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Fig. 1 Evoked potentials recorded in the pyramidal layer of the rat hippocampal CA1 region during A-HFS with different
pulse frequencies
(a) Schematic diagram of the implant positions of the recording electrode (RE) and the antidromic stimulation electrode (ASE). (b) Typical responses
of the neuronal population to the 100, 133 and 200 Hz A-HFS in the CA1 region. Left column: the evoked potentials (the stimulation artifacts and the
local field potentials below 5 Hz are removed). The evoked APS waveforms at the onset, 0.5 s and 1 min of A-HFS are expanded. The orange inverted
triangles denote the locations of applied stimulation pulses. Right column: The change of APS amplitude with its double-exponential fitting curve.

The red dot together with the two values on the right denote the point on the fitting curve with the half-value time and the 1/2 initial APS amplitude.
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Fig. 2 Dynamic change of APS amplitudes at the initial period of A—HFS with different pulse frequencies

(a) The mean normalized APS amplitude during A-HFS with the three pulse frequencies respectively. The initial 0.5 s data are expanded with standard

deviations and the results of significance tests only represented at every 0.1 s for clarity. (b) The comparison of the half-value time of APS amplitude

decreases among the three data group. Post hoc Bonferroni test: n.s P> 0.05, “P<0.01; n =9.
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Fig. 3 Dynamic change of the mean normalized APS amplitude with the pulse number at the initial period of A—-HFS with

the three different pulse frequencies

n.s P>0.05,"P<0.05,"

*P <0.01, paired t-test; n = 9.



2021; 48 (D

H—, %: KRBT TS 50EK P R B A & 72500 B -831-

AR, DR E iy, JT s ik op
ANBOH AT DL PGE A TR R, 2ot
M) 3 4D s el ik I AR JT 8 3 1 Jok b~
12 H TRkl g (R HR 3 =) .
2.3 HETTITTLINA-HFSHI 3h 750 K

& 4a M 133 Hz fEHH A-HFS (&) 55245
L0y 133 Hz 1Y 100~200 Hz LS A-HES (45
K FEH N RGN RN R 6. A-HFS 1R~
0.1s P, PO I 0 1A ik np #8 BB 175 & K i 1 1Y
APSP (~9mV), WE(ER/NANIE. Zid~4 sl
WG, APS IR ECES I S 0t/ ]N , 1 gbb s A o 8 4
ik mizs & i APS IR {HAERE  (3.9~4.0 s NIAR{LE
Ik 1.90~2.16 mV) , 1T AR 51501 98 434 ik i & 1)
APS IB{HAFAER K AR (3.9~4.0 s NIARALTE T A
0~6.72 mV), EZ 1 min R ELE R H 45
(ZEWE) FnAsg (4D R4 0.1 s SF-3 APS i
H 7 A-HFS W1 HAER R g /)N, AR HE 8 B Bl &
Mgk, PErE Y /NT1s (Kl4b). (HPF
A AR 0.1 s e R APS RAE A9 2= 5 109 20 22 51 B I
EAF ) e K APS 55515 APS 1) 3 el i AR BL, 17
IR f K APS S HUE LT3 APS 1215 %

SXoF L AT A A 0 ) 38 A% O A S 6 A 1)
0.1 s FIFIER K APS IR /3 AR 5L G, L F
K a5 10 P < 0.001, FBIHLA AL AT LS
BRI L. PRI A L sk A B ST
s B, TSR AR SRR A 0.1 s P34 APS
WEAE A2 W 9 4 (0.54 £0.15) s Al (0.67 +
0.36) s, MATREZESR (P>0.05, paired r-test,
n=9, KlacA ). (HUEAEILHIa], g AR 4]
PR B 0.1 s fie K APS 92 I 430l o (0.55 =+
0.15) sHl (723 +2.19) s, FiFEZMERF LB E
(P<0.01, paired t-test, n=9, Fl4dHK). 7EA-
HFS 1 0.2 s ZJi, ARSI & B 5 K APS I E
H AR, L 1 min f4 4

X AL, 100~200 Hz {52 I 258 45 i
HAR K A BEAE 5~10 ms NUINVES, (HIE, #)
CINPNTE 31502 U EZPIw LN T N DA BRI 57 Y 1
A FE AR A st ]

3 i3t i

AWFFER) FZ R 78 DBS i A 19 100~
200 Hz i nf 80 350 0 5 A< i R P, A0t 3 vy
RHCE IR B 28 W it R, BERS IRAF
AR ) A, LD Dk i BSOst mT LA [ ph 28 T

PSR TE Rl 5 SIS AR S ik v ) ] B v i U 2%
PR . R A AL R RS A A N A A
mE.

