 
increased in the restraint mouse model (Fig. 2F). For the switch pattern 
of the grooming microstructure, stage 3 was the core in the restraint 
mice and the control mice, with switching from other stages to stage 3, 
including sequence and reverse order, as a major pattern. However, the 
restraint mice exhibited a higher number of switches (Z = − 3.041, p <
0.01) (Fig. 2G–I). We explored the distribution and switch pattern of the 
self-grooming microstructure in the chronic CFA pain model. We found 
that the distributions of the self-grooming microstructure were similar 
between the CFA group and the control group (Supplementary Fig. 2A). 
But the switch and reverse order distribution of the microstructure in 
CFA group was higher than control group (t = − 2.227, p < 0.05) 
(Supplementary Figs. 2B–D). 

Taken together, these results indicated that the Shank3B KO autistic 
mouse model and stress model had diverse distributions and switch 
patterns in the microstructure of stereotyped self-grooming. 

3.3. Stereotyped self-grooming in the ASD model and stress model was 
reduced partially and differently when anxiety-like behaviors were relieved 
by diazepam 

We examined whether relieving anxiety-like behavior alleviated the 
increased grooming behaviors. Diazepam is a benzodiazepine that has 
an anxiolytic effect in clinical patients and anxiety mouse models 

(Choleris et al., 2001). We examined the effect of diazepam on 
anxiety-like behavior and stereotyped self-grooming in three mouse 
models. We first tested the effect of diazepam on anxiety and stereo
typed self-grooming in the ASD model (Fig. 3A). The results showed that 
diazepam treatment significantly increased the percentage of time spent 
in the center area (t = 2.568, p < 0.05; KO + S group n = 6 mice, KO + D 
group n = 9 mice) and entries into the center area (t = 2.249, p < 0.05) 
in KO mice without affecting the total distance traveled (t = 0.920, p =
0.379) (Fig. 3B–E). There was also a tendency to increase the percentage 
of time spent in the open arms in EPM after diazepam treatment (t =
2.205, p = 0.076) (Fig. 3F–G) and a significant increase of percentage of 
entries in open arms (t = − 3.277, p < 0.01) (Supplementary Fig. 3A) as 
well as a significant decrease of entries in close arms (Z = − 2.725, p <
0.01) (Supplementary Fig. 3B). This result suggested that diazepam 
relieved the anxiety-like behavior of Shank3B KO mice. We compared 
the effect of diazepam on stereotyped self-grooming in KO mice. We 
found that diazepam treatment reduced stereotyped self-grooming in KO 
mice (Fig. 3H–J). We tested the effects of diazepam on anxiety and 
self-grooming in the stress model (Fig. 3K). We found that the percent
age of time spent in the center area (t = − 2.286, p < 0.05; Restraint + S 
group n = 8 mice, Restraint + D group n = 6 mice), the number of entries 
into the center area (t = − 2.537, p < 0.05), and the total distance 
traveled by the mice (t = − 3.358, p < 0.01) treated with diazepam were 
all increased in the OFT compared to the saline group (Fig. 3L–O). The 
percentage of time in the open arms (Z = − 3.098, p < 0.01) (Fig. 3P–Q) 
and percentage of entries in open arms (t = − 7.335, p < 0.0001) 
(Supplementary Fig. 3C) of the EPM was increased in the mice treated 
with diazepam compared to the saline group. On the contrary, entries in 
close arms (t = 3.186, p < 0.01) (Supplementary Fig. 3D) were 
decreased. The restraint mice also showed reduced total grooming time 
in 30 min (Z = − 2.195, p < 0.05) (Fig. 3R), which was due to a 
decreasing number of grooming bouts (t = 2.281, p < 0.05) but not 
mean grooming duration (t = 0.073, p = 0.943) (Fig. 3S-T). We also 
explored the effect of diazepam in the CFA pain model, although chronic 
pain did not increase grooming behavior (Supplementary Fig. 3E). The 
results demonstrated that diazepam treatment increased the percentage 
of time spent in the center area (t = − 2.202, p < 0.05) but not the 
number of entries into the center area (t = − 1.279, p = 0.222) or the 
total distance traveled compared with saline-injected CFA mice (t =
− 0.112, p = 0.913) (Supplementary Figs. 3F–H). The percentage of time 
spent (t = − 2.327, p < 0.05) (Supplementary Figs. 3G–H) and per
centage of entries in open arms (t = − 1.279, p = 0.222) (Supplementary 
Fig. 3J) were also increased after diazepam treatment in the EPM. But 
entries in close arms (t = − 0.112, p = 0.913) (Supplementary Fig. 3L) 
were not changed. Diazepam treatment did not change any indicators of 
self-grooming behaviors in CFA mice compared with saline injection in 
CFA mice (Supplementary Fig. 3M–O). Diazepam treatment showed a 
similar anxiolytic effect between the ASD model and stress model, which 
indicates that stereotyped self-grooming in KO mice was partially due to 
increased anxiety-like behavior. However, the distinct outcomes in these 
three anxiety-related mouse models suggested that the underlying pa
thology of stereotyped self-grooming was primarily contributed to other 
factors. 

