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Abstract
Introduction: SHANK3 is an important excitatory postsynaptic scaffold protein, and 
its mutations lead to genetic cause of neurodevelopmental diseases including autism 
spectrum disorders (ASD), Philan McDermid syndrome (PMS), and intellectual dis-
ability (ID). Early prevention and treatment are important for Shank3 gene mutation 
disease. Swimming has been proven to have a positive effect on neurodegenerative 
diseases.
Methods: Shank3 gene exon 11– 21 knockout rats were intervened by a 40 min/day, 
5 day/week for 8- week protocol. After the intervention, the rats were tested to be-
havioral measures such as learning and memory, and the volume and H- spectrum of 
the brain were measured using MRI; hippocampal dendritic spines were measured 
using Golgi staining and laser confocal.
Results: The results showed that Shank3- deficient rats had significant deficits in social 
memory, object recognition, and water maze learning decreased hippocampal volume 
and number of neurons, and lower levels of related scaffold proteins and receptor 
proteins were found in Shank3- deficient rats.
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1  |  INTRODUC TION

Autism spectrum disorder (ASD) is a neurodevelopmental disorder 
that affects one in 44 children in the United States.1 Individuals di-
agnosed with ASD show impairment in social interaction and com-
munication and restrictive, repetitive behaviors from an early age.2 
In the last two decades, the etiology of ASD has been shown to be 
extremely complex, involving both genetic and epigenetic variations 
and environmental influences.3,4 These risk factors may lead to ab-
normal development of synapses or brain circuits.5 Recent genetic 
screening results have shown that, in addition to being involved 
in PMS, Shank3 mutations are also associated with nonsyndromic 
ASD.6,7 Nowadays, drug therapy is used to target common comor-
bidity behaviors such as anxiety, hyperactivity, and impulsivity in au-
tistic individuals.8– 10 However, we are still facing greater challenge in 
effective treatment on the core autistic behaviors, including social– 
communicational difficulties and repetitive/restricted interests.

SHANK3 is a member of the SHANK1- 3 protein family and it 
interacts with many postsynaptic density (PSD) proteins.11 Positive 
and negative NMDAR modulators have been shown to alleviate ASD 
symptoms in patients and normalize ASD- like phenotypes in ani-
mal models.12 Shank3 is a recognized autism risk gene, and detailed 
mechanismic research provides insight into its role in drosophila, 
mice, rats, monkeys, and other species.2,13– 17 Compared with mice, 
the rat model has species- specific advantages and is a more typical 
pharmacological model with a wider behavioral paradigm, able to 
perform more complex social tests and voice ultrasonic tests and 
exhibiting a more established brain region division. Thus, the con-
struction of a autism rat model with a large fragment deletion of 
Shank3 may provide further information about the pathogenesis of 
ASD and allow for the exploration of the mechanisms of various be-
havioral and motor characteristics.

Early life experience may change the brain network and affect 
adolescents' emotions and cognition.18 Similarly, for brain diseases, 
early diagnosis and intervention can also produce a better prog-
nosis.19,20 In recent years, researchers have reached a consensus 
that early detection and intervention can optimize the prognosis 
of children with ASD.21– 23 Swimming can improve cognitive and 
mental health.24,25 Research shows that water sports are effec-
tive in improving ASD children's behavior, emotions, and social and 
motor skills.26– 28 After long- term regular swimming exercise, ASD 
patients' water sports skills and spontaneous social interaction be-
havior increased significantly,29 their water safety skills were dra-
matically improved,30 and their frequency of stereotyped behavior 

was apparently reduced.31 Therefore, the effect of early swimming 
should be given more attention.

2  |  METHODS AND MATERIAL S

2.1  |  Experimental animals and grouping

All the rat models used in this experiment were male Shank3 
knockout homozygous rats constructed in cooperation with the 
Neuroscience Research Institute, Peking University. SD rats were 
used to perform exon knockout of segments 11– 21 at the embryonic 
stage using CRISPR/Cas9 Technology. Altered behaviors and im-
paired synaptic function were observed in the novel rat model with 
complete Shank3 deletion.13

Genotypes were determined by PCR of rat tail DNA using 
the primers F1 (CTGTTGGCTGAGCCTGGCATAGAG) and R1 
(GCTGGAAAGAAACAACGAGAGCCAG) for the WT allele (559 base 
pairs) and the primers F2 (TTGTGCACTGCCTATGTTGACCACT) and 
R2 (TAGGCGAGAGAAGATGGTGTGATTTCC) for the mutant allele 
(688 base pairs) (Figure S1A).

