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BRIk R T UK (R 4 B B 16k 2 4% Shank3 B[]
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(V A RUTRHAE 585, dbat 100875; 2 E B BR T b, THR 714099)

WE B S EKE )T 1 Shank3 JER R (Shank3™) 5 SIAPVHUIE S 2 FEAS  (autism spectrum disorder, ASD)
KBRS, SEF40 A A W AR RIS ol T s K BRAIMAEREA T AL . T3k AR B PRI 78 s e 25 51 Kz 3 1 T
KES WEFEX R (WCHL) . Shank3™™#40 (KCA) . BpAieikel (WSHL). Shank3 k4l (KS4l), #2151, KS4
WS 1T 8 il ikim shifehs, 5 I/, B0 5 40 min/RIE . BiFkis s TR 24 hit i b 2f e, ds. AR
FRSCHS | HERICES . FLISCES . AT AN 12 WS T, 38 i A G R B AR SOIR AR DX AR, e st Y
WUEAM G T 1 R 8E 3 (LC3) A Rttt AmkdE ki m (p62) A RBAKT, i 70 & A M Ak =L
(quantitative real-time polymerase chain reaction, qPCR) FI5#EENil% (Western blot) il SURARLI LU B 41 Ak 8 25
2AEAEHIE A 1 (Beclinl) . LC3, p62, HEEMICEMATS (Atgs) . AWM 16FEH 1 (Atgl6L) . WHHAMEEH 1
(LAMP1) HIEMEMImMRNAREE, R SWCHME, KCHRMARMBKE (P<0.05) KAfE (P<0.01) WEHN,
PRPRAHEE WA (P<0.01), FLIRERRIREL (P<0.05) M —FLIRHERRE (P<0.01) WEHIN, 8FAliFKiaslE, Ik
FRCAKR, KSAKRARIRN I, SEBRECE S — LI R KB D EREAL. Ah, 5 WCHLH L, KCARBREURIRX
WA K AL, [RIET Atgs (P<0.05). Atgl6L (P<0.01). p62 (P<0.01) Y[ M mRNA #ik B3 T, LC3IY
LC3IHAE T (P<0.01), Beclinl & 2% FF (P<0.01), LAMPI (9% 15 & mRNA ik BT (P<0.01). 8 Hik
BEE, T KCAKR, KSHKMEAES. AtgloL. p62 A )% & mRNA ik B % N, LC3I/LC3I 3 T
(P<0.05), Beclinl &% FF# (P<0.01), LAMPIAYZE Bk mRNA KA E BTt (P<0.05). Z5iE 8 FAR Ik mT LA
PE SOIRR AN [ VL2 A Shank3™ K BRZIMAT N

KR UK, ICGAES R EEAT, KR, A0 AN, SCRIR

FESES  Q95-336, R742.8+9 DOI: 10.16476/j.pibb.2024.0319 CSTR: 32369.14.pibb.20240319
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Y Z R VI e &R, ASD & Hip 2z — 1,
X 7N B WA S L TN Arg7 R SRR S, /N B
FLASDREAT A 7. ASD i . M S ASD 3
YA R BRSS9 ASD Bl AR A Y K ik v
WA A I T 50 1 WA R Ak K B [
U, A WEAK T 58 0] R T B0 ASD B 7 N
z—

B3 T HUE—F A 30 ASD Tl F B, 1%
Bzakar e Horp, ki shA G T R AR
) 22 oI E RS s Bl e N, ARk ASD
SRREAT M B A, [REE S T R T
Wk — B ki, HErXFizsh+m
ASD P AERCR I ENLEI MR I . B35 | g
ZIRFEEYIR R, Enl Ll i B T 5
B W KT Bl i DR AS T AR A
WE AR AR HR 2232 BT 15 ASD AT LE DL A B A7 A 5T
PR A 5 i 2t PR35 8 JRl iUk iz 3l T Tkt Shank3 &
R (Shank3™) KERSORIR X ER [ BgEKF- 157
Wi, A i B2 o)+ Tk 3 ASD REAT Ry (v e A B
B HE SRR

