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Deep brain stimulation is an emerging treatment for brain
disorders. However, the mechanisms of high-frequency
brain stimulation are unclear. Recent studies have sug-
gested that high-frequency stimulation might produce ther-
apeutic effects by eliminating pathological rhythms in neu-
ronal firing. To test the hypothesis, the present study in-
vestigated whether stimulation of axonal afferent fibers
might alter firing rhythms of downstream neurons in in-
vivo experiments with Sprague-Dawley rats. Stimulation
trains of 100 Hz with one minute duration were applied
to the Schaffer collaterals of hippocampus Area CA1 in
anaesthetized rats. Spikes of single interneurons and
pyramidal neurons in the downstream region were ana-
lyzed. The spike rhythms before, during, and after the
stimulations were evaluated by analyzing the power spec-
trum density of autocorrelograms of the spiking sequences.
The rhythms of local field potentials were also evaluated
by power spectrum density. During baseline recordings,
theta rhythms were obvious in the spiking sequences of
both types of neuron and in the local field potentials of the
stratum radiatum. However, these theta rhythms were all
suppressed significantly during the stimulations. Addition-
ally, the results of Pearson's correlation analysis showed
that 20-30% variation in the theta rhythms of neuronal fir-
ing could be explained by changes of the theta rhythms in
local field potentials. High-frequency axonal stimulation
might prevent the original rhythmic excitation in afferent
fibers and generate new excitation by stimulation pulses
per se, thereby suppressing the theta rhythms of individ-
ual neuron firing and of local field potentials in the region
downstream from stimulation. The results provide new ev-
idence to support the hypothesis that high-frequency stim-
ulation can alter the firing rhythms of neurons, which may
underlie the therapeutic effects of deep brain stimulation.
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Abbreviations
DBS Deep brain stimulation

HFS High-frequency stimulation

PSD Power spectrum density

LFP Local field potentials

RE Recording electrode

SE Stimulating electrode

PS Population spike

fEPSP Field excitatory postsynaptic potential

Pyr. layer Pyramidal cell layer

S. rad. Stratum radiatum

MUA Multiple unit activity

1. Introduction
Deep brain stimulation (DBS) has been successfully utilized

for treating neurological diseases such as Parkinson's disease and
epilepsy (Vonck et al., 2013; Cury et al., 2017). DBS has also
shown potential in the treatment of mental disorders such as re-
fractory obsessive-compulsive disorder and depression (Pereira et
al., 2012; Taghva et al., 2013). Investigations have shown that ther-
apeutic DBS requires the use of electrical pulse trains with a high
frequency in the range of 90-185 Hz (Kuncel et al., 2006; Birdno
et al., 2012). However, the mechanisms of high frequency stimu-
lation (HFS) have not yet been determined. This has limited the
clinical application of DBS for treatment of new diseases (Udupa
and Chen, 2015; Chiken and Nambu, 2016).

Three potential mechanisms of HFS on neuronal activity have
been proposed: inhibition, excitation, and modulation. Studies
have shown that HFSmay suppress neuronal firing by activation of
the inhibitory synapses of neural circuits (Alhourani et al., 2015),
or by depletion of the neurotransmitters of excitatory synapses
(Iremonger et al., 2006). However, other studies that involved an-
imal experiments and mathematical simulations have shown that
HFSmay increase the firing rate of neuronal action potentials (De-
niau et al., 2010). The paradoxical increase and decrease of neu-
ronal activity induced by HFS may be unraveled by a third plau-
sible mechanism, that of modulation. HFS may exert efficacy by
changing firing patterns or firing rhythms of neurons rather than
purely changing neuronal firing rates (McConnell et al., 2012; Flo-
rence et al., 2016; Herrington et al., 2016).



Neurons in the brain often fire action potential sequences in
rhythmic patterns. Additionally, pathological rhythms are features
of many brain disorders (Buzsáki, 2002; Buzsáki and Draguhn,
2004). For instance, the theta rhythmic firing of hippocampal neu-
rons may be related to the development of epilepsy (Kitchigina et
al., 2013). Abnormal theta and beta rhythms of neuronal firing
have been considered as features of Parkinson's disease. The theta
rhythm may play an important role in the generation of abnormal
tremors (Tass et al., 2010; Singh et al., 2016). Recent studies have
suggested that HFS may change the patterns of action potential
firing by various neurons. During HFS, new patterns of neuronal
activity might replace and mask the pathological rhythms of neu-
rons, thereby achieving therapeutic effect (So et al., 2012; Rosen-
baum et al., 2014). Thus, a potential mechanism for DBS might be
the suppression effect of HFS on rhythms of neuronal firing.