For analysis of SHANK3 protein expression, Western blots 
were performed. The results showed that no SHANK3 isoform was 
absent in the hippocampal brain region of Shank3 knockout rats 
(Figure S1B).

Forty- four Shank3 knockout homozygous and littermate wild- 
type rats were divided into four groups: wild- type control group 
(WC, n = 9), wild- type swimming (WS, n = 11), Shank3 control group 
(KC, n = 10), and Shank3 swimming group (KS, n = 14). All animals 
were housed with free access to a standard laboratory diet and 
water with a 12- h light– dark cycle under standard conditions (indoor 
temperature 22 ± 1°C, humidity 65%– 70%). This study was carried 
out following the USA National Institutes of Health Guide for the 
Care and Use of Laboratory Animals. The protocol was approved by 
the Peking University Animal Care and Use Committee (ethics ap-
proval ID, LA2015204).

2.2  |  Swimming exercise protocol

When the pups reached 8 days of age, early swimming training was 
performed for 8 weeks with pups of the KS and WS groups. The age 
of 8 days corresponds to 1 year for young children.32 In this study, 
a well- established early swimming protocol for 8- day- old SD rats 

Conclusion: It is suggested that early swimming exercise has a positive effect on 
Shank3 gene- deficient rats, which provides a new therapeutic strategy for the pre-
vention and recovery of neurodevelopmental disorders.
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was used.33 The young rats underwent adaptive self- training for the 
first 2 weeks, which was gradually increased to 40 min/session from 
2 min/session five times a week. Beginning at Week 3, the young 
rats underwent swimming training of 5 cycles/week, 40 min/session, 
and self- weighted until 8 weeks. The training period was performed 
on Monday to Friday afternoons, and they were rested on week-
ends. The detailed protocol was:

8 days old, swimming for 2 min, water temperature of 32°C, 
water level was the height of the legs.
9 days old, swimming for 5 min, the water level was the height 
of the stomach.
10 days old, swimming for 10 min., the water level was the height 
of the neck.
2 days old, rest.
13– 17 days old, swimming at 15, 20, 25, 30, and 40 min daily with 
a normal swimming water level.
20– 36 days old, swimming for 40 min daily, swimming for 5 days, 
and resting for 2 days.
36– 64 days old, swimming for 40 min daily. Sixty- four days old 
was the end day of the 8- week intervention.

2.3  |  Behavior tests

2.3.1  |  Three- chamber test

Experimental setup: A 40 × 34 × 24 cm Plexiglas box was di-
vided into three chambers, A, B, and C, and the corridor size was 
10 cm × 10 cm × 15 cm. Chambers A and B were located at both ends 
of the box, chamber C was in the middle, and the activity of the rats 
in the three chambers was automatically monitored by a computer. 
During the acclimation phase, the tested rats were allowed to ex-
plore the entire apparatus freely for 5 min. During phase 1, the social 
preference test phase, the tested rats were removed from the three 
chambers. Model rat A (sex-  and age- matched wild- type model rat) 
was placed in a metal cage in the A side box, and this was social 
stimulus 1 (Model A); an empty metal cage was placed in the B side 
box as a nonsocial stimulus (empty). Subsequently, the test rats were 
placed in the middle box and allowed to explore freely for 10 min. 
During phase 2, Model rat A was still placed ipsilateral to stage 1, 
model rat B was placed on the empty cage side of stage 1 (Model B), 
and the experimental rat was placed in the middle zone and recorded 
for 10 min. The floor plate and standing plate were wiped clean using 
75% alcohol after the end of each stage. Statistics were performed 
by 2 fellow students blinded to the genotype, timed back- to- back 
double- blind, and averaged for the calculation.