3.4. Diazepam showed diverse effects on the microstructure of stereotyped 
self-grooming in the ASD model and stress model 

Diazepam reduced stereotyped self-grooming duration. Therefore, 
we wondered whether diazepam treatment would affect the distribution 
and switch pattern of self-grooming microstructure in the three anxiety- 
related mouse models. We found that diazepam treatment only reduced 
stage 0 (t = 4.221, p < 0.01; KO + S group n = 6 mice, KO + D group n =
9 mice), but not the other stages, of self-grooming microstructure in 
Shank3B KO mice (Fig. 4A). In the KO treated with saline group, stage 0, 
stage 1 and stage 3 were the major centers of the switching pattern of the 
self-grooming microstructure. The switching pattern included sequence 
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Fig. 3. Repetitive self-grooming in the ASD model and stress model was partially and differently reduced when anxiety-like behaviors were relieved by diazepam. 
A, Schematic diagram of the behavioral testing protocol of diazepam treatment in Shank3B KO mice. B-E, Trajectory trials and OFT results in Shank3B KO mice after 
diazepam treatment. B-D, Diazepam treatment significantly increased the percentage of time spent in the center area and entries into the center area in KO mice 
(unpaired t-test, KO + S group n = 6 mice, KO + D group n = 9 mice). E, Diazepam treatment did not increase the total distance traveled by KO mice in the OFT 
(unpaired t-test). F-G, Trajectory trials and results of EPM in Shank3B KO mice after diazepam treatment G. There was a tendency to increase the percentage of time 
spent in the open arms in EPM after diazepam treatment (unpaired t-test). H-J, Total grooming time (unpaired t-test), number of grooming bouts (unpaired t-test), 
and the mean grooming duration were all significantly reduced after diazepam treatment (Mann-Whitney U test). K, Schematic diagram of the behavior test protocol 
of diazepam treatment in the restraint stress-induced anxiety model. L-O, Trajectory trials and OFT results in restraint mice after diazepam treatment. M-N, Diazepam 
treatment significantly increased the percentage of time spent in the center area and entries into the center area in restraint mice (unpaired t-test, Restraint + S group 
n = 8 mice, Restraint + D group n = 6 mice). O, Diazepam treatment increased the total distance traveled by restraint mice in the OFT (Two-tailed unpaired separate 
variance estimation t-test). P-Q, Trajectory trials and results of OFT in restraint mice after diazepam treatment. Q, Time percentage spent in the open arms was 
increased in EPM after diazepam treatment (Mann-Whitney U test). R-T, Total grooming time (Mann-Whitney U test) and number of grooming bouts (unpaired t-test) 
were significantly reduced after diazepam treatment, but the mean grooming duration (unpaired t-test) was not altered. Abbreviation: S=Saline, D = Diazepam. Data 
are shown as the means ± SEM. *p < 0.05, **p < 0.01. 

H. Liu et al.                                                                                                                                                                                                                                      



Neurobiology of Stress 15 (2021) 100417

8

and reverse order from other stages to these three stages. However, 
Stage 1, stage 2, and stage 3 were the center of switching in the 
microstructure (Fig. 4B–C) in the KO mice treated with diazepam, the 
switching frequency was reduced (t = 3.740, p < 0.01) (Fig. 4D). In the 
acute restraint stress mouse model, diazepam treatment reduced stage 2 
(t = 2.214, p < 0.05; Restraint + S group n = 8 mice, Restraint + D group 
n = 6 mice) and stage 3 (Z = − 2.324, p < 0.05) of the self-grooming 
microstructure compared to saline injection (Fig. 4E). Stage 3 
remained the core in the restraint mice treated with diazepam and sa
line. Stage 1 also showed some strong switching in both groups 
(Fig. 4F–G) and the total transitions of switch were reduced in restraint 
mice treated with diazepam (t = 2.247, p < 0.05) (Fig. 4H). The dis
tributions of the self-grooming microstructure in the CFA pain model 
were similar between the CFA mice treated with diazepam and saline 
(Supplementary Figs. 2E–H; CFA + S group n = 6 mice, CFA + D group n 
= 5 mice). Taken together, these results indicated that diazepam treat
ment did not correct the microstructure of the self-grooming in Shank3B 
KO mice but partially corrected it in the restraint stress-induced anxiety 
model. 

