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Fig. 1 Schematic diagram of electrode placements and neuronal network in rat hippocampus

(a) Locations of the stimulation electrode (SE) in the Schaffer collaterals

and the recording electrode (RE) in the CAl pyramidal layer of rat

hippocampus. (b) Afferent fibers (i.e., Schaffer collaterals) innervate of pyramidal cells (Pyr) and interneurons (Int) in the CA1 neuronal network.

5 CAL X 1) E ML Ju(BPHEAA 2 70 HES 5
%, M EZETRIEWH S R R A E AN TR
RZEFEER . Schaffer ] 52 b iy A ik ) 3800T DAAE
AN GER 2 IR 175 R R () 5 ik LA RD R U AT
WV MRYE 16 18 E T A AR FE 510 5% 1 FREOS K
BICHIARAY, AR T FE AR R A S FLA ok T 4 T 7
AL E .

TSR IR AR R 2 LG 5 i Joidid 3600 2
16 18 & UK %% (A-M Systems Inc.) i K 100 £, 4
G BN 0.3~5 000 Hz, $RJ5 Fl PowerLab #(#5
K4 R 4 (AD Instruments Inc.) PA 20 kHz B K A 4
AT A/D Hefe, A/D B RN 16 ff. BJa
VRN R, T BT

FIBE 5 9 0.1 ms 98 FE /) RUAHE UK o,
2100 HIl F B 2 25 (A-M Systems Inc.) = 4. & Al
B KA 100 Hz 5% 200 Hz, 50038 HL 3 1 o
J¥90.1~0.5 mA.

1.2 $EHAIREMFNS 2

AT I B f W HE A 1 Y54 Poly2 HIK
FEZ, Wl D CAl XKEZHBAE S, FERH
FLA b 4 ASFHARETE BT id sk 1) 4 @ IE S 5 R 2
WAL, A T 3845 HFS H1H K 5 520 M i oo e
137 (single unit spikes), B 56 ZE & B % M7 (0.3 ~
5000 Hz)ic 315 5 H B IBEh 128 A A0 =) 35 37 LA
(local field potential, LFP), #XJ5 F 17 8 A7 A
WFDAR2E. T2 A IR e E 5 A ER ) T 7%



2016; 43 (8)

REF, &: SRR LS ITTHERAIHIKF +789¢

FHIBANE: PR BEE R RS 5
RITHOZE LR A, SRS K IR 4G ROT AR 0.5 ms
KR BB AIE e 225, JFHEM R A E A
ST H B B Bk L BB AR, BT 0.1 ms A ik
TR A BRI LA 2 B AR R AR S K T 4 HL A
5, Dk, mTRADT bR G IE B BE, IR
RSN, Joirte AR .

2 LFP: Xf T O XML E S, FIH
LabChart 7 % {4+ (AD Instruments Inc.) i) 5 7 /= i@ I
AR (BUEAE A 500 Hz) 2 BRAEMN LFP, BRI 3843
Z Y 7 £ 1 £ 890 15 5 (multiple unit activity,
MUA).

B A R 7E MUA 55 H 8 H 2 i85 15
E VAT I 42 U F AL i TR, BIME & B MUA
FIAREZE R 5 A5

BRI BT E e i A R
(FFEXS EASCREERFIE, 4 Height) F1EE
— 2 % 47 (the first principal component analysis,
PCAL), TENEEWALRIFHIER. RE, FIH
SpikeSort3D #f:(Neuralynx Inc.), f#F 4 4N EIE K
I 8 AMRHIE B B AT IR AT SR, AT HouE
HLAL 7 51 (single unit activity, SUA). #¢ ), RIEE
S U IR U8 T AR AR AR e m g R TP B i) 1] o
77 B (inter spike interval, IST), & 5 5 S 4 4 i
% JG (pyramidal cell, Pyr) B¢ ' [8] #ff & ¢
(interneuron, Int) [F) 8 FE ALY, ARSI 5T A (] # 42
TG HLA 7R HFS S[R3 A8 1k
1.3 S#HEMEHESHMEXFITE

TEAH L Ah 55 <0 4 222 0 I A4 8 67 A S P e LA I8

2R ILAETEAR, 32 B R B S (TR SO A
SCTRARTE SO MRS, PR 20 DRt 2T Bl AR B 1 25
WA AN ARAAR . PR, ASOKE 3 T H g FAr
B I0FI8 JE BB R I SR T S B, AR 9 B S A
HTESCMEAE ,  RAIE T Fi AT H AR A

AN, ASCGER BB, tHE TR
R HReBNEERA SR A AL AR RAE
KFEZ, WENSF I A, P A 8] I E]
7, BRI Be AL AT () 2 i

SRR « £ s WIERFR. BHHE
B2 5 HFS R 3AT 0 25 2 sopH B 48 10 Lo
8. K SPSS 19.0 % 1 B BC XF ¢ 6 % (paired
i-test)s HL[IK 2 7 2 79 M7 (one-way ANOVA) 2 Post
hoc Bonferroni test o 3 % 2 %48 2 [A] 22 ¢ 1) 2 3%
P, n FoREI I W&o B AL

2 & R

2.1 SSNRIEHEA B AR R R S

FE R RS CAL X i A\ Jf % Schaffer fll] 52
b e i e = A K R ) 3 (orthodromic-HFS,
O-HFS)I, 7T FiF CA1 X MufAk 2 0 5% B A ]
DLURAE BIAR R T ROM B . 25 008 O 320 1 s e g1 9 Ak
H 25, M MUA 550K 2a B, FIHH
W) EARAT 4 I LSRG S, Sid B Al
Moy, MK 2a Binfss ke 3 K8 ma,
Kl 2b 7~ i) Neuron 1. Neuron 2 Al Neuron 3. iX
3 A2 I I e H A T (Heeightt) 76 1) 5 34 () 40 Bt
AR AL () 2b 22 ). TR s (AR 1k
1E 4 METE PR EE— 80 # R PR E /N (] 2a),
Rk, 4R AT LA B[Rl — 2%, JF B /£ Height 5
PCAI ) 4 RRE b 2 IES: B (E 2b 4
), RPALZNMEBRLRE F—MEIC.

FR Y% HFS 77 F 28 10l 5% (1 45 v o7 I8 06 B N R
TP P T D) B 05 PRI (1 2¢) TT AR 59 A A o 48 e A
] PR R G, p T R )RR G % A R BRI
B O EGER, T H., Schaffer ] 37 _F () HES A LA
T NMAT R RS AL T, EBAEH TR R E T
(B 1b). BHth, ASCR i 2 % CAL X (1) E]
W, SR FL B H AL I TETE HFS 1 1E] (A2 1k
N7 B AR AT SE M, BT SR (1 [
ZouR BRI AER R, EELIIFNREEY KT
02mV, “FIIEM N0.33 £0.13) mV(n = 12
[E] 1 25 7T).

Bl 2d s 2 B 2a 15 5 B & A s 2
TCHIEE AT AL, WL, 4 AN IEIE BB AL
HFS ¥ 18] ¥ 98 /N, I B HFS 4] 316 4 f i ey 7
(population spikes, PS)I (& 2a), 45 HL A7 I T (1 4k
N, SR G, BRI KE 2
BT K, 3R W F A U R 1 e 2 B HFS
gy, HAEE 3 MR RES LS T =
I3HT.

2.2 ESRRIEHA ) ALK R AL

A B RS PRSI R 4 SR P v 9 I 15 21 1Y
MUA {55 . 5 7 kG i@ gs o T8l A B 1
A1 1S A S ST 0 VT = 2 R IV, | A S R AN A 1
Wi 2 FEBE AT I (R B, MR GG T8 005 18 % A5
SR SR Y (K 32). @0l 3b BTan, 2 min B K
[¥) 100 Hz O-HFS ¥ 153 % 5 A7 J5E 46 3 T2 1 I {8 B
kN . AT 30 s 2R i] SR LA IR N



*790° £ FESEYYNIEHE Prog. Biochem. Biophys. 2016; 43 (8)

(a)  Four-channel MUA signals (500~5 000 Hz)

O-HFS, 100 Hz, 2 min, 0.15 mA
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(b) Changes of spike amplitudes and spike clustering plots
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Fig. 2 Spike detecting and sorting during periods including O-HFS

(a) Four-channel multiple unit activity (MUA) obtained after stimulus artifact removing and high-pass filtering. (b) Plots of spike amplitudes (i.e.,
Height) of 3 sorted neurons against the coordinates of time and the first principal component analysis (PCA1). Red bars indicate the duration of 2 min
100 Hz O-HFS. (c) Identifying spikes from pyramidal cells (Pyr) and interneurons (Int) according to the widths of spike waveforms (up) and the

histograms of inter-spike-intervals (down). (d) Four-channel overlaid spike waveforms and mean waveforms of an interneuron in the periods before
O-HFS, during 2 min O-HFS and after O-HFS.
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Fig. 3 Changes of spike waveforms during O-HFS

(a) Spikes in MUA signals and in corresponding wide-band signals. Red dots in the expanded insets indicate the spikes of a same neuron. (b) Changes of

spike amplitudes of the wide-band signal during O-HFS. (¢) Comparison of the overlaid spike waveforms and mean waveforms from the wide-band

signal between the two periods: before O-HFS and during O-HFS.
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Fig. 4 Changes of spike waveform parameters induced by 100 Hz O-HFS

Percent ratios of falling-phase amplitudes (a), rising-phase amplitudes (b) and half-height widths (c) of spikes during different periods to the

corresponding baseline values before HFS. The insets on the upper right corners indicate the definition of the spike parameters. Percent ratios of

falling-phase amplitudes (d), rising-phase amplitudes (e) and half-height widths (f) of spikes during two different HFS periods with PS and without PS

to the corresponding baseline values before HFS. **P < 0.01, Post hoc Bonferroni test; “P < 0.01, *P < 0.05, paired ¢-test.
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Fig. 5 Effects of O-HFS with different stimulation frequencies on spike firing rates and spike waveforms
(a) Comparisons of spike firing rates in the periods before O-HFS and during O-HFS (100 and 200 Hz). (b) Percent ratios of the spike amplitudes during

O-HFS (100 and 200 Hz) to the corresponding values before O-HFS, including the amplitudes of falling-phase and rising-phase. (c) Percent ratio of the
half-height widths of spike waveforms during O-HFS (100 and 200 Hz) to the corresponding values before O-HFS. *P < 0.05, **P < 0.01, paired ¢-test,

n:12.
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High Frequency Stimulation Changes The Waveforms
of Neuronal Action Potentials’

ZHU Yu-Fang, FENG Zhou-Yan”, WANG Zhao-Xiang, YU Ying, GUO Zhe-Shan
(College of Biomedical Engineering and Instrumentation Science, Key Laboratory of Biomedical Engineering
of Education Ministry, Zhejiang University, Hangzhou 310027, China)

Abstract In order to detect and investigate neuronal firing activity during high-frequency stimulation (HFS),
thereby to reveal the mechanisms of deep brain stimulation (DBS) in the treatment of neurological diseases, this
project studied the changes of spike waveforms during HFS. Orthodromic-HFS (O-HFS) trains with a duration of
1~2 min and a frequency of 100 or 200 Hz were applied to the afferent fibers (i.e., the Schaffer collaterals) of the
hippocampal CA1 region of anesthetized rats. Multi-channel spike signals were recorded in the downstream area of
HFS by a microelectrode array. The features of the spike waveforms, such as amplitude and half-height width, were
extracted from the sorted unit spikes of interneurons activated by HFS through single synaptic transmissions. The
results show that the spike amplitudes decreased and the half-height widths increased significantly during HFS. The
percent ratios of the waveform features, compared to their baseline values, show that the amplitude of falling-phase
and the amplitude of rising-phase decreased by ~20% and ~40%, respectively, while the half-height widths
increased by more than 10%. In addition, the decrease of amplitudes (up to 50%) and the increase of half-height
widths (up to 20%) were enhanced during synchronized firings of a large population of neurons or during the
O-HFS trains of 100 Hz, a stimulation frequency causing greater excitation to neurons than 200 Hz. Presumably,
the excitation of O-HFS could elevate the membrane potentials of downstream neurons and change the kinetics of
the ionic channels of the membrane, thereby result in the waveform changes of action potentials. The results
support the hypothesis that DBS has excitatory modulation effect on neurons. The study provides guidance for
accurately analyzing neuronal unit spike activity during high-frequency stimulation and also provides important

clues for revealing the mechanisms underlying the treatment of brain diseases by DBS.
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