2.3.2  |  Morris water maze test

One day before the experiment, the rats were pretested for familiar-
ity with the water, and each rat swam freely in the pool for 2 min. 

In the experiments, the rats were trained eight times per day using 
stainless steel cylindrical buckets (150 cm diameter, 50 cm height) 
for 5 days. One of the 4 quadrants was selected as an entry point 
each time. The rat was gently placed into the water, and the time 
from entering the water to climbing onto the platform was recorded 
(escape latency). Spatial search experiments explored the ability of 
the rats to accurately recall the spatial location of the original plat-
form. On Day 6 of the experiment, the platform was removed, and 
the rats were gently placed at an arbitrary entry point in the water. 
The spatial search time of the rats was 90 s, and the time the rats 
spent in the target quadrant (the original platform quadrant) and the 
other quadrants for 90 s was calculated. If the rat could not find the 
platform within 90 s, the rat was placed on the platform and allowed 
to stay there for 30 s.

2.3.3  |  Novel object recognition test

Learning and memory were assessed by a new object recognition 
test, which was lit up in dark red, with some modifications, as in pre-
vious studies.34 During the acclimation phase, the rat was placed into 
the test box (60 × 60 cm) for 10 min. During the study phase, 2 identi-
cal objects were placed in the test box, and the rats were placed into 
the test box and allowed to explore for 20 min. During the learning 
phase, which required the placement of 2 identical objects in the 
test box, the rats were placed in the test box and allowed to freely 
explore for 20 min. One hour after the learning phase, one of the 2 
identical objects in the test box was replaced with another object 
that was similar in volume, shape, and color (the novel object). The 
test rat was again placed into the test box, allowed to explore freely 
for 10 min, and videotaped. After each stage of the experiment, the 
test box and objects were wiped with 75% alcohol to eliminate the 
interference of residual odor in subsequent experiments. Statistics 
of the sniffing time of the tested rats toward both objects in the test 
phase were defined as the sniffing behavior when the rat's nose tip 
was facing toward the object and when the distance from the ob-
ject was within 2 cm. Statistics were performed by 2 fellow students 
blinded to the genotype, timed back- to- back double- blind, and aver-
aged for calculation.

2.4  |  MRI acquisition and analysis

Rats were anesthetized with isoflurane anesthesia before MRI 
scanning, and the vital signs of the rats were monitored. The se-
quence and parameters of MRI scanning with 7.0 Bruker were 
as follows. VBM set parameters, repetition time tr: 11400 MS, 
echo time TE: 48 ms, Rare factor: 8, NEX (number of average): 
6, layer thickness: 0.35 mm, layer intercept: 0, layer number: 80, 
FOV: 35 × 35 mm, matrix: 256 × 256. DIT setting parameters: TR: 
10,000 ms, TE: 30.40 ms, segment: 4, diffusion gradient dura-
tion: 4 ms, diffusion gradient separation: 15 ms, number of dif-
fusion director: 30, number of B0 (A0) images: 5, B value per 
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director: 1000 s/mm2, layer thickness: 0.7 mm, layer intercept: 0, 
layer number: 40, FOV: 35 × 35 mm, matrix: 128 × 128. H proton 
spectroscopy parameters, location: hippocampal CA1 brain area, 
slice 36– 41 in VBM, volume: up and down 1.5 mm, left and right 
2.5 mm, front and back 2 mm, tr: 2500 ms, Te: 20 ms, Na (repeat 
times): 512 times.

The preprocessing of the MRI data included five steps: time 
correction, motion correction, origin correction, space standard-
ization, and smoothing. The VBM structure data were processed 
by spm8 software. First, all T2 images were extracted by the PCNN 
toolkit, and the brain tissue mask file was generated. The SPM 
image calculator was used to modify the extracted brain mask to 
obtain a better brain template. After smoothing, SPM was used 
for statistics to extract the voxel information. We used Xjview for 
visual analysis.