1 #M#ERFZE

1.1 B &EERSA
SZES TP 8 H S Shank3 3L 11~21 E-4h g

Adaptation Training

2min 10 min 15 min 25 min 30 min

40 min Marble burying test

TR SR A REE SPF K R s e FR, WFRiR
FERESIN (224£2) °C, JRBEHN 50%+10%, BHREZE
B 12 h, RUESHIAT DL A iR OK RIS
3. LAMP1 (ab278043) HiiAIE T Abcam A F],
LC3 (PM036Y) . p62 (PM045Y) . Atg5 (PM050Y) .
Atgl6L (PM040Y) . Beclinl (PDO17Y) HiiAklly &
F MBL 72t #® , p-actin  (GB12001) W & F
Servicebio 2y ) o i 13 Fk PR Y S 2 8 Bl W S e A 2
(KO: 514 TTGTGCACTGCCTATGTTGACC-
ACT, T 5|4 TAGGCGAGAGAAGATGGTGT-
GATTTCC, 688 bp; W: I ii#5|4% CTGTTGGC-
TGAGCCTGGCATAGAG, Tiif51% CTGTTGGC-
TGAGCCTGGCATAGAG, 559 bp) . AR ¥ 5[4 &l
Y IR Ns BTG A sh o3 4 4. BEA X
M4 (WCHL) . Shank3™™ (KCH4) . Aok 4l
(WSH) . Shank3 ik (KSZH), #4115 H,
1.2 BHAHFER

TELN LS FEMT, XFKS FI WS 2047 A 8 &
PEvkis s T, TS dJE, HARTHEE W
Bl 1o AFFERT R Tz 3l 37 58 0 2 T 51
U == A RIS 2 T IO RS, R ATEE
(R Ik IE B T A 48 s
1.3 1TAZER

7 A2 R ) e HEAE UK A8 3 T 1 24 hIF
f, LKL,

Ending

Hole board test

| | | | | | | |
Postnatal day PND8—9—10 PND13—14—15 PND16—26 PND27—60 PND61 PND62  PNDG63
| | |
5 min 20 min

Self-grooming test

Fig. 1 Swimming exercise intervention program

1.3.1  HAMHEYE (self-grooming test)
SEER A E AR H AR B IR AR IR (K
40 cm, 834 cm, 524 em) . CKESCE K BUE T4
WHHESD, A HLLAMELIC SR 20 min, ARSI
T HR BROE shAT o, A IRREAT M NS
. KREIMSEREARRIE & . FHEDER . /5 TN
PR 1 e SRR A BT R ST R AL
1.3.2 HIERSZES (marble burying test)

S O T OR B SR B (1K 48.5 em,

T35 cm, 1520 cm) . BRI FRHORIAE R NI T 2
4.5 cm, RFREHRE 15RO ME (HRE
15 mm) DL 3xSHEFEERECE ' fEREPIRES T
PR EUAZETT 30 min Mk, A58 5E )5, id 5%
MR Y R ER A (>50% KILABEHZ M BHE 350
AR .
1.3.3  fLiSCE

K LA SE B R R Tl . g oA AR
JEFEF (K66 cm, F556cm, H47 cm), F6 T
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R FE4DNERE N3 em. W1 em BEERKEFL,
[53 -FLL B 25 T RE 14 5 25 4301 8 14 em R 17 emo MAJFE
TR YA 12 emo B R BUR A B R AT
5 minid VBB SRR IE NS0, R R ERN %S
BARODHA, ABFER10min " KM H IR
ZEL LI R 1A B AR IRE . TE SRR BRLEL &R
PR B FLIA B BRI AT FLIR 9 S 8
1.4 B RFFARRE

SIITESE AT AR 12 hitt T B . KR
AR, ST A TR, WSk
UK, 43 B R BRI BUM SOIRAA, — 534 A\ EP
EETWAMRAE, B HE T-80°CrkF & H
—HRTHA B E W . BT s L A2t s
RSP B 2 A i, I A 2 EE
SEBAERRSERE (LR s Al e R ) AR
(FEHHHE S ty202304002) .
1.5 EHHEER

W B2 G 2L, 7E 1% BIARER = T4
P AR S [ 2 h R A . B {3 PBS UG
3K, 5 min/IR . B E RE S L SURK A [R] e
FE) S EEES W IR, 5 H 100% PR ERARF 3 YK,
15 min/ik o P B B S TR R AL . R
s W H A ST Y e, B LR
70 mm, HI 150 B J5 B4R 45 o B T 2%
BEFR AR AN £ B bl e g ta S b B, s
fEH HT7700 38 59 M+ RIS BE A TSR
1.6 RERLLEE