3.5. The ASD model and stress model shared some commonly activated 
brain regions but exhibited a few differentiated areas during stereotyped 
self-grooming behavior 

We wondered whether different brain regions dominated repetitive 
grooming behavior in the ASD model and stress model. To answer this 
question, we used the c-Fos strategy to explore the functional neural 
circuits underlying repetitive grooming behavior (Fig. 5A, C). The 
orbitofrontal cortex (OFC) is involved in grooming behavior (Burguiere 
et al., 2013). Therefore, we first explored whether OFC subregions, 
including the MO (medial orbital cortex), VO (ventral orbital cortex), 
and LO (lateral orbital cortex), were involved in this process. Consistent 
with previous research (Burguiere et al., 2013; Chen et al., 2021), we 
found that c-Fos in the OFC was increased in both models, and the 
change in the subregions was similar, except there was only an 
increasing tendency in the MO in the stress model (ASD, MO: t =
− 4.550, p < 0.01; VO: t = − 5.113, p < 0.01; LO: t = − 4.974, p < 0.01; 
Restraint, MO: t = − 2.373, p = 0.059; VO: t = − 2.525, p < 0.05; LO: t =
− 3.289, p < 0.01) (Fig. 5B, D). Increasing pieces of evidence demon
strated that the prefrontal cortex (PFC) and basolateral amygdala (BLA) 
participated in anxiety (Hare and Duman, 2020). We discovered that the 

Fig. 4. Diazepam produced diverse effects on the microstructure of repetitive self-grooming in the ASD model and stress model. 
A, Diazepam treatment did not change the self-grooming microstructure and only reduced stage 0 (unpaired t-test, KO + S group n = 6 mice, KO + D group n = 9 
mice). B-D, The switching frequency was reduced in the KO mice treated with diazepam (unpaired t-test). E, Diazepam treatment reduced the stage 2 and stage 3 of 
the self-grooming microstructure in restraint mice compared to saline injection (unpaired t-test, Restraint + S group n = 8 mice, Restraint + D group n = 6 mice). 
F–H, The switching frequency was reduced in restraint mice treated with diazepam (unpaired t-test). Data are shown as the means ± SEM. *p < 0.05, **p < 0.01. 
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Fig. 5. The ASD model and stress model shared some commonly activated brain regions but also exhibited a few differentiated areas during repetitive self-grooming behavior. 
A-B, We used the c-Fos strategy to explore the functional anatomical mapping of neuronal circuits underlying grooming behavior. c-Fos was increased in the prefrontal cortex (PFC) (Mann-Whitney U test) and orbitofrontal 
cortex (OFC), including the medial orbital cortex (MO) (unpaired t-test), ventral orbital cortex (VO) (unpaired t-test), lateral orbital cortex (LO) (unpaired t-test), basolateral amygdala (BLA) (unpaired t-test), and thalamic 
nucleus (PV) (Two-tailed unpaired separate variance estimation t-test), but not in the thalamic nucleus central (CL) (Mann-Whitney U test) or medial thalamic nucleus (CM) (Mann-Whitney U test) in Shank3B KO autistic 
mice (n represents slices from 4 mice per group). C-D, c-Fos was increased in the PFC, VO (unpaired t-test), LO (Two-tailed unpaired separate variance estimation t-test), and BLA but not in the MO (Two-tailed unpaired 
separate variance estimation t-test), PV, CL, and CM (unpaired t-test) in the stress-induced anxiety model (n represents slices from 3 mice per group). Data are shown as the means ± SEM. *p < 0.05, **p < 0.01. 
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PFC and BLA had increased expression of c-Fos (ASD, PFC: Z = − 2.605, 
p < 0.01; BLA: t = − 2.616, p < 0.05; Restraint, PFC: t = − 2.678, p <
0.05; BLA: t = − 3.052, p < 0.05). However, the paraventricular 
thalamic nucleus (PV) was activated in the Shank3B KO ASD model but 
not in the stress model (ASD, PV: t = − 2.491, p < 0.05; Restraint, PV: t 
= − 0.266, p = 0.795). Other regions, such as the centrolateral thalamic 
nucleus central (CL) and medial thalamic nucleus (CM), had a similar 
tendency of increased c-Fos in both models (ASD, CL: Z = − 1.597, p =
0.110; CM: Z = − 1.733, p = 0.083; Restraint, CL: t = − 1.942, p = 0.081; 
CM: Z = − 1.660, p = 0.097) (Fig. 5B, D). Grooming behavior involves a 
series of movements that need adjustment by perception, and we found 
that the motor cortex (M2) and the somatosensory cortex (S1) were 
activated in these two models. The anterior cingulate cortex (ACC) was 
also activated in these two models (ASD, ACC: Z = − 2.722, p < 0.01; 
M2: t = − 4.380, p < 0.01; S1Tr: Z = − 1.922, p = 0.055; S1BF: t =
− 4.253, p < 0.01; Restraint, ACC: Z = − 2.562, p < 0.05; M2: t =
− 4.415, p < 0.01; S1Tr: Z = − 2.478, p < 0.05; S1BF: Z = − 2.478, p <
0.05) (Supplementary Fig. 4). 