2.5  |  Golgi staining

According to the manufacturer's instructions, 9- week- old rats 
were subjected to Golgi's method with a Hito Gaz Christopher Cox 
Optimization Kit (HTKNS1125, HITOBIOTEC). In short, the brain 
was removed at room temperature in darkness and transferred 
to an immersion solution mixture containing solutions 1 and 2 of 
equal volume for 2 weeks. The brain was soaked at room tempera-
ture for 12– 24 h in more than 5 volumes of solution, and then, the 
soaking solution was changed and it was stored for 14 days under 
the same conditions. After 14 days, the tissue became yellow– 
brown and was carefully moved to solution 3 (at least 5 times 
its volume). The tissue was stored in the dark at 4°C for 24– 72 h, 
placed in a fresh volume of solution 3, and then stored in the dark 
at 4°C for 12 h.

Finally, sections with a thickness of 150 μm were cut at −19°C 
and then dried. The slides were stained with solutions 4 and 5. 
Finally, the stained sections were imaged using electron microscopy 
and laser scanning confocal microscopy (TCS- SP8 STED 3X, Leica) 
with reflected light imaging; format: 512 × 512, ZOOM factor 0.75, 
large map Z set to 2, small map Z set to 0.3.

2.6  |  Analysis of morphological 
indices of the neurons

Electron microscopy was used to analyze the neuronal morpho-
logical indices. Three rats were selected from each group, and the 
clearest brain slice of the hippocampal CA1 region was selected 
for observation. Two neuronal dendrites were photographed under 
a 10× eyepiece (electron microscope) for each brain slice, and the 
neuronal complexity was analyzed using Sholl analysis. Dendritic 
spine density was analyzed using laser confocal microscopy by pho-
tographing 2 dendritic branches for each CA1 neuron under a 40× 
eyepiece. Neurons were subjected to Sholl analysis using ImageJ 
software, and individual dendritic spine densities were analyzed.

2.7  |  Statistics

SPSS 20.0 (SPSS Inc.) software was used for statistical analysis of 
all data. The results were expressed as mean ± SD. The results were 
plotted by GraphPad Prism 8 (GraphPad Software Inc.) software. 
The Shapiro– Wilk normality test was used to determine whether 
the data conformed to a normal distribution. For the comparisons, 
parametric tests including t- tests and one- way analysis of variance 
(ANOVA) were used if the data were normally distributed (distribu-
tion tested by the Shapiro– Wilk normality test), and nonparamet-
ric approaches, including the Wilcoxon test and Kruskal– Wallis 
test, were used for data with a nonnormal distribution. For all data, 
the results were expressed as the mean ± standard error of the 
mean (SEM), and p < 0.05 (two- tailed) was considered statistically 
significant.

3  |  RESULTS

3.1  |  Swimming exercise rescues the social 
preference behavior, learning, and memory abilities of 
Shank 3 KO rats

3.1.1  |  Social preference and social memory

As shown in Figure 1A– C, compared with WC rats, KC rats in the 
first stage of social interaction spent a shorter time in the Model rat 
cage (Model A: KC, 85.14 ± 8.09 s, WC, 175.89 ± 75.50 s; Empty: KC, 
29.52 ± 2.95 s, WC, 45.22 ± 7.30 s). In the second stage, the KC group 
could not distinguish the new Model B from the old Model A and 
showed a social memory deficit (KC: Model A, 63.24 ± 6.32 s; Model 
B, 38.09 ± 8.01 s). There was no significant difference between KS 
rats and KC rats in the second stage after swimming in the early 
8 weeks (p > 0.05).

3.1.2  |  Spatial learning memory

We used the number of target crossings and the latencyto tar-
get in morris water maze test to analyze the learning and memory 
ability. The results showed that the latency to find the platform 
in KC group was longer compared with that in the WC group (KC: 
12.02 ± 0.73 s; WC: 6.72 ± 1.26 s, p < 0.0001), and the number of 
crossings the platform decreased significantly (KC: 5.00 ± 0.82; 
WC: 9.56 ± 1.18, p < 0.0001). Compared with KC, the latency to tar-
get was significantly shorter in KS (p < 0.0001), and the number of 
crossings the platform was significantly increased (KS: 8.43 ± 0.71, 
p < 0.001). Compared with WC, the latency to the target time of WS 
was also significantly reduced (WS: 3.47 ± 0.94, p < 0.05), and the 
number of times crossing the platform was not significantly differ-
ent (WS: 9.36 ± 0.69, p > 0.05). These results indicate that swimming 
can change the learning and memory ability of KS rats, as shown in 
Figure 1D– F.
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3.1.3  |  New object memory