HRIEHTNBIIESE , #0120 A 2T bk o8k
(14 W) 7 550 P b B S LAt 85 F LA T AR SO
AR T D CAL XMoo iR R, I,
SR b e SRR R oS A SRR, AR DR
)% 2 AR 24 A A = A= Sh Ve A, (A5 U
AT AR DR R ERBENS A K KB 2T A ) A5
N, FEARKERIER APS (1 1b) . {HJE, X L
FEARE KN ] 245 .

P80 g ATk v 87 P 0k ] B 5 Al 2
TR /AR ST BRI RN R A G, 200
MIBIFFE R W], A-HFS & IR I 45 2 2% 4R Ik i ids 2 1)
Bl FLAV 23 5 | R A 2 A4t R A0 B 5 -k 3 Tk T
1o, (AN AL TR AR, BRAR T A
AR AR, SEG R ARG SR
BEAS M= A s LA, R & A T LR
PR TR, IR AL S R A 4 S
H, Wk s, ARk ATk
MR (RPAPS) /. 3FCARESR (100, 133 F
200 Hz) B9 A-HFS HAH], B 28 0 B a9 A 2w 1
A3 530 S kg L B R ) 20 % . 15 %A1 10 % 2 A
([l 2a). Ak, HIT000% s 0 R0 90 4 5 1) ok
Wz, NRISR R ] B s ] oy BRI A 20T
WG EASRERE ), ORI R = i RO S 1
25U HFIRTE B 10 [R] 25 Mk A 1. {H )&, A-HFS
13 1 2 i 7 5 RS S e B R[] . A-HFS d5c ) B
AWk o #R R 8155 & KR (E APS . (& 1b), &
I, EIAB B2 oom i i REERIE,  B— % i (a]
P APS IR Z A, 5 ko8 sl TE b, A
o, SR AR

AR T A-HFS ) 30104 28 70 8l 28506 137 19 3 By
R TH R . A-HFS Ao i i 2
T SRR L, AR, 2
. R 100 2 200 Hz THE 145, 2Pt ings s
22515 (K2b). miH, HAAEZEARE, MRk
o ] o ) SIC R A AR 8 P DK e SEK 10
LA L (E14d). AR AR S0 8] ) -2k 28T
M o7 5 P ARG I (R 22 0], FLR AR e 4 2
BRI R R E B2 LT RIS 8, B
ARG ATAE. seah, S E A A
(ORI ZE TR N AR TR],  BERLAE SSRGS SR A 28 o i
A B[] 25 g o7 ELAT BEAILYE 51, AT DA A A



832- EMUFESEYYIEHRE  Prog. Biochem. Biophys. 2021; 48 (7)

Constant IPL, 133 Hz, 1 min, 0.3 mA Varying IPI, 100-200 Hz, 1 min, 0.3 mA
h 5mV m
\ End
Onset Onset ‘ l l ‘
10 ms
(b) .
Constant IPI Varying IPI
Maximum APS=0.77¢*4+ (.23¢7620 Maximum APS=0.65¢"?2+ 0.38¢"*
s 100 | Mean APS=0.86¢7"'+ 0.19¢%4 s 100f Mean APS=1.2¢"¥7+0.11e73%
] 3 g0
2 2 0. 31 50%)
= —% 60\
5 £ 40 k
& £ 20 Mean A
< 0 Mpan APS, L= 0 s ; : 2 . ]
10 20 30 40 50 60 10 20 30 40 50 60
{ (A-HFS)/s t (A-HFS)/s
(©) .
—— : Varying IPI s
—o— : Constant IPI 100
100 80
2 i/' 60
g " ! . 1.0
Z ! 21
= ol )| z
= i 02 04 06 08 10 g
£ 40 5 05
< =
£ 20 E:
2 3 0
0 = Constant Varying
IPI IPI
(d)
—— : Varying IPI S * i
—e— : Constant IPI 100 | :
80
120 ' —r
< 60 : 1ok o
g 100 40 | | < so
£ % 20 | | 2
g 0 06 08 10 &
o 60 : o st
> =
< >
£ 40 ]i Wwv\ ];t a_:;
£ 20 e = oL_p=s
<
= 0 zz . L Constant  Varying
5 10 15 20 55 60 IPI IPL

