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Overexpression of Slc1a2 regulates Glu/GABA balance, inhibits ferroptosis and improves cognitive
dysfunction in sleep-deprived mice
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Abstract Objective To explore the effect and mechanism of Slela2 overexpression on cognitive dysfunction in sleep-deprived mice.
Methods A total of 130 mice were divided into five groups:normal sleep (NS),NS+ov-Slc1a2,sleep deprivation (SD),SD+ov-NC,
and SD+ov-Slc1a2,with 26 mice in each group. The SD mice model was established using an automatic system based on a rotating rod
and overexpress Slc1a2 adenovirus was injected into the prefrontal cortex (PFC). Immunofluorescence and Western blotting were used to
detect the expression of Slela2 in the mouse PFC. Electrophysiological tests were used to evaluate non-rapid eye movement (NREM) sleep

time, rapid eye movement (REM) sleep time, and wakefulness time in mice. Real-time quantitative PCR was used to detect the expression
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of glutamate (Glu) and gamma-aminobutyric acid (GABA) metabolic enzymes in the mouse PFC. Whole-cell patch-clamp recording was
used to detect the frequency and amplitude of miniature excitatory postsynaptic currents (mEPSC) in mouse PFC. Immunofluorescence was
used to detect the proportion of GABA-positive cells in the mouse PFC. The C11-BODIPY fluorescent probe was used to detect lipid reac-
tive oxygen species (ROS) levels in mouse PFC. Commercial kits were used to detect Fe™ and malondialdehyde (MDA ) levels in the mouse
PFC. Cognitive function in mice was evaluated using the open field,, novel object recognition,and Y-maze tests. Results Compared with
the NS group,the NREM sleep time, REM sleep time, central area stay time,recognition index, and novel wall selection index increased
significantly, while wakefulness time decreased significantly in the NS+ov-Slela2 group (all P < 0.05). The percentage of Slela2*GFAP*
cells, expression of Slela2 protein,expression of Glul,Slc6al ,and Abat mRNA , frequency and amplitude of mEPSC, and proportion of
GABA-positive cells in the PFC increased significantly , whereas lipid ROS, Fe®,and MDA levels decreased significantly (all P < 0.05).
Compared with the NS group,the NREM sleep time, REM sleep time, central area stay time, recognition index, and novel wall selection
index of the SD group and the SD+ov-NC group were significantly decreased ,whereas wakefulness time was significantly increased (all P <
0.05). The percentage of Sle1a2*GFAP” cells, expression of Slela2 protein, expression of Glul,Slc6al ,and Abat mRNA , frequency and
amplitude of mEPSC , and proportion of GABA-positive cells in the mouse PFC decreased significantly, whereas lipid ROS, Fe™,and MDA
levels increased significantly (all P < 0.05). Compared with the SD and SD+ov-NC groups ,the NREM sleep time, REM sleep time, central
area stay time, recognition index,and novel wall selection index of the SD+ov-Slcla2 group increased significantly , whereas the wakeful-
ness time decreased significantly (all P < 0.05). The percentage of Slc1a2*GFAP" cells, the expression of Slela2 protein, the expression
of Glul,Slc6al ,and Abat mRNA ,the frequency and amplitude of mEPSC,and the proportion of GABA-positive cells in the mouse PFC
increased significantly , whereas lipid ROS, Fe™, and MDA levels decreased significantly (all P < 0.05). Conclusion Ectopic overexpres-
sion of Slcla2 in the PFC can improve sleep disorders in SD mice,reduce the damage caused by SD to excitatory synaptic transmission
and GABAergic neuron function in the PFC,and alleviate cognitive impairment and anxiety-like behavior in these mice. lts mechanism
may be related to the improvement of Glu/GABA metabolic imbalance in the PFC and inhibition of ferroptosis.

Keywords sleep disorder; sleep deprivation; Slela2; glutamate; gamma-aminobutyric acid; ferroptosis; cognitive dysfunction

18 [ 2%

7, A R B 33 7 7 1 ) A, e 57
i A% 321 35 (sleep deprivation, SD) 52 M [ A i 24
1737 S WISD AT 3 UI 45 1R 7 3 38 R et vl 4
B2 2 FCAC BT DL B 1 K g R 1 o 45 ) 8, i
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WA Gluish B AR 22T S B0 L 9 A D H IRFE S IR
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S3 R EH HEIR (NS) 20 | TF % BE R+ % 3ASle 1a22
(NS+ov-Slela2£H ) . SDZH . SD+ia 26 35 % B 2H (SD+ov-
NCZH ) FISD+it F 35 Sle1a24H (SD+ov-Slela24), 4
2126 X ARG 34T o [ R R 22 S50 sh Y 4 R 5
e HEZE 51 254tk iE (CMUKT2024130) .
1.2 FEGGH A

e 1 (L Vi 5 L 3 TR 5 4 R IR A PR
), 59U (35 ElSigma-Aldrich/A 7)), 2 B HEE (|
W58 = KA AR RO R A, G ot
Western blotting 6 I {iff H BT 44 LA S 4k /K P A il i
F £ (P abeamA 7)), TRIzol (3 [H Invitrogen/A 1),
55 —4EcDNAS BUA R & (128 = KA H AR
Uy A BR ), SEi E BEPCRIR A& (B 5 MEsE 2k
YR By A BR S 7)), C11-BODIPY#8 4T (36 [ Sig-
ma-Aldrich2s ), 5 - (malondialdehyde, MDA) 7K
PRSI & (BRI = SRR A BRA F ), Me-
dusa/NEIYIEPIC SR R GE [ A AW RHE (B st ) A BR
2N H) ], Lunion Stage H /1 i AR 250 5014 (L FE IR
RERH A PR/ ), XR-XS108%! A ik 240 ( 112
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B TROK o B H AT LAS o/minff) 3 B 20 : 00JiE 54
ZWH 16:00LAB7 1k BUBENR , 727 d 7 .
1.3.2 /)N PR R 5 T 55 < /0N BRURE s 1 53 3 T2 L
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S 0.2 pl/min, P54 B 25 P 2 10 min
B 13 RS
1.3.3  #54/NER AL 3 7 15 : SDAL . SD+ov-NC Al
SD+ov-Slela24H /)N Bl 4%1.3.177 1k 8 37 SDFE Y, NSZH
FINS+ov-Slela22H /Iy FAYE T3¢ & i A #E17SD.
NS+ov-Sle1a22H .SD+ov-NCZH F1SD+ov-Sle1a22H F-SD
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R 452.5 mm, IR 1.8 mm ) 30 55 Mk H &, B )
ot 2 r R A A ST ILA TE LR 18T, £ I Medusas)y
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B4 R ERH LA 5K 77 v o RIS B8 Ao i e ] v ) v
0 (6~10 Hz ) IR AILA R HER U . NREM
REE G 1) o A Pl b, ] S s s P, S VIR AT ( 1~4 Hz)
fii SR UL S S 212 kA 41/
B Ak /N 1 T TR OO0 L JF 5 1183 h A NREMBEE HiE
P 5] REMBEE I Fio [ 15 [ 1]
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A3 AN RERATT I SE 505 v, AE bR BRI T 2
FEATTE O X 32 BRI ], 352210 min ™38
SRIB B Y SR AT DI A5 B I TR, YRR S
W K3 H TR AU ZRB Be LB S T8, /N BLURT LA
PRZ2 R IF AT 10 min, 1 hJi5 4T IFBHET A FRE T
I NRIRRITA FHES min IG5 4T I F
T TSN U 2 BT e
FEE WV PR AL (% ) =TERE th i )/ (HERTE
e () +7E THE Hh s ] ) x 100 7887 0 (A T 531000 3K
Hh /N BB SR A B 2 A R R 2 S min, [7]
B2 hJ HB A s AN IH A, FF7ES minh
HGE /N B0 S W A R R TSR 98 2, RIE
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Je T Sk BUARG , 7 R i i A TI0VA ) 7 SR A 9
YL WL R D1 BR300 wm 1 F KU R
BRI TIGE W ,30 CHE1 hAERrEER AT
FE T 31 °C LA KT B LR =70 mV 25 F T i s il
Mg PEZR il HL I ( miniature excitatory postsynaptic
currentsm, mEPSC ) o

1.3.7 SRR - /N RS SCBE PR e AR v A=
BEER K FN4% ( JoT 505k ) 2258 W REE 1, 4R S8 3
KN L 2RI 4% 2 5 W v [ 52 48 h, H130% (J5t
AT H0) BEREVA VR K U0 40 wm ) G U Ao
FH#70.01% (ARF%0) Triton X-100F110% ( {RF1
) IWAE M PBSE S , Slela2 BT 2 i 2
I ( glial fibrillary acidic protein, GFAP ) FIGABA—37i4
CWH VAR PBSUEAYI A3, TR T H2¢
HZHURFE 1 h, DAPIYL (B 5 YL A A%, T2t i
N W IFHA IR Sl 1a2 GFAP 41 i HL 51 Fl
GABAFHTEZNR . Slela2 GFAP AL (% ) =
Sle1a2 PH AN EU/GFAPFH AL x 100; GABAFH
PEANAE R (% ) = GABABH Y 40 i Z0/D APLFH 4 41 i
¥ x 100,

1.3.8  Western blottingk&:illl : FH %1% (1AF5344 ) PMSF
(IRIPAZY fiff W 24 R PFCLL ZURE AR BCATE A6 I 12 L
FE v B B U REAS in A\SDS-2R T I Tk e 5
JE I HEAT R UK 2, BB S I A3 s 0 A 1 e B B
PVDFIE - 5% (ARFRAE0) AR A W= i P41 1 h,
Slela2flla-tubulin—44 “CHFF i, TBSTHENE 5 ==
R A 1 h, TBSTYE L 2 A TECL
RICHUZ , 8 FH Image JFR A A2 15 53 HSle 1a228 14 1 AH
XK

1.3.9 5L E SEPCRAGI : FHTRIzoli%: 2 HUPFCLH
MRNA, i FHE —#EcDNAS IR F B RNARE 1L
SF1eDNA Ll FH 32 B %2 BEPCRIK ) G b A7 4G . Pl
tubulin’y P12, K FH2 4 214 H Y £ R Glul Sle6al
F1Abat mRNAFFHXT I8

1.3.10  FRFET AN - WA BB B PFCALZL DT IR 10
pmf VKAV F JE FHC11-BODIPY#R 4L % &, DAPIYY
G T2 B0 PRSI Image #1144
PG B T PE4 (reactive oxygen species, ROS ) 7K
R BRI B 5 2T A 0GR Y HU(E . Fe™ N

MDA ZK - [ AG I 77 A e BEORH SC 1500 2 158 B B 2R 47
eff
L4 Guiteaath

K FlGraphPad Prism 8.04b BUE(HE . 7F & 1E & 43
A BT BORHX £ s8R, 240 [B] FLBCR Ik 3, 2
EHL 1) PR T AR 2R 5 22 531, P LR LS D=t
K5 (J5 225%) Fl Dunnett T3KG 5 (O 2 AR55) . P<
0.05 22 A geitr i X
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A,NS group;B,SD group. EEG, electroencephalogram ; EMG, electro-
myography ; WEAK , awakening; NREM , non-rapid eye movement; REM,
rapid eye movement.
E1 /NRAEE, AR EMERIRS ST
Fig.1 Analysis of electroencephalograms, electromyograms,
and sleep status in mice

2.2 KH/NEPFCHSIcla2FE A5

4551 BRSNS A H , NS+ov-Sle1a24H /)N FLPFC
hiSlela2” GFAP 4 LU 5] 715 (P < 0.05), SDZH FHISD+
ov-NCH1/INSle 12" GFAP 4 HL AR (FP < 0.05) .
5 SDZHFISD+ov-NCZLAH EL , SD+ov-Sle1a241 /)N il Sle1a2”
GFAP*4HIJif1 Fb A5 715 (FIP < 0.05) . Western blotting#6:
25 i 7, 5NSZH AH L, NS+ov-Slela24d /) FPFC
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HiSlela22E 11 % 15 TF 5 (P < 0.05), SD4L FISD+ov-NC
4 /N EPFCHISIe 12278 1132 35 K (3P < 0.05) . 5
SDZH FISD+ov-NCZLAH . , SD+ov-Sle1a24H /N FRPFC
HiSlela2 8 FHE AT (P <0.05)  WIK2 .3, %1,
2.3 A/ EUHERR ] LA

EINSZAR H , NS+ov-Slela24H /)y [RNREMAIREM

NS+ov-Slela2

DAPI

GFAP

Slela2 [N

Merge

HE IR I 0] 185 o, i i s () 3k 2D (B8P < 0.05), SDZH F11
SD+ov-NCZH /)N FUNREM FIREM P R B[] U 2L , 3
B[]S i (3P < 0.05) o 5 SDZHFISD+ov-NCZHAH L,
SD+ov-Sle1a22H /)y BUNREMFIRE M HEE B 5[] 384 0, 5
R [A)E /D (FP < 0.05) . W32,

2.4 BH/NRGIuMGABA IR AT I

SD+ov-NC SD+ov-Slela2

B2 wEREN&HENRPFCHSIc1a2 GFAP #BEELB] x 200
Fig.2 Proportion of Sic1a2*GFAP” cells in the PFC of mice in each group by immunofluorescence x 200
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o-tubulin [N S S 55 < 107

E3 Western blotting& il & H/NRPFCHSIc1a2 B 5 R i%
Fig.3 Slc1a2 protein expression in the PFC of mice in each

group by Western blotting

S B EPCRES I 45 SR 7, 5NSZLAH L,
NS+ov-Slela24H /N PFCHIGlul \Sle6al Fl1Abat mRNA
FEIATHEL (BIP < 0.05),SDZH FISD+ov-NCZH /)N R PFC
H1Glul \Slc6al Fl Abat mRNAZ ik [ K (3P < 0.05) ;
5 SDZ FISD+ov-NCZHAH Eb , SD+ov-Sle1a241 /N FRPFC
H1Glul Sle6al FllAbat mRNAZ ik T+ &5 (P < 0.05) .
W3,

2.5 FH/NEPFCHGABAREMZICIIREZ L
gEIRL R, SNSYLAH H , NS+ov-Sle 1a24H /)N FRPFC

FHmEPSCH 5 FIR R . GABABH M 41 i R T 55 (BP <
0.05),SDZ FISD+ov-NCZH /)N FPFCH mEPSCHTi K
FR MR . GABA PH 4 21 i 5 B AL (FP < 0.05) 5 5SD
2 FISD+ov-NCHLAH tE , SD+ov-Sle 1a24 /s FRPFCH
mEPSCHl & FIHR 5 . GABAFH M 40 il R T} i35 (BP <
0.05) . WL B4 . 5R4,
2.6 KLH/NEPFCHERIET AR

ZE I R, SNSZH A L, NS+ov-Slela22 /)N FLPFC
T I FEROS \Fe HIMDAZK - 441 (3P < 0.05),SD4L
FSD+ov-NCAL/NEPFCHE FTROS [ Fe™ HIMD A K-
T+ (P < 0.05) - 5SDZ FISD+ov-NCAL A ., SD+
ov-Slela241 /N FPFCH I RROS \Fe™ FIMDA /K F-
ik (3P <0.05) . IS %S,
2.7 BH/NEINIIRE AL