New object recognition is often used to evaluate the learning 
and memory ability of rodents. The results showed that both the 
WC and WS groups could identify new and old objects. However, 
KC rats could not distinguish between new and old objects (KC: 
Novel, 18.49 ± 1.30 s; Familiar, 16.80 ± 1.58 s, p > 0.05). In swim-
ming intervention group, the rats could recognize the new and 
old objects (Novel, 31.00 ± 1.56 s; Familiar, 8.6 ± 0.44 s, p < 0.05). 
Eight weeks of swimming changed the object recognition and 
memory ability of Shank3 gene knockout rats, as shown in 
Figure 1G.

3.2  |  Swimming exercise altered the 
morphology and structure of Brain of Shank 3 KO rats

3.2.1  |  The volume of the hippocampus

All T2- weighted rats were pretreated and segmented according to 
the sigma template to complete the pretreatment process. According 
to the analysis of VBM in small animals, four clusters were found 
after p < 0.01 and FDR correction. Among them, 1192 voxels of VBM 
were found in the larger cluster, with coordinates of 37.5, −50.6, and 
−18.15 and a peak intensity of 24.1492. The nuclei involved are the 
hippocampus, basal ganglia, and other nuclei. The cluster difference 

F I G U R E  1   (Continued)
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F I G U R E  1  Swimming exercise rescues the learning and memory abilities of Shank 3 KO rats. (A) Influence of 8 weeks of swimming on the 
social behavior of different groups. Track of social memory in different groups of rats induced by early swimming. (B) The first- stage social 
ability results of the three- chamber test. (C) The second- stage social memory results of the three- chamber test. (WC, n = 9; WS, n = 11; 
KC, n = 10; KS, n = 14. Data are presented as the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001). (D) Influence of 8 weeks of swimming on 
learning and memory of different groups in the water maze. Track chart of the influence of early swimming on water maze learning and 
the memory of rats in different groups. (E) The number of times that rats have passed through the area where the platform was previously 
located. (F) The number of times that the rats have passed through the area where the platform was previously located. (G) Influence of 
8 weeks of swimming on new and different object recognition in different groups. Data are expressed as the mean ± SEM, $p < 0.05 KC vs. 
WC, $$p < 0.01 KC vs. WC, *p < 0.05 KC vs. KS, #p < 0.05 WS vs. WC.
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test results and the comparison results of the cluster differences are 
shown in Tables 1 and 2.

3.2.2  |  Lip and (Glu/Gln) in the Hippocampus by 
1H- MRS

In this study, the hippocampi of different groups of rats were 
scanned by 1H- MRS, and nine metabolites were included by LC 
spectrum analysis. The relative concentration of each metabolite 
was calculated by the ratio with Cr. The concentration at each time 
point is shown in Figure 2A,B.

Compared with the WC group, the ratio of (Glu/Gln)/Cr and 
NAA in the KC group decreased significantly (p < 0.001; p < 0.05). 
Compared with the KC group, the ratio of (Glu/Gln)/Cr and Ins/Cr 
increased in KS group (Figure 2C1– 7).

3.3  |  Swimming exercise made hippocampal 
dendritic branching of neurons more complex in 
Shank3 KO rats

3.3.1  |  The complexity of dendritic branching in the 
hippocampus

We used electron microscopy to observe the complexity of the den-
dritic branching in the hippocampus. Under the 10× eyepiece, the 
morphology of neurons in the CA1 area of the hippocampus in dif-
ferent groups was observed.