¢ (A-HFS)/s
Fig. 4 Comparisons of the neuronal responses to the constant—frequency stimulation and varying—frequency stimulation
with a same average frequency

(a) Typical neuronal responses (APS) during a constant-frequency A-HFS (left) and a varying-frequency A-HFS (right). The APS waveforms at the
onset, 4 s and the end of 1 min A-HFS are expanded below. The orange inverted triangles denote the applied pulses which induce an obvious APS.
The gray inverted triangles denote the applied pulses which fail to induce an APS. (b) The normalized APS amplitude (the gray dots) during a
constant-frequency A-HFS and a varying-frequency A-HFS and their fitting curves of the mean and the maximum APS amplitudes per 0.1 s (the
brown and blue dots) during the corresponding A-HFS showed in (a). The black dots on the curves denote the locations of half-value times of the
mean and maximum APS amplitudes, respectively. (c) The mean APS amplitudes per 0.1 s during the 1 min constant-frequency (black curve) and
varying-frequency (red curve) A-HFS. The light shades represent the range of a standard deviation. The histogram on the right shows the statistical
comparison of the half-value times of mean APS amplitudes. (d) Statistical comparison of the maximum APS amplitudes per 0.1 s during the period
of constant-frequency and varying-frequency AHFS (left), and their corresponding half-value times (right). n.s P> 0.05, "P < 0.05, "P < 0.01, paired
t-test;n =9.
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Transient Neuronal Responses to High—frequency Pulse Stimulation in Rat
Hippocampus’

HU Yi-Fan, FENG Zhou-Yan", WANG Zhao-Xiang, ZHENG Lii-Piao

(Key Laboratory of Biomedical Engineering of Education Ministry, College of Biomedical Engineering and Instrumentation Science,

Zhejiang University, Hangzhou 310027, China)

Abstract Closed-loop stimulation is one of the important development directions of deep brain stimulation
(DBS) that is promising for treating various brain disorders. Contrast to the conventional open-loop stimulation
with continuous stimulation for long periods of time, the closed-loop stimulation usually utilizes short sequences
of high-frequency pulses. However, neuronal responses to the high-frequency stimuli may change substantially in
a short period of time because of the transient process at the beginning of stimulation. The change may affect the
stimulation efficacy. To investigate the transient process of high-frequency stimuli, antidromic high-frequency
stimulation (A-HFS) with different constant pulse frequencies as well as varying frequency was applied at the
alveus of rat hippocampal CA1 region. The amplitude of antidromically-evoked population spike (APS) was used
as an index to evaluate the neuronal responses to A-HFS. The results show that at the initial period of A-HFS with
a constant pulse frequency of 100, 133 and 200 Hz, the APS decreased rapidly. A higher pulse frequency
generated a faster attenuation of the APS. The mean amplitudes of APS decreased by more than half within less
than 1 s. The mean half-value time of APS amplitude was ~0.96 s with 100 Hz A-HFS and decreased to ~0.21 s
with the pulse frequency doubled to 200 Hz. With randomly-varying frequencies in the range of 100-200 Hz to
tune the pulse interval in real time, the attenuation speed of neuronal responses was significantly slowed down to
prolong the maintenance of the stimulation effect. These results provide clues to develop new DBS paradigms for

the implementation of short closed-loop stimulations.

Key words high-frequency stimulation, transient response, population spike, pulse frequency, inter-pulse
interval
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