W IR ik AT Y P BB, R P TR VA VR I
K, i OTC s 7 vk s . I H vk )
RO R, VIR IR 6 um, B TR b
FHZE A A 2N R S B o 18 0.4% Trtion i75
S 15 min, PBS#E3 K. N 5% BSA #E1 7354,
1 ho KrET AR, FEZHSY Il B e —3t
(LC31:500; p621:500), MAREN. iR
A 1 hJ5 T4°CUKFA . WH, HPBS M3,
SRIA, T2t — ¥ (Alexa 488, GB25301,
1:300; Alexa 594, GB28303, 1:300) RS,
BEOCERE, FIEME 1 he )5, 5 PBS ik 3
W HeJa i &4 DAPLE BRIt fT L e
THIC R F .
1.7 SEENEE

BUR RECIRIR A LU 1, FIHI BCA
HEA TR T R I i A At o RIS L R

Jn A SDS-PAGE i Hi Uk J5 %% % PVDF i |-, H
5% NG W 2 IR BT 1 h, Bl S KOOI A BT,
4eCiFF R . H, I TBST W3 UG, A
HRP Fric /£ 40 % 1gG (E030120, Earthox, 1 :
5000) FFEIRFEE 1 h, i TBST Y3 X,
A2 &, WGy, A Image J AT
G307 -
1.8 ¢qPCR

BUR BRBCIRIR 2L, fi A RNA $2 U0 & 42
HUmRNA, 0 RNA BS54l B, ff 5
R & AKH cDNA, #2218 SYBR Green 5 & 156 1
P T A O i R G WL Y (quantitative
real-time polymerase chain reaction, qPCR) J% )i ,
(LC3B: I i 51 ¥ TCCGAGAAGACCTTCAAA-
CAGC, T {i# 5] ¥ AAGAAGGCTTGGTTAGCA-
TTGAG; p62: [ii#5% GGTGTCTGTGAGAGG-
ACGAGGAG, Tii#5]¥ TCTGGTGATGGAGCC-
TCTTACTGG; Beclinl: {i#51% AGGAGTTGC-
CGTTGTACTGTTCT, T #5149 GTGTCTTCAAT-
CTTGCCTTTCTCC; LAMPI1: #5514 CGTTC-
AGCACCTCCAACTATTC, F 754 CACTCTT-
CCACAGACCCAAACC; B-actin: FiiF5]% CCC-
ATCTATGAGGGTTACGC, T if 5| ¥ TTTAATG-
TCACGCACGATTTC; Atgl6L: Fii#51% CAGG-
CGTTCGAGGAGATCATT, F % 5] # ACTATC-
ATTCCACGCACCATCA; Atg5: Fii#514% TGTG-
CTTCGAGATGTGTGGTT, T 5|4 GTCAAAT-
AGCTGACTCTTGGCAA) . i i 51} % 5 PCR Y
HEATI, SEEHCEUE, SR AAC A XS & &1 7 =X
FIR, DL B-actinfE NS HATIRLALRE
1.9 FitHE

fdi FH SPSS 26.0 2 GraphPad Prism 9.3 # {4 #47
BARGEH I S AT R . Bra i 5E 45 R LE YA
I FRERR (meantSD) SKFE/, FTA %4 LL P<
0.05 FRRERAGI¥E XL,

2 & R

21 ERFEBETFELER

Shank3 F& PR & 5% K FLi# 23 CRISPR-Cas9 $ A
5% Shank3 11~21 547 g 24 1, il i FUR2 DNA
P2 B GE B A R R, 688 bp M I 4l A T
(KO), 559 bp MEFAAY (W), MIEBIMFTERNIA
+ (H) (K2).
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Marker KO H H H H KO H W

688 bp
559 bp

Fig. 2 Genotyping results
K: Shank3 knockout; H: heterozygote; W: wild type.

2.2 BHEAEIKEMRShank3™ K RLMITH FHIE I e B AARRE M A B SL, INEE R I A A 2%
AWM B FESCE . HERSCES . FLIFSCES  VEE L AR E (K 3a) R, KC4IR
YR BRZIMAT M AT RS, VRS vkiE shxt B A i shad # v 64T B AR B ] R T
Shank3" K ASDFAT M ECEAEH WC4 (P<0.01), KSZKERMAMMEZ i
AT SR 2 M R RIS T R ) BT KCA (P<0.05). AMFEREST (El3b)
AP AREAT NS R TR VR WoR, KCHKRAMBRENEZ T WCA KR
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Fig. 3 Results of repetitive stereotyped behaviors of rats in each group
(a) Self-grooming time; (b) number of self-grooming sessions; (¢) number of beads embedded; (d) number of hole explorations; (e) number of single

hole explorations. n=12, *P<0.05, **P<0.01.