As shown in Figure 2D– G, Figure S1C,D the results of Sholl 
analysis showed that the number of branches in KC was signifi-
cantly lower than that in WC, and the total branch length decreased 

significantly. The number of hippocampal dendritic branches was 
significantly lower in the 120– 300 μm segment from the cytosol in 
the KC group than in the WC group (p < 0.001), and the KS group was 
significantly higher than the KC group in the 120– 240 μm segment 
(p < 0.05); the WS group showed a significant increase in the 90– 
150 μm segment compared with the WC group (p < 0.05).

In terms of hippocampal dendritic branch numbers and total 
dendrite length, the KC group had the shortest total hippocampal 
dendritic branch length, which was significantly lower than that of 
the WC group (p < 0.0001). In the KS group, although there was 
some improvement, there was no significant difference compared 
with the KC group, but the difference was reduced compared with 
KC vs. WC, KS vs. WC.

3.3.2  |  Density of dendritic spines in the 
hippocampus

The dendritic spines of the branches of pyramidal neurons in the 
hippocampal CA1 region were observed under a laser confocal mi-
croscope, and the density of dendritic spines in KCs was significantly 
lower than that in WCs (p < 0.0001). The density of dendritic spines 
in the KS was significantly higher than that in the KC (p < 0.001), and 
the WS was not significantly different, as shown in Figure 2H,I.

4  |  DISCUSSION

Song et al.13 proved that Shank3 knockdown rats (36– 42 days old) 
had impaired social memory (three- chamber test) and impaired 
learning and memory (novel object recognition test). Similarly, we 
demonstrated that 64- day Shank3 knockout rats exhibited hip-
pocampal learning and memory behavior impairment. Then, we 
performed more extensive behavioral tests of learning memory. We 
found that the Shank3 knockout rats had significant deficits in social 
memory, spatial memory, and object recognition. These behavioral 
deficits improved after 8 weeks of the swimming intervention. To 
explain the possible mechanisms by which the swimming interven-
tion improved learning and memory abilities, we examined the mor-
phological structure and proteomics of the hippocampus. The MRI 
and Golgi staining results indicated that swimming might improve 
learning memory behavioral performance in rats by modulating the 
morphological structure of the hippocampus.

In addition to abnormal social and stereotyped behaviors, early 
motor delay, abnormal gait, and difficulty in gross and fine motor 
coordination, posture control and imitation are significant neurolog-
ical comorbidities in the ASD population.35– 37 The quality difference 
during early exercise behavior may be one of the signs of ASD.38,39 
In this study, exons 11– 21 of the Shank3 gene were knocked out, 
and the behavior was observed. In particular, learning and memory 
disorders were manifested in all of the tests: the three- chamber test, 
water maze of spatial learning and memory, and the novel object 
recognition test.40

TA B L E  1  Cluster difference test results

Lump name Voxels

Entorhinal_cotex 634

Cornu_ammonis_1_R 161

Amygdalopiriform_cotex 106

Cornu_ammonis_3_R 99

Subiculum_R 95

Basal_forbrain_region_R 84

Dentate_gyrus_R 10

Lateral_entorhinal_cotex_external_part_R 3

Total 1192

TA B L E  2  Comparison results of cluster differences

Group Voxels p

KS vs. KC 15 <0.01

KS vs. WC 956 <0.01

WS vs. WC 25 <0.01

KC vs. WC Inf
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There have been many reports proving that swimming can im-
prove learning and memory. Our results also found that compare 
with wild- type rats, the rats underwent 8 weeks of swimming (WS 
vs. WC) had less latency to target time (Figure 2F), increased Ins/
CR, Tau/CR and reduced Lac/CR,LIP/CR in nuclear magnetic H spec-
troscopy experiments (Figure 2C1,7), increased distance from soma 
in neuron Sholl analysis (Figure 2E). These results show that swim-
ming exercise can improve learning and memory, hippocampal neu-
ral development, and plasticity in normal rats. These results are also 
similar to the results of many studies. Alomari et al.41 reported that 
swimming and autonomous running wheel exercise could improve 
the spatial learning and memory of rats, which may be related to 

the effect of BDNF on brain plasticity. Wang et al.42 showed that 
8 weeks of swimming could improve their ability to recognize new 
and exotic objects and locate them in a water maze through changes 
in neural plasticity induced by neuronal calcium sensors and calmod-
ulin. Gorantla et al.43 also showed that swimming could change the 
learning and memory deficits of epileptic mice.43

