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Fig. 1 Different responses of neuronal populations to orthodromic stimulation with constant and varying inter—pulse—
intervals
(a) Schematic diagram of the locations of stimulation electrode in the Schaffer collaterals and recording electrode array in the CAl region.
(b) Example recording of neuronal responses to a high-frequency stimulation (HFS) sequence switched between constant IPI (10 ms, 100 Hz
for 50 s) and varying IPI (5-10 ms, 100-200 Hz for 10 s) . Typical signals during the different periods of stimulation are given in the expanded
insets. Blue and red dashed lines denote the removed stimulation artifacts with constant IPI and varying IPI, respectively. Blue and red dots denote
unit spikes and population spikes (PS), respectively. (¢) Example of HFS similar to (b) except the constant IPI decreased from 10 to 7.5 ms,

ie., 100to 133 Hz.
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Fig. 2 Comparison of population spikes induced by the first stimulation pulse and the pulses with varying IPI

(a) Typical PS waveform with the definitions of three parameters: amplitude, half-amplitude-width and area. (b—-d) Comparisons of the three

PS parameters among PS; evoked by the first pulse, mean value and maximum/minimum value of PS evoked during stimulations with varying IPI.

*P<0.01, paired r-test, n=7rats. I: PS;; 2: Meanduring varyingIPI; 3 ,,.: Maximum during varying IPI; 3, : Minimum during varying IPI.
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Fig. 3 Relationship between the appearance of population spikes and the lengths of inter—pulse—intervals during

stimulation with varying IPI

(a) Example of 10 s recording during stimulation with varying IPI (100-200 Hz), together with expanded insets illustrating the definitions of

preceding IPIs and stimuli. Red dashed lines denote the removed stimulation artifacts. (b) Probability distribution of IPI lengths during stimulation

with varying IPL. (c) Scatter diagrams illustrating the relationship between the PS amplitudes and the lengths of four preceding IPIs (upper

row), and the probability distribution of PS against one of the four preceding IPIs (lower row) . The dashed line divides the IPI (5-10 ms)

into two interval ranges, equally. (d) Three-dimensional scatter diagram of PS amplitudes, the lengths of IP1,and IPI;. (e) Comparisons of PS

appearance probability in the two interval ranges of varying IPI: 5-7.5 ms and 7.5-10 ms. "P < 0.05, paired t-test, n =7 rats.
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The Altering Effect of High Frequency Stimulation on Brain Neurons With
Small Changes in The Lengths of Inter—Pulse—Intervals®

HU Han-Han, FENG Zhou-Yan"~, WANG Zhao-Xiang, ZHENG Lii-Piao, HUANG Lu

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

Zhejiang University, Hangzhou 310027, China)

Abstract Deep brain stimulation has been used to treat movement disorders such as Parkinson diseases by
utilizing high-frequency stimulations (HFS) of electrical pulses with constant inter-pulse-intervals (IPI). To
develop new stimulation paradigms for treating more brain diseases, HFS with varying IPI (i. e., varying-
frequency) has been investigated. Previous studies have shown that the efficacy obtained by varying-frequency is
different from that obtained by constant-frequency even with a same mean frequency. We hypothesized that small
changes in IPI during HFS could substantially change the effect of HFS on neurons. To test this hypothesis, HFS
sequences with constant IPI (IPI = 10 or 7.5 ms for a frequency of 100 or 133 Hz ) and varying IPI (IPI = 5-10
ms with a mean frequency of 133 Hz) were alternately applied at afferent axon fibers of pyramidal cells in rat
hippocampal CA1l region. The evoked potentials of downstream neurons were recorded and analyzed to
quantitatively evaluate the neuronal responses to stimulations with constant IPI and varying IPI. The results
showed that during persistent stimulation with constant IPI, the responses of downstream neurons changed from
initial synchronized firing of population spikes (PS) into non-synchronized firing (i.e., unit spikes). However,
once the stimulation switched to the sequence with varying IPI, synchronized firing reappeared with large PS
events. Additionally, the amplitude of PS and the synchronization degree of firing induced by varying IPI were
similar to those induced by single pulses at baseline. However, the incidence of PS was only ~7% of the pulse
frequency, indicating a cumulative action of multiple pulses for generating such synchronized firing of neurons by
stimulations with varying IPI. In addition, the appearance of PS was related to the length of proceeding IPI.
Presumably, nonlinear responses of neuronal axons and synapses to high-frequency stimulation might cause the
synchronized activity induced by varying-frequency. These results indicate that tiny differences in intervals of
varying-frequency stimulation may generate a modulation effect on neurons very different from that of constant-
frequency stimulation. The present study shows important results for revealing the mechanisms of brain

stimulation and for advancing the development of new stimulation paradigms to treat various brain diseases.

Key words high-frequency stimulation, inter-pulse-interval, random frequency, population spike, synchronized
firing
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