W37 L 25 3 R, 5NSZ A L, NS+ov-Slela2
ZH /1N B Hp s DX B2 B IF TRTEG AN (P < 0.05), SDA F
SD-+ov-NCZH /I B rfv o DX 450 45 B s i) 0 20> (4P <
0.05) . 5SDALFISD+ov-NCZAH L , SD+ov-Sle1a24f
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/NS DX IS B ST T (P < 0.05) 45 4H/IN

SRS HTE ST 22 5 (P > 0.05) SRR
s R s, SNSZHAR Y, NS+ov-Slela22H /) BN
BIFREIEN (P < 0.05), SDA FISD+ov-NCZH /)N FLIR 5
FRB D> (BP < 0.05) . 5SDZHHISD+ov-NCAAH L,
SD+ov-Slela2ZH /N R 48 Bk in (FP < 0.05) . Y

W EE R R, SNSAAH H , NS+ov-Sle1a242H /)N
BRI 22k 6 45 B i (P < 0.05), SDZH F1SD+ov-NC
2H /0N OB SR PR 4R B (1P < 0.05) 5 5 SDAL I
SD+ov-NCA1H L, SD+ov-Sle 1a24H /)N BLHT i vE £ 45
BN (FIP < 0.05) A4/ ECF 3 R oG 1
25 (P> 0.05) L6,

F1 KH/NRPFCHSIc1a2FRA L
Tab.1 Comparison of Sic1a2 expression in the PFC of mice in different groups

Group n Slela2” GFAP' cell (%) Slela2 protein
NS 3 44.03 + 4.60 0.52 +0.04
NS+ov-Sle1a2 3 64.82 +5.22" 0.76 +0.05"
SD 3 537 +0.76" 0.15 +0.02"”
SD+ov-NC 3 527+ 1.07" 0.18 +0.06"”
SD+ov-Slela2 3 24.67 +6.95 0.45 +0.04
F 57.86 52.99
P <0.001 <0.001

1) compared with the NS group, P < 0.05; 2) compared with the SD group, P < 0.05;3) compared with the SD+ov-NC group, P < 0.05.

F2 FBHNFREERFELLE (min/3 h)
Tab.2 Comparison of sleep time among different groups of mice (min/3 h)

Group n NREM REM Awakening time
NS 10 92.17 + 6.44 15.79 + 2.84 72.36 +5.23
NS+ov-Slela2 10 105.21 +5.05" 19.79 +2.28" 55.00 + 6.46"
SD 10 50.38 +7.05" 7.35+1.92" 102.74 + 5.54"
SD+ov-NC 10 55.1+7.18" 7.44 £227" 105.9 +5.21"
SD+ov-Slela2 10 71.37 £7.55”% 10.52 +2.36”"% 89.13 + 7.48”Y
F 71.44 27.82 66.26
P <0.001 <0.001 <0.001

1) compared with the NS group, P < 0.05;2) compared with the SD group, P < 0.05;3) compared with the SD+ov-NC group, P < 0.05.

K3 HKHNBRPFCHGIUI, Slc6alFiAbat mRNAFRIX LLEE

Tab.3 Comparison of mRNA expression of Glul, Slc6a1, and Abat in PFC in various groups of mice

Group n Glul mRNA Sle6al mRNA Abat mRNA
NS 3 1.01 +0.05 0.98 +0.05 1.01 =0.08
NS+ov-Slela2 3 2.48+0.27" 2.82+0.61" 175+ 0.26"
SD 3 0.52 +0.13" 0.34 +0.04" 0.29 + 0.05"
SD+ov-NC 3 0.52 +0.09" 0.35 +0.03" 0.30 + 0.08"
SD+ov-Slela2 3 0.65+0.117"Y 0.52 +0.06” 0.59 +0.06”
F 56.67 166.10 241.80
P <0.001 <0.001 <0.001

1) compared with the NS group, P < 0.05;2) compared with the SD group, P < 0.05;3) compared with the SD+ov-NC group, P < 0.05.
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NS NS+ov-Slela2 SD SD+ov-NC SD+ov-Slela2

B4 HERNENEENRPFCHGABAFRIELAAE x 200
Fig.4 GABA positive cells in the PFC of mice in each group by immunofluorescence x 200

F4 EHNRPFCHGABABEMZITTINAET
Tab.4 Functional changes of GABA neurons in the PFC of mice in each group

Group Frequency of mEPSC (Hz,n =10)  Amplitude of mEPSC (pA,n =10)  GABA-positive cells rate (% ,n = 3)
NS 4.92+£0.24 18.67 = 1.24 89.49 + 2.86
NS+ov-Slela2 5.130.07" 21.04 £1.23" 94.19 +3.07"”
SD 2.11+0.36" 10.61 = 1.30" 12.36 +2.5"
SD+ov-NC 2.17+£0.32" 1043 + 1.24" 12.79 + 1.79"
SD+ov-Slela2 4.73 +0.54” 1628 +1.1777 58.90 +3.89”"
F 164.70 111.60 520.80
P <0.001 <0.001 <0.001

1) compared with the NS group, P < 0.05;2) compared with the SD group, P < 0.05;3) compared with the SD+ov-NC group, P < 0.05.

NS+ov-Slela2 SD+ov-NC SD+ov-Slcla2

565 nm, excitation light is 565 nm, red ;488 nm, excitation light is 488 nm, green.

E5 C11-BODIPY#R$TH LR BN EH/NRPFCHASFTROSHMMAESRIE x 200
Fig.5 Expression of lipid ROS positive cells in the PFC of mice in each group by C11-BODIPY probe fluorescence staining x 200
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Tab.5 Comparison of ferroptosis indicators in the PFC of mice in different groups

Group n ROS Fe™* (wmol/g) MDA (umol/mg)
NS 10 0.66 + 0.06 2.15+0.13 437+0.26
NS+ov-Slela2 10 0.33 +0.08" 1.80+0.12" 3.57+0.28"
SD 10 1.91+0.13" 478 +0.18" 8.12+0.44"
SD+ov-NC 10 1.99+0.13" 4.84 +0.14" 8.46 +0.32"
SD+ov-Slela2 10 1.41 +0.08”" 3.20+0.17" 6.83 + 035"
F 74.39 918.60 430.50
P <0.001 <0.001 <0.001

1) compared with the NS group, P < 0.05;2) compared with the SD group, P < 0.05;3) compared with the SD+ov-NC group, P < 0.05.

=6 FBHMRIAAMINEELLE
Tab.6 Comparison of cognitive function among different groups of mice

Open field experiment

New object recognition maze expertment

Group n Total distance (m) 52 um:r:; E}S central  test[ recF%n)llann index Average speed (cm/s) Novel aml( ;il)oi(‘,e index
NS 10 17.03 = 1.87 56.50 +5.52 59.87 +3.10 1673 £1.16 50.86 + 5.46
NS+ov-Slela2 10 17.93 +0.91 61.90+2.51" 64.01 +2.81" 16.88 +0.50 6422 +4.31"
SD 10 16.41 +2.89 27.10  1.85" 38.02 +2.70" 16.70 + 1.34 33.74 +2.00"
SD+ov-NC 10 16.24 £2.27 27.80 + 1.69" 37.00+3.21" 16.50 +1.33 3231 +3.10"
SD+ov-Slela2 10 15.81 £3.02 4430 +3.40”"" 5335+ 4477 17.17 £ 1.59 4541 2,677
F 0.39 165.90 107.20 0.43 64.38
P 0.76 <0.001 <0.001 0.73 <0.001

1) compared with the NS group, P < 0.05,2) compared with the SD group, P < 0.05,3) compared with the SD+ov-NC group, P < 0.05.
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