However, there are no previous studies on swimming in Shank3- 
deficient rats. In this study, we found significant improvements in 
social memory, spatial memory, and object recognition in Shank3 
knockout rats after an 8- week early swimming intervention, and 
also, our results found that early swimming did not alter social mem-
ory in Shank3 KO rats, and although swimming greatly altered the 

F I G U R E  2  Swimming exercise altered the morphology and structure of Shank 3 KO rats. (A) 1H spectrum standard curve. (B) 1H spectrum 
hippocampal compression position schematic. (C) 1H- Pop comparison of the different groups. (D) Electron microscopic observation of 
neurons in the different groups (100×, standard = 100 μm). The number of secondary branches of hippocampal pyramidal neurons in each 
group. (E) Average dendrite length. (F) Total branch length. (G) The number of intersections from the cell body. Data are expressed as the 
mean ± SEM (n = 3 per group, each rat had 8 neurons) $p < 0.05 KC vs. WC, $$p < 0.01 KC vs. WC, *p < 0.05 KC vs. KS, #p < 0.05 WS vs. 
WC. (H) Comparison of the density of dendritic spines in the hippocampus of rats in each group (400×, 10 μm). Representative images of 
dendritic spines in the hippocampal CA1 neurons. (I) Density of the dendritic spines in the secondary branches of the pyramidal neurons in 
the hippocampal CA1 region of the rats in each group. Data are expressed as the mean ± SEM (n = 3 per group, there were 8 dendritic spines 
in each group). $p < 0.05 KC vs. WC, *p < 0.05 KC vs. KS.
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structure and morphology of the hippocampus, the brain region that 
may dominate social memory was not the hippocampus. The liter-
ature reports that social interaction in autism is regulated by mul-
tiple brain regions, and abnormalities in cortical, and striatal brain 
regions,44 and the literature reports that social interaction in autism 
is regulated by multiple brain regions, and abnormalities in cortical, 
and striatal brain regions.45

Some studies have shown that an increase in TBV and abnor-
mal white matter is common phenomena in MRI imaging of ASD 
patients, but there are also changes in the cerebellum, hippocam-
pus, striatum, and thalamus.46 Changes in the hippocampal vol-
ume in an ASD mouse model are common, and most studies have 
proven that the hippocampal volume decreases.47 In this study, 
the Shank3 11– 22 region was knocked out, and no significant 

F I G U R E  2   (Continued)

F I G U R E  2   (Continued)
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volume change was found in the hippocampus. Early swimming 
intervention increased the volume of the hippocampal gray matter 
in Shank3 knockout rats. However, there was no significant dif-
ference in the FA and ADC values of the hippocampus in white 
matter DTI. Jacini et al.48 showed that the density of gray mat-
ter in judo athletes was significantly higher than that in healthy 
adults, which reflected the changes in brain plasticity caused by 
exercise. Cahill et al.49 conducted 4 weeks of independent run-
ning wheel training on healthy adult mice. MRI tests showed that 
many brain structures changed, including the hippocampus, ce-
rebral cortex, cerebellum, and other brain areas, and the volume 
of the hippocampus increased significantly. Using voxel- based 
MRI, Biedermann et al.50 showed that the volume of the hippo-
campus in exercised mice increased significantly. The volume of 
gray matter in the hippocampus in the CA1- 3 region of mice was 
significantly increased by the use of a self- running wheel, and the 
volume of the angular gyrus was increased as shown by VBM anal-
ysis.51 Running increased and improved the birth of new neurons, 
the density of dendritic spines, synaptic plasticity, neurotrophin 
level, and the spatial memory function of mice.52 Many animal 
studies have also used histomorphological techniques to examine 
the micro- level changes of the brain structure related to move-
ment and have report an increase in the motor cortex thickness of 
rats, an increase in the motor cortex neuron number and the cer-
ebellar capillary density in rats, and the relationship between hip-
pocampal cell proliferation and neurogenesis in mice.53– 56 These 
results are consistent with the effect of early swimming interven-
tion on hippocampal formation. However, there was no previous 
evidence that early swimming can improve Shank3 knockout rats. 
Therefore, the mechanism by which swimming exercise increases 
the volume of hippocampal gray matter in Shank3 knockout rats 
needs further study.