Together, there were wide commonly activated brain regions in the 
Shank3B KO ASD model and stress model, but certain differentiated 
areas were also activated. For example, the PFC, BLA, M2, S1, and ACC 
were activated, but the CM and CL were not activated in either model. 
The PV and MO were only activated in the Shank3B KO ASD model but 
not in the stress model. 

4. Discussion 

Self-grooming is an innate behavioral repertoire for rodent hygiene 
and care for the body surface (Spruijt et al., 1992) and is an important 
endophenotype for assessing treatment effects and exploring the neural 
mechanisms in various psychiatric disorders (Burket et al., 2021; Pinhal 
et al., 2018; Reis-Silva et al., 2019). As an autistic model, the Shank3B 
KO mouse exhibits robust self-grooming, which is considered a repeti
tive stereotyped behavior (Peca et al., 2011). However, self-grooming is 
also sensitive to alterations in the environment and stress, which sug
gests that anxiety increases self-grooming (Dunn et al., 1987; Kalueff 
and Tuohimaa, 2005). Some pieces of evidence have shown that high 
anxiety is accompanied by more stereotyped behavior in ASD patients 
and animal models (Baribeau et al., 2020; Peca et al., 2011; Rodgers 
et al., 2012; Wang et al., 2017a). Our present study verified that the 
Shank3B KO autistic mouse model (ASD model), acute restraint stress 
model (stress model), and CFA-induced chronic inflammatory pain 
model (pain model) all induced increased anxiety. However, the 
self-grooming behaviors were different between these three models. The 
ASD model and stress model showed increased self-grooming, but the 
pain model did not alter this behavior. And even the Shank3B KO ASD 
model and stress model also showed some differences in the 
self-grooming parameters. The increased total grooming duration of 
Shank3B KO mice was primarily due to an increase in the mean 
grooming duration, but the increase in the restraint stress-induced 
anxiety model was due to the sum of the number of grooming bouts 
and mean grooming duration. This difference suggests that the corre
lation between anxiety and stereotyped behavior may rely on multiple 
factors, such as the environment and genetics. For example, the acute 
restraint paradigm produces obvious stress and apparent fur moistening. 
The latter condition is also an important environmental factor that 
causes increased self-grooming (van Erp et al., 1994). The excessive 
self-grooming of Shank3B KO mice may be primarily caused by genetic 
deficits. 

Self-grooming is a cephalo-caudal progression and consists of several 
stages, or grooming microstructure (Kalueff et al., 2016). Compared 
with the general parameters of self-grooming, such as total grooming 
time and grooming bouts, the grooming microstructure analysis may 
provide distinct information for understanding stereotyped behavior 
and related anxiety (Kalueff et al., 2007; Kalueff and Tuohimaa, 2004). 
Although we found both the ASD model and stress model showed 

increased total grooming time, there was a great difference in the 
grooming microstructure of the ASD model and the stress model 
compared to their control mice. We found that the grooming time of 
Shank3B KO mice primarily existed in stage 2 and stage 3, and the re
straint stress-induced anxiety model primarily existed in stage 3, stage 4, 
and stage 5. The grooming transitions of the three models all exhibited 
distinct patterns. However, we did not find a significant difference in all 
stages or the stage transitions of self-grooming between the pain model 
and control mice, although the pain model showed increased 
anxiety-like behavior. It suggested that the microstructure stages and 
their transitions of stereotyped self-grooming may be dependent on not 
only the stress but also other disease conditions (Kalueff and Tuohimaa, 
2004; Pires et al., 2013). Our speculation was further supported by the 
finding that diazepam treatment partially rescued the grooming mi
crostructures of the stress model but not the ASD model. Our recent 
work found that excitation of the ACC relieved anxiety-like behavior but 
not self-grooming behavior in Shank3B KO mice (Guo et al., 2019). 
Taken together, our present work demonstrated that Shank3B gene 
mutations may cause two separate but interrelated, neural circuit defi
cits for modulating anxiety and repetitive stereotyped behaviors. 