2025; 52 (3

BIIE, % REKETSOREAEME B R E FShank 32 BRI K R ZIMITA " 755+

(P<0.05), 5KCZML, KSR A REEL
FEAK, AR EA BENG I FE L (P>0.05,
& 3b),

PRS2 56 AT LIRS I ASD A B B R 1l K
HEZINAT R, REWA RAERNEL, ER
IR AEER R, TR S R T S [
LRI , o 2 R A S B T s A
A 2T R o BERAT R SR AE R (B 3c)
N KCARRAMSRE R D Em T WCH (P<
0.01) 5 JiFvkiz sh T Fi e KS 41Kk B0 3 Bk K it 45
KCH B & NI (P<0.05), JfH'5 WCHM AT
ERENSIEES (P>0.05),

FUI S5 AT A3 2 05X 5 sh 4 5t F LT A g
15 R B L S AE 2 8] PO R ZIAA TR o JE X [
— B ZRIRLT R, S BB Y S 2T
R ZARAE P 450 (K13d) W, KCZLKRE

H H &SRS T RS R B R & m T WCH (P
<0.05), 8JHiFKZEh TG, KSAHKBRAIHEKT
FREAL T, HEERABRA R ENRITEE L (P>
0.05) o Fifi J5 i 5% 43 M7 45 41 K BROG B — LT #R3K 1%
R E. 258 (K 3e) K, KCH KX FR—
A LR I E R RELAT R, B T WCH
(P<0.01), FELFKCH, KSYLEEEM TX—17
FEG (P<0.01).
2.3 BHEEHEKOR D Shank3™ K R SUK G X B Mk
=

HUBE T PTORER 310 4 21 K SRBCIRR IX 3l B w4
(Kl4ahBamiskmmns). 5WCHIHHL, KC4ny
A REARRCE B EM 2 (P<0.01), 8JEliFikiEsT
T, KSR/ A WEARERAH LT KC 4 298>
(P<0.05) (El4b).

Number of autophagosomes
S

WwC WS

KC KS

Fig.4 Number of autophagosomes in each group of rats
(a) Ultrastrcture of autophagosome in each group by TEM. (b) Statistical analysis of the number of autophagosomes in each group. The black arrow

points to autophagosomes. n=6, *P<0.05, **P<0.01.
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24 BHMEKMEShank3 KB BEHEXZEEH
RERIE

RPEDCET R R (K5, 6): KCZH KR
PRAK XA LC3 (P<0.01), p62 (P<0.05) FHHM
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Fig. 5 Expression of LC3 protein in the striatal brain region of rats in each group detected by immunofluoresence

(a) Fluorescence display map; (b) relative average fluorescence density (n=3). **P<0.01.

Western blot Z5 S g 7x, 5 WCZHAH L, KC4
K RECIRIA Y Beclinl (P<0.01) . Atg5 (P<0.05) .
Atgl6L (P<0.01). p62 & 1 (P<0.01) FKik %
(K 7o, ¢, d, ), KSHKRRAMILTFKCH K
fl Beclinl (P<0.01) . Atg5 (P<0.01) . Atgl6L

(P<0.01)., p627EH (P<0.01) FEWE T (K
7b, ¢, d, ), H WS4 KRAMELT WCH KR
Beclinl %35 B Z 1 (P<0.01, K 7b). ML T
WC ZH KB, KC2H KB LC3I/LC3I el ik i 3
#TF (P<0.01, K 7e). KSHI KM LCII/LC3I I
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Fig. 6 Expression of p62 protein in the striatal brain region of rats in each group detected by immunofluoresence

(a) Fluorescence display map; (b) relative average fluorescence density (n=3). *P<0.05.

{EARHE T KC 4 F ik B FFEAL (P<0.05, &l 7e) .
AN, WS 4H K BLLC3I/LC3I HefE (P<0.05) X
p62 M (P<0.01) HHETWCHRET &, KC4
KB GUR& LAMPL 85 1 35 B 2% 8T WC 4
(P<0.01, KBl 7g), S KCHKBEAMIL, KS4H K
LAMPI £ 1 ##7+ (P<0.05).
25 ZWITAHEEEBHEXEATUZEXREY]
Person A AT 45 R o, RE A REE T A
K, HEETRERE, PR —FLIREE R RS SCRAR G
X LC3I/LC3I Fl p62 £ [ 321K Z [B) A7 I 2 1Y) TEAH