The involvement of AMPAR, NMDAR, and mGluR is required 
for the delivery of glutamate (Glu) excitatory signals, and multiple 
studies have confirmed that the Shank3 gene can affect these 3 
classes of receptors and hence the transmission of neural signal-
ing.57 They are considered potential therapeutic targets for ASD 
diseases.58 Some studies have pointed out that Glu and Gln in chil-
dren with ASD can be used as biomarkers for an early diagnosis. 
The serum level of Glu in young people with ASD is significantly 
higher than that in the adult control group.59,60 Fatemi et al.61 
demonstrated that in the brains of ASD patients, the levels of GAD 
65 kDa and GAD 67 kDa proteins (both involved in the conversion 
of Glu to GABA) decreased, resulting in increased Glu levels in 
the brain. Glutathione increases in hippocampal CA3 neurons of 
Shank3 knockout mice during early development.62 The MRS re-
sults showed that Shank3 gene knockout reduced Glu/Gln in the 
hippocampus of rats, which was consistent with some previous 
studies, but they did not show differences in other metabolites. 
This may be related to the specific knockout fragment in this study, 
which needs further study. MRS measurement after yoga training 
for 12 weeks showed that the concentration of GABA in the hip-
pocampus increased, which may be related to the lower anxiety 

induced by yoga.63 Maddock et al.64 showed that after extreme 
exercise, 1H- MRS in the brain showed an increase in lactate sig-
naling. This study also showed that early swimming can increase 
Glu/Gln, decrease Lip, and increase Ins in KO rats. The significant 
changes in the gray matter volume and metabolites indicate that 
the hippocampus is the core brain area affected by early swim-
ming intervention. Shank3 gene knockout rats were subjected to 
early swimming intervention, and the structural plasticity of the 
hippocampus can be further explored by cell tissue technology.

Many studies have shown that morphological changes in den-
dritic spines are related to the pathogenesis of ASD.65 During the 
process of synaptic plasticity, the size and shape of dendritic spines 
will change. This process constantly reshapes the brain circuits in 
response to external stimuli and induces the formation of learning 
and memory.66 At present, a variety of animal models with gene 
defects have been constructed. Dendritic spine deletion has been 
found in several ASD animal models, such as TSC1 mutant mice,67 
UBE3A mutant mice,68 MeCP2 knockout mice,69 cntnap2 knock-
out mice,70 and VPA- exposed rats and mice.71,72 In ASD patients, 
Shank3 gene defects have been observed. It encodes a synaptic 
scaffold protein involved in the induction and maintenance of den-
dritic spines and it regulates the shape and density of dendritic 
spines.73,74 In addition, previous studies have shown that exercise 
intervention can change synaptic plasticity by increasing dendritic 
spines. Exercise regulates dendritic spine plasticity by activating 
BDNF-  and IGF- mediated intracellular signaling pathways, includ-
ing protein kinases (MAPK/ERK and CAM- k) and endothelial nitric 
oxide synthase (eNOS).75 Exercise may regulate the morphology 
and number of dendritic spines by changing the postsynaptic re-
ceptor proteins and the cellular molecular mechanisms. Shank3 
gene knockout rats have a decreased density of dendritic spines. 
Therefore, the process of increasing dendritic spines during early 
swimming may be caused by changes in postsynaptic receptor 
proteins and cellular molecular mechanisms, but the mechanism 
needs to be explored further.

In conclusion, this study demonstrated that 8 weeks of swim-
ming is effective in improving the behavioral phenotype related to 
autism comorbidity and promotes the growth of neurons and the 
expression of related proteins in Shank3- deficient rats. This confirms 
the potential of swimming for the treatment of autism and other 
neurodevelopmental disorders and provides positive evidence for 
clinical practice. It is worth noting that further experimental veri-
fication may be needed to understand the specific mechanism by 
which swimming improves autism.
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