The benzodiazepine drug diazepam has a good anxiolytic effect 
through enhancing GABAergic tone in clinical and basic research (Fraga 
et al., 2018; Gao et al., 2018). Previous research reported that a single 
dose of diazepam effectively reduced the level of anxiety in mice (Ara
gao et al., 2006). And several drugs increasing GABAergic tone was 
found to decrease the grooming frequency of the rats in the OFT (Barros 
et al., 1994). Since the GABAergic system is a key modulator of stress 
and anxiety-related behaviors in rodents (Kalueff and Nutt, 1996), 
diazepam may suppress self-grooming through the anxiolytic mecha
nism. Our present work found that diazepam effectively reduced 
anxiety-like behaviors in all three models. Notably, the administration 
of diazepam simultaneously reduced the total grooming duration of the 
Shank3B KO mice and the stress model, which indicated that anxiety and 
stereotyped self-grooming correlated with each other in these two 
models. However, there were some detailed differences between these 
two models, especially the grooming microstructure. The number of 
grooming bouts and mean grooming duration of Shank3B KO mice were 
reduced, but only the number of grooming bouts was reduced in the 
stress model. This result further supported distinct mechanisms of 
increased self-grooming behavior between these two models. 
Self-grooming reflects complex values for understanding the work pro
cess of the brain, at least including the hierarchical motor control and 
emotion state. As an autistic model, the Shank3B KO mouse exhibits 
robust self-grooming, which is considered a repetitive stereotyped 
behavior (Peca et al., 2011). Our previous work found the striatum, a 
brain region involved in motor sequencing, contributed to the repetitive 
self-grooming in this mouse model (Wang et al., 2017b). However, 
self-grooming is also sensitive to alterations in the environment and 
stress, which suggests that emotion may affect self-grooming (Dunn 
et al., 1987; Kalueff and Tuohimaa, 2005). Thus, we further used the 
c-Fos strategy to compare the brain regions that governed grooming 
behavior in the two models, we found that most of the brain regions 
activated by the two models overlapped. The activated brain regions 
were related to anxiety, such as the ACC, PFC, and BLA (Guo et al., 2018, 
2019; Hare and Duman, 2020), and perception and movement, such as 
S1 and M2. However, there were some differences between the two 
models. For example, the PV and MO were activated in Shank3B KO 
mice but not the stress model mice. These differences may be produced 
by distinct pathogenesis (stress and Shank3B mutation) triggering 
various circuit changes related to self-grooming behavior or other un
related behaviors. 

Our present work still has some limitations. Firstly, the self-grooming 
behavior was recorded from a side-view camera which may miss some 
information when the mouse turns its back on the camera in our ex
periments. It still is a problem even we record the self-grooming from the 
top of the chamber. And our analysis of self-grooming still relies on 
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manual analysis. One resolution in the future is to use a 3D animal 
motion-capture system and machine learning analysis framework to 
explore this type of spontaneous behavior (Huang et al., 2021), which 
can provide more intact information for understanding self-grooming 
and anxiety (Liu et al., 2021). It also can save the experimenter a lot 
of time and energy. Secondly, when we used the c-Fos strategy to map 
the activation brain regions related to the self-grooming in the ASDs 
models and the stress models, we cannot fully exclude the possibility 
that the difference of activation between these two models was caused 
by other behavior unrelated to the self-grooming. For example, mice 
might spend lots of time in exploring environment, which intertwine 
with grooming activity, making the results unintelligible. 
Behavior-related neuronal activities recording with the genetically 
encoded calcium indicator in the specific brain regions may provide 
more detailed information for revealing the precise relationship be
tween self-grooming and anxiety in the future. 

In summary, our results demonstrate that the Shank3B KO ASD 
model, the stress model, and the pain model all showed increased anx
iety. However, the ASD model and stress model, but not the pain model, 
produced obvious stereotyped self-grooming. The grooming micro
structure of the three models exhibited distinct patterns. The anxiolytic 
medicine diazepam reduced the total grooming time, but not the 
grooming microstructure, in the ASD model. Our findings demonstrated 
that stereotyped self-grooming and anxiety displayed entangled in
teractions in distinct disease models, self-grooming can be caused by 
anxiety but there were far more factors such as gene mutant, which may 
help elucidate the neural mechanism and develop potential treatments 
for stereotyped behaviors and anxiety. 
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