KKFZR (K8, XEMKRERMZRIT HekES A
WA G AR Z M AR TE B VIR &R
2.6 B HAiiEiK M E K R Shank3™ B 18 < mRNA
HRERIE

qPCRZ5 R /R, KC 4l Beclinl i) mRNA X T
WC 4, {H%%H K Beclinl i) mRNA 7K F 22 [a] T
BEEZES (P>0.05, E9a), KC4lKRICKMAE
AtgS. Atgl6L ., LC3B J p62 ) mRNA /K- i 2 5
FwCd (P<0.01, K9, c, d, e). KSZ AL
T KC %4, Atg5 (P<0.01) . Atgl6L (P<0.01) .
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Fig. 7 Expression of autophagy—-related proteins in rats of each group
(a) Western blot; (b) Beclin; (c) AtgS; (d) Atg16L; (e) LC3I/LC3L () p62; (g) LAMPL. n=6, *P<0.05, **P<0.01.
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Fig. 8 The correlation analysis of stereotypic behavior with LC3II/LC3I and p62 protein
(a) LC31I/I and self-grooming time, (b) LC31I/I and marbles buried, (c) LC31I/I and single hole exploration, (d) p62 and self-grooming time, (e) p62
and marbles buried, (f) p62 and single hole exploration. *P<0.05, **P<0.01.

LC3B (P<0.05), p62 (P<0.05) HmRNAK¥&  9f), LT KCA, KSZ Lampl ) mRNA /KF- i
HREAL (B9, ¢, d, e)o KCHKRRIURMAE  FHRFA (P<0.01, E),
LampI ] mRNAJK-F- 5 Z(L T WC A (P<0.01, [
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Fig. 9 Autophagy-related mRNA expression in rats of each group
(a) Beclinl; (b) Atg5; (c) Atgl6L; (d) Le3B; (e) p62; (f) Lampl. n=3, *P<0.05, **P<0.01.
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Early Swimming Alleviates Stereotypic Behavior in Shank3 Knockout Rats by
Regulating Striatal Cell Autophagy”

XUE Ya-Qi", LIU Niu'?, WANG Shi-Jiao", BA Yi", ZHEN Zhi-Ping""
(VCollege of P.E and Sports, Beijing Normal University, Beijing 100875, China;
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Abstract Objective To explore the mechanism of exercise intervention in improving autism-like behaviors in Shank3 gene
knockout (Shank3™") induced autism spectrum disorder (ASD) rat models from an autophagy perspective through 8-week swimming

intervention. Methods Based on genotype identification and exercise intervention, rats were divided into four groups (n=15): wild-
type control group (WC), Shank3™ control group (KC), wild-type swimming group (WS), and Shank3™~ swimming group (KS). KS
and WS groups underwent 8 weeks of swimming exercise, 5 d/week, gradually increasing to and maintaining 40 min/session.
Behavioral experiments, including self-grooming test, marble burying test, and hole-board test, were conducted 24 h after the final
swimming intervention. Tissue sampling was performed 12 h after behavioral testing. Transmission electron microscopy was used to
observe autophagosome numbers in the striatum region. Immunofluorescence staining was employed to observe the expression levels
of microtubule-associated protein 1 light chain 3 (LC3) and selective autophagy adaptor protein (p62). Quantitative real-time

polymerase chain reaction (QPCR) and Western blot were used to detect protein and mRNA expression of Beclinl, LC3, p62,
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autophagy-related protein 5 (Atg5), autophagy-related 16-like protein 1 (Atgl6L), and lysosome-associated membrane protein 1
(LAMP1) in striatal. Results Compared with the WC group, rats in the KC group exhibited significantly higher self-grooming
frequency and duration (P<0.05), increased marble burying behavior (P<0.01), and elevated frequencies in both hole-board
exploration and single-hole exploration (P<0.05). Following 8 weeks of swimming intervention, the KS group demonstrated
significantly reduced self-grooming duration, marble burying behavior, and single-hole exploration frequency compared to the KC
group. Furthermore, compared to the WC group, the KC group displayed abundant autophagosomes in the striatum region, along
with significantly elevated protein and mRNA expression levels of Atg5, Atgl6L, p62, and LC3II/LC3I ratio (P<0.05), increased
Beclinl protein levels (P<0.05), and markedly decreased LAMP1 protein and mRNA expression levels (P<0.05). Following the 8-
week swimming intervention, the KS group exhibited significantly reduced protein and mRNA expression levels of Atg5, Atgl6L,
p62, and LC3II/LC3I ratio (P<0.05), decreased Beclinl protein levels (P<0.05), and significantly elevated LAMP1 protein and
mRNA expression levels (P<0.05) compared to the KC group. Conclusion Early 8-week swimming can alleviate stereotyped

behaviors in Shank3™" rats by regulating striatal cell autophagy.
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