To test the hypothesis, trains of HFS pulses were applied to the
Schaffer collaterals, the afferent fiber tracts of the hippocampus
Area CA1, in anaesthetized rats. Single unit activity of both in-
terneurons and pyramidal neurons in the region downstream fron
stimulation was analyzed to determine whether the axonal HFS
could change the rhythmic firing of downstream neurons.

Axons can widely modulate neuronal activity in downstream
regions through their fiber projections. Additionally, compared to
other components of neurons, axons are more prone to be activated
by narrow HFS pulses (Ranck, 1975). Therefore, the investigation
of neuronal responses to axonal HFS could reveal important infor-
mation for DBS application. Additionally, the hippocampal region
was chosen for investigation of the mechanisms of HFS because it
is one of the DBS targets for the treatment of neurological diseases
such as refractory epilepsy and Alzheimer's disease (Jiruska et al.,
2010; Sankar et al., 2015). The results of this study might provide
new evidence for a theory of HFS modulation.

2. Materials and methods
2.1 Animal surgery and electrode placement

Experiments were approved by the Institutional Animal Care
and Use Committee, Zhejiang University. Seven adult male
Sprague-Dawley rats (260-340 g) were each anesthetized with ure-
thane (1.25 g/kg, i.p.) and placed in a stereotaxic apparatus (Stoelt-
ing Co., USA). The anesthetic state was monitored by pinching rat
feet and observing rat responses. Body temperature was main-
tained at ∼ 37◦C. The nasal skin was cut and two stainless-steel
screws were fixed in the nasal bone to serve as the reference and
ground electrodes.

The scalp was opened and partial skull was removed to allow
the placement of a recording electrode (RE) and a stimulating elec-
trode (SE). The RE was a 16-channel (2*8) electrode array (Model
Poly2, Neuro-Nexus Technologies, USA) positioned in hippocam-
pus Area CA1 (AP: 3.5 mm, ML: 2.7 mm, DV: ∼ 2.5 mm).
The SE was a concentric bipolar stainless-steel electrode (Model
CBCSG75, FHC, USA) positioned in the Schaffer collaterals of
the hippocampus Area CA1 (AP: 2.2 mm, ML: 2.0 mm, DV: ∼
2.8mm). According to the clear lamellar organizations of neuronal
structures in hippocampus, the final positions of electrodes were
determined based on the waveforms of orthodromically-evoked
potentials as well as unit spike signals that appeared serially in

the 16 channel recording array (Kloosterman et al., 2001; Feng et
al., 2013). Specifically, a single stimulation pulse on the Schaffer
collaterals could induce a population spike (PS) and a field excita-
tory postsynaptic potential (fEPSP) in the downstream pyramidal
cell layer (Pyr. layer) and stratum radiatum (S. rad.), respectively.
The distance between the two layers was ∼ 0.4 mm (Fig. 1A).

At the end of experiments, the rats were euthanised by in-
traperitoneal over-dose injection of urethane followed by injection
of a saturated KCl solution directly into the heart.

2.2 Recording and stimulating
Raw signals from the recording electrode with a frequency

range of 0.3-5000 Hz were amplified× 100 with a 16-channel ex-
tracellular amplifier (Model 3600, A-M System Inc., USA). The
amplified signals were then sampled by a ML880 PowerLab data
acquisition system (ADInstruments Inc., Australia) with a sam-
pling rate of 20 kHz and an A/D conversion resolution of 16 bits.

Stimulations were 100 Hz biphasic current pulses with a pulse
width of 0.1 ms and duration of 1 min, generated by an isolated
pulse stimulator (Model 3800, A-M System Inc., USA). Current
intensity was set at 0.3-0.5 mA to evoke an approximately 75%
maximal amplitude PS according to the input-output curve of sin-
gle pulse stimulation.

2.3 Analysis of single unit spikes
Four neighboring channels of the recording array located in the

pyramidal layer were used to extract the unit spikes of neuronal fir-
ing as described previously (Feng et al., 2017). Briefly, HFS stim-
ulation artifacts were removed by a linear interpolation algorithm
(Yu et al., 2016): a signal segment of 1.5 ms around each artifact
of a stimulation pulse was replaced by a short linear interpolation
that connected the two endpoints of the artifact segment. Next, the
artifact-free signals were filtered (> 500 Hz) by a high-pass digital
filter (LabChart v7.0 software, