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B 2w @ H ¥ (repetitive transcranial
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Fig.1 Hindlimb unloading model
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Fig.2 Measurement of motor threshold in mice

(a) Putting mice under anesthesia. (b) MT test.

1.4 EEZmEERIF (rTMS)

ANERBMT B I, AR5 00 FH e o o 3,
FETUUHRE , 3P A i B Y i RN 80% MIT,
S K P R 1 000 4> 7E LAFE G Wi U5 2 8l )
INHIBERG ST, 20 Hz & — N E I RCR B 1 45
BTN AR R RN 10 Hz, [FRIFE, X2
FEF LIFERY T rTMS Bl B A7 26 W98 R e R
FH# Z2 H AR B A O 32 27 55 3 A4S s
410 Hz 5 20 Hz 8B R G (78 F SCH
FRCFS), RGN0 L1004 ki g —4>
FITH], PIFCR S BEE S AT, BT e —
DIFAN, R A sk 2 5 —WRET o, K
WA H 2T A RIBUT 91 TR . B TAT T/
BIUE, E Tk ERmZ F2~3 mmib, 344
AL/ BRUAE 3K 8:00~11:00 U3 1R142 32 38k, s
214 d. sham 4R HU 4232 P, ZePEl B/
SLERARAFRCIE IR B, (H RIS R R R P A i e s
T, BRI B K 3 s .

1.5 EERFXIE

JEE M 452 56 (sucrose preference test, SPT)
SEVEAG SR STER | BRI K A
BB AT B P R O G S 0 4 A 1 AT
PIABTE, A4 do TESR—BTBL, BEK 8:00 2 7E
B H/INERU) SR 8 I LKA B 8T T P A2 AT 1%
FREMEVRS TR 8 K AR, B 12 hag4fe— IR Ekok
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Fig.3 Stimulation program settings
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B B HAR 1.2 m g BRI K L. Kk
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A0 R AT R E I RRIE Y . SRR B G AR
5cm, B TR 1 emib, /NRAEH G D)
HIE L7 BERAGR RAE B, SCae g Hh il 4 4
03K

R —Br B, DOFE XS RRIT 45, K/ B
SRR A K, TR SRPLIREE RS, B A Sh
i sk /N B K S /32 30 0300 Fn 4k 2 BROECE 6 1)
] (s), 3X—HFae ki R, B A N
60 s FIRRET, /N BUZE S ] Py B Re R 2 B - &
JHER, W Sge A U B AR R IR 15 s
LEARATBICNLT- B E . SR HRIRAET- 5 4 FRAH
PRI AT — R LR, RGN MERESE —
W, EENRS5 do 556 RiFATas RRR ML,
BRI MRTPE BT SR KN BRI 52 B 1T 2
MWEERA K, FRRFRIRER, iC5/MRAE 60 s
iz shBl, SEm R0l s/ D ARG T4 B
15 R i TR RN 28R ST 15 07 B IR AR

1.7 FBAELE
7.1 il %

TR se M m, RSB/ N, TR
60 s NI SEHE AR, A 4°CRI VKRR )
VWA 2~3 min HEATREIR , Bl O R, P02
AN B ARG RN R o A TR, MBS R
IRPRGEAR S U) AL R Y, FHEARI T H SR K
g, ARSIV AL (Leica, VT1000S) )%l
300 um JE AR -, PR B A S8 BT SN X A D)
F, JEHIWCE R = s i AR i N CIRE W (artifi
cial cerebrospinal fluid, ACSF) %5 #li b yE1 70
T, ORERELE28°C, WA (95% 0,, 5% CO,)
30 min, AP FTN AR WAL A5 ACSF . B AR LA
(action potential, AP) HL A% ¥ (internal solution
of AP) . #5138 B N (internal solution of
I,) . 4N 3l 18 B M #F W (external solution of
L) PiEFiEiE AW (internal solution of /,
and 1) . ¥ FEIE MM (external solution of
I,and I,) M YIF W (cutting solution) , £ A%
gk,

Table 1 Solution formulation

Solution

Composition (¢/(mmol-L™")) pH

ACSF CaCl, (3), NaCl (125), KCI (4), MgCl, (3), NaH,PO, (1.635), NaHCO, (28), HEPES (5), glucose (11)
K-gluconate (126), NaCl (16), MgCl, (3), CaCl, (1.5), EGTA (12), HEPES (11), Na-ATP (4), Na-GTP (0.4) 7.4 (KOH)
KCI (3), NaCl (130), CaCl, (2), MgCl, (2), HEPES (10), 4-AP (3), glucose (10), TEA-CI (25), CdCl, (0.2) 7.4 (KOH)
MgCl, (2), CsCl (140), EGTA (10), HEPES (10), Mg-ATP (2)
KCl1(6), NaCl (128), CaCl, (3), MgCl, (2), glucose (10), HEPES (11), TTX (0.001), CdCl, (0.2)
KCI (144), MgCl, (4), EGTA (12), HEPES (12), Mg-ATP (3)
MgCl, (7), CaCl, (2), KCI (3), NaHCO; (28), NaH,PO, (1.655), glucose (13), sucrose (220)

Internal solution of AP

External solution of 7,

Internal solution of 7,
External solution of /, and 7,
Internal solution of /, and I,

Cutting solution

7.4 (NaOH)

7.4 (CsOH)
7.4 (NaOH)
7.4 (KOH)
7.4 (NaOH)

1.7.2  HAFSCEHRE

1 9% 30 min Ji5, T R A R A s ki i
AWAE NI BTG R 3R L, s 55
AR R B Lk R A B RS o R G R L
BUCEAEBE WA T SR B DG Pk 20T, R
W N S B P ar B A b, 7E Patchmaster
W Z2 3 338 A ) A VR L BELAE, A DR S FLBEL(ELAE S5~
10 MQ 2] o K Fa il A 55 H s 4 i B2 fi O -k 1
BRERZE, BOERE, EHEBMEERT GQU 5T
B, A A F AR T R L A M
it kop i =58, AT, SE T A
e, YPBHAERE 2 200~300 MQ 2 A7 iR R RAE , i
b A X LB L A A . i AR S T [

HEKA 7\ @] () EPA-10 I H- 55 Sk 4%
1.7.3 f55ic%

SERALC S, RN R A AR
SR AR A e B 7 AN SR LA, JC SR B
PR EE . SIAE FAS BB LA S B S L AT
(A TS bR, NS VE O IEAE . ShATE o o7 D4 A
B SHYEFRAIBIME . SIER AR E . ShfEHRAL
IR TR R T RERRE,

Na K8 L sk SR A H R e s
HHE T T4 A0 Na  FI KB B L, il - gk . 3%
TEHNZR . JIG IR AN TG Lk o I ULER -V £k
(R RIGE(E R AR L, 3BT . JIE R I R R
SR AR AR
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174 B FEEERLY, B RIS AR ISR
(IBEAE

LW VRIS E i # T, B
HEN-50 mV, 25 T4 HI-50~+90 mV Jhk il 33
LB A 10 mV, I 300 ms, 2SR LR

LWLV RIS SR i s, A
HLH-100 mV, 25 T 4fI-50~+90 mV ik #filg
B 10 mV, FREAK 200 ms, TSI LT

LB S R EAMiC T,
LR H-50 mV, 45 TAIE-110 mV A 554k ob
B 400 ms, ZJ5 45 T -50~+90 mV [ bk vl
ABrN 10 mV, BHCHEEHS 150 ms, i 5% L AR
BWAE R

I BTSSR S Aie R, B
LR R-100 mV, 4 T4IIE-110 mV #4514 Bk ol
K 400 ms, 22 J5 45T —60~+70 mV {4 bk
LY 10 mV, BT K 150 ms, 05 1,0
EOS B UR

INCESEY I} e 2 O ] R TRed S W N i ]
HLH =100 mV, 25 T 4-110~+10 mV i 5514k
L, TG 80 ms, ZJFZA T +50 mV I ik
o, IR 80 ms, 05 1, B RA S i AR

LIRS EC EMic 2T, A
HLE M -100 mV, 45T 40 HI+50 mV /Y 24k of
HHHK 80 ms, [AIfE 1~256 ms, ZJ545F+50 mV
FR It o, BN 80 ms, 3 5 1, R IS K
CLur e

L VRS il iR, B
B =70 mV, 45T 40 i —80~+70mV fiik i i) 3% ,
B R 10 mV, FATK 20 ms, CSEP ] LT

LR R S5 2aEic #HF, #
HlHL RN =70 mV, 24P 40ME-120 mV 214 Bk v o]
W, R 60 ms, SRS 45T -90~+10 mV ]
Wikek, 6 A 10 mv, A 20 ms, id5% 1,
AR

LR RS H . 2apic 2T, #
HlHL R =70 mV, 25T 40 f1-120~+10 mV &4 fik
MO, B 10 mV, FIPEETS 100 ms, R4,
T=30 mV IR v, B K 20 ms, iE SR L,
AR

LE TGRS H: M R,
il B =70 mV, 25T 4130 mV 2% Bk i ]
W, R 25 ms, SRS HEIHITE-70 mV, S
[k 2~26 ms, BJEIMGHE K 2 ms, SRJG4 T 5 %04

Pk vh S EAR Ik ep, 5% L RS R IE L.
1.8 Sitoih

TR A B S0 B R S AR 4 B R ANY-
maze T o WEZK e G S 56 B0 3 A S T S
PIRMA W i AR A A5 o Bl o R S =
772 (one-way ANOA) 43#r 5k, rTMS Hil R 4E
REREZE. F)550 8% H Bonferroni £ 548 1F 1Y A%,
X o R 5 A AT vk o Ge it b R4 fif FH GraphPad
Prism8.0, Ziitahi UL meantSEM T EM, ¥
KobrifEN 0.05.

FEE 7 1 S5 46 BT A 1 5 25040 349 P 7 5] HEKA 2
] ] Patch Master {4 5& £ i 5% o Origin #{4 F11
GraphPad Prism8.0 5 XHE St — A A BRI 1 12
SR, SRR 27 22 0 ik gt i as =z 1)
P25, FEatr (B2 E i) [ HH
Bonferroni £ 55 16 1 Y L XS ¢ K 0 3647 . GEitT4s
P mean+=SEM 3R, T 3bnifiy 0.05,

2 & R

2.1 EAMRFETHUNR A EIEERF

& 4 R/ EBREHEFE B o LB . S IEE X
AR, HUALM/NE, & B0 X0 K 19
U XS5BT IE R /N BT TR K () LR
T8, #an T RmAAES L T /N PUR SR, ™
AT W R RPN SE . HS2 BRI 3 4N RAERE
KIEFEA 43 LT T Y R B W B b, YE T
50%. (HAFERME, XU s T2 2 M
A EREE M R HU 4, Jf H4%5% CFS /N RA T
HUZ, R TH M B ENIET.

100 |- Hokok s
g 1 1
2 80F
S AL o Joe
E . Toue £
52 T|°
S 7 L] N b
&5 40r
£z
S S 20fF
—
o
=%}

0
Sham HU 10Hz 20Hz CFS

Fig.4 Percentage of sucrose preference index (**P<0.01,
*#%P<0.001, n=8)

2.2 CFSY*HU/MNRZ EA XA 5200
TR B SR —Fh TG S sh 25 8] 24 2)
FCIZRE T BOFREARA T AN . ASHIF 5T R FH 9k ke
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fRIY] (escape latency) . G2BR15: 83 B [A] /& b A 434K
(quadrants stay time percentage) Fl 5 - 5 %K
(number of platform crossings) 3 PME4RR 114541
N A TARARI R I . SEg 4 R —BR, HUH:
YEREE I T IEs /MRS R AR, X eI 2R
s AR R WI A R rh A2 TR, SR, AN
AR rTMS YR 35 e N B 2 (R R B

g 5 ps, IR R OSSR, TEfidT
YIZRIE I, HU ARG Sh00 5 4%l F24gEh
TAKZIRAERZ IR, M, Br T HU4Sh, H

X
\

s
& 1_*/——"})

Sailing period

Exploration period

Sham HU

A 4 /N R S ) N R dR 20F- 5, Hirh sham
MG Sl e, RIS IR BT 5. FE3D
rTMS $il 340w, 20 Hz 41 F1 CFS 41 /) Bk 4 0
RGP E NI RE ST, T 10 Hz 4 A BB AR X 48
K HBCH AL 1E28 MR B, B BT
BB, 4/ PIEH B L. sham 4111
Wl s T, FEETTVFEMELKR.
BZTF, HUA ML B EE AT S Z R .
IMAE 3> rTMS Bl 6 shihad E24Eh T A
IKGRFE- 5 B4 bR

1
W/ > i
[\ /
) *\‘\ [> /9{’ ”/‘(
4D _/jé\/
7 N s
b A S
) A T
\ AN ot h! \ Y
A b il
10 Hz 20 Hz CFS

Fig. 5 Typical activity trajectories of mice at different stages

&1 6a by £5 20 /)N BRUPEACA 700 eyl ke i £ SO 5080
SRR, BEE VNG RBIG N, A 24k IR 0]
WgE A qn, BARKEDE, sham 2H A% 3k ke P AR 207 ik
INEFERR, BAAENGR G —RIEZEE 10s, HH
W2, HU ZH A bk v AR 00 4 ol i e 1, e
FEASTE30 s e Ao TAE 3 rTMS Hl ke b, ikt
ORI R4 e B ] R T HU A, ekl v (R
WREETE 10 sZE Ay, X —45 04505 T sham 2 .

AT R e A AN FUN I R R B, 7E
WA TIAZE RS 58 R T T s AR, il
ISR — M atn e/ NRAEF 5 FT S R 5 B8 it
(] ot 3 B ] B 08, HU 2 A 080 5/

80 80
[}
£ -
260 =60
5 2%
5 % S
< 40k 2 5 40
=% g2
6] =R
2 L =
4 20 A
0 1 2 3 4 5

|

Hk
.
A v
v
v
N v *
.
o
N
-
N

T sham 41 (*P<0.05), /INEUFE R oAb B8 )5 22 27 1
R, EBEIMX T HU 4 B3t (o<
0.01) ([¥l6b).

g 6c o, HU 2/ R 28 5 T e B IR
BUE E KT sham 41 (%*P<0.01), 20 Hz %4l 2H
()R BOH B (%P<0.05), CFSHLEE =T
HUZH (*#%P<0.001).

DI ESE R IEE T rTMS X kst B i /N FROIA 2
RERRIRE IR . R0 2 20 Hz FIl CFS 4132 80 il 5k
R, XTRe S X RO A p & R e rh
1R R A ) 2 e A

Number of platform
crossings

S D £ N o)
T T

Number of training days

Sham HU 10Hz 20 Hz CFS

Sham HU 10Hz 20Hz CFS

Fig. 6 Results of water maze experiment

(a) Escape latency. (b) Quadrant stay time percentage. (¢) Number of platform crossings. *P<0.05, **P<0.01, ***P<0.001 vs HU, n=8.
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2.3 CFSX/MNRIEEDGX#HE T L a1 20
TELE AT A2 LI f PE T A S0 . R

@ _sg0} ® g1

-68.5F 60
-69.0 40+
-69.5F 20F
-70.0 ok
-70.5F
-71.0

_60 =
=72.01 '

RMP/mV
Action potential/mV

i S ERAL B A IR & SR i s B IR 7

TN o
20+
i

4] ,Wu 1

—
o
~

\
S

Membrane potential/mV

0 2 4 6 8 10 0 5
t/s

10 15 20 0 100 200 300 400 500

t/ms t/ms

Fig.7 Representative schematic diagrams of resting membrane potential, action potential, and long—term evoked

action potential

(a) Resting membrane potential (RMP). (b) Action potential. (¢c) Long-term evoked action potential.

W 5¢ 5 20/ RS HL 7 (resting membrane
RMP) %i#E (1K 8a). HU 4% RMP {ik
Fsham 4] (*P<0.05), 10 Hz41. 20 Hz 41 1 CFS
Y RMP 25 FHUZ (*P<0.05)., — ki,
22 O AN A A e BB P {7 38 B AE - T0mV A2 A,
RIAL TR, i 2t s AL A P A — A
EWALny . RN, HU BRI T AL
AR, T HU 4576 14 [F] B 1232 ' TMS 119708 BRI
BH ED%EEI’J Ml X LR RER R rTMS (LT
RERS PR RF I TC I IE F AR

Xof A FEL AR ) 43 M S, sham 26 A i AL A B
e, JPHBES THU4 (*P<0.05), 20 Hz4H
H5EAMRAEFEEHTHUL (¥P<0.05) (KI8b).
X AP IE(H I b s, Sdlm i 2xS (K
8c)o SA/INERIRERT RIFAAE B35 25 5%, HU4LA
R Al vy, 3% T sham 4L M CFS 41 (**P<
0.01), 10 Hz#1, 20 Hz 4k} a)t 3y B T
HUZH (*P<0.05) (E8d). #7524/ AP (1[5
H i, HUABE W% 5 T sham 2 . 10 Hz 41 A1
20 Hz 4l (*P<0.05), S5 CFSAlEHFT R (**+p<
0.01) (& 8e). 43HrS4l/INER AP 922 % 58 R
HU 4 i & = T sham 41 (**P<0.01) ., 10 Hz 41 il
20 Hz 4019 AP 3 56 5 HU A, HU 4 3% 7
T 10 Hz 240 #0120 Hz 4 (***P<0.001) . X} L HU 21
FICFS4, HUA W 2 & T CFS 4 (**P<0.01)
(80 o 2 S A/ BIER A R TR R R

potential,

7, HUASIERA (R E TR B E KT sham
2. 20 Hz 41 F1 CFS 4 iz K EFHRPR (#P<0.05)
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Fig. 8 Resting membrane potential and index of action potential
(a) Resting membrane potential. (b) Spike frequency of AP. (c) AP peak amplitude. (d) Time to AP amplitude. (e) Threshold of AP. (f) Half wave
wildth of AP. (g) Maximum rising slop of AP. (h) Maximum descending slop of AP. *P<0.05, **P<0.01, ***P<0.001, n=8.
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Fig. 9 Results of CFS on I
(a) I-V curves of I.. (b) Activation curve of [;.. *P<0.05, **P<0.01, ***P<0.001 vs HU, n=8.

Table 2 The activation parameters of I,

Groups I activation curve parameters (n=38)
V,/mV k
Sham 12.34+1.997%** 16.81+1.06%*
HU -8.62+0.90 29.58+1.79
CFS -1.79+1.4* 16.68+0.93*

*P<0.05, **P<0.01, ***P<0.001 vs HU, n=8.
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Fig. 10 Results of CFS on I,
(a) I-V curves of ,. (b) Activation curve of /. (c) Inactivation curve of /,. (d) Recovery curve of /,. *P<0.05, **P<0.01, ***P<0.001 vs HU, n=8.

Table 3 The activation parameters of I,

Table 4 The inactivation and recovery parameters of I,

Groups 1, activation curve parameters (n=8)
V,,mV k
Sham —1.53+0.38%* 23.33+2.71%*
HU -16.04+2.07 13.15+1.21
CFS -6.24+2.61* 16.49+2.14

*P<0.05, **P<0.01 vs HU, n=8.

Groups 1, inactivation curve 1, recovery curve
parameters (n=8) parameters (n=8)
Vi,/mV k 7/ms
Sham —49.05+1.41%**  15.71+1.43* 10.45+0.58**
HU -39.90+1.57 7.54+1.96 4.04+1.14
CFS —47.03+1.15%* 14.59+1.32* 8.47+0.57*

*P<0.05, ¥**P<0.01, ***P<0.001 vs HU, n=8.
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Fig. 11 Characterization of voltage—gated Na* channel dynamics

(a) I-V curves of I,. (b) Activation curves of I . (c) Inactivation curves of /,

o (d) Recovery curves of /. *P<0.05, **P<0.01, ***P<0.001 vs HU, n=8.
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Table 5 The activation parameters of I,

Groups 1, activation curve parameters (n=8)
V,/mV k
Sham —39.37+3.48%* 12.08+3.06*
HU -26.15£1.82 17.34+1.78
CES -33.34+£2.47 15.75+1.53

*P<0.05, **P<0.01 vs HU, n=8.

Table 6 The inactivation and recovery parameters of I,

Groups I, inactivation curve I, recovery curve
parameters (n=8) parameters (n=8)
V., /mV k 7/ms
Sham —38.88+1.82%** 8.11+0.83 8.10£1.57**
HU -52.52+2.95 6.18+0.67 27.10+3.93
CFS —-41.89+1.27** 7.13+1.38 10.26+1.51%*

**P<0.01, ***P<0.001 vs HU, n=8.
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Abstract Objective In recent years, the negative impact of microgravity on astronauts’ nervous systems has
received widespread attention. The repetitive transcranial magnetic stimulation (rTMS) technology has shown
significant positive effects in the treatment of neurological and psychiatric disorders. The potential benefits of
combined frequency stimulation (CFS) which combines different frequency stimulation patterns in ameliorating
neurological dysfunctions induced by the microgravity environment, still require in-depth investigation. Exploring
the therapeutic effects and electrophysiological mechanisms of CFS in improving various neurological disorders

caused by microgravity holds significant importance for neuroscience and the clinical application of magnetic

* This work was supported by grants from The National Natural Science Foundation of China (52077057,52207251) and Hebei Natural Science
Foundation (F2022202023).

#:x Corresponding author.

Tel: 86-14722020113, E-mail: dingchong@hebut.edu.cn

Received: November 6, 2023  Accepted: February 4, 2024



-1686+ EMUESEYYIEHRE  Prog. Biochem. Biophys. 2024; 51 (7

stimulation. Methods This study employed 40 C57BL/6 mice, randomly divided into 5 groups: sham group,
hindlimb unloading (HU) group, 10 Hz group, 20 Hz group, and combined frequency stimulation (10 Hz+20 Hz,
CFS) group. Mice in all groups except the sham group received 14 d of simulated microgravity conditions along
with 14 d of repetitive transcranial magnetic stimulation. The effects of CFS on negative emotions and spatial
cognitive abilities were assessed through sucrose preference tests and water maze experiments. Finally, patch-
clamp techniques were used to record action potentials, resting membrane potentials, and ion channel dynamics of
granule neurons in the hippocampal dentate gyrus (DG) region. Results Compared to the single-frequency
stimulation group, behavioral results indicated that the combined frequency stimulation (10 Hz+20 Hz)
significantly improved cognitive impairments and negative emotions in simulated microgravity mice.
Electrophysiological experiments revealed a decrease in excitability of granule neurons in the hippocampal DG
region after HU manipulation, whereas the combined frequency stimulation notably enhanced neuronal
excitability and improved the dynamic characteristics of voltage-gated Na" and K" channels. Conclusion The
repetitive transcranial magnetic stimulation with combined frequencies (10 Hz+20 Hz) effectively ameliorates
cognitive impairments and negative emotions in simulated microgravity mice. This improvement is likely
attributed to the influence of combined frequency stimulation on neuronal excitability and the dynamic
characteristics of Na™ and K" channels. Consequently, this study holds the promise to provide a theoretical basis

for alleviating cognitive and emotional disorders induced by microgravity environments.

Key words combined frequency stimulation, repetitive transcranial magnetic stimulation, hindlimb unloading,
spatial cognitive impairment, negative emotion, neuronal excitability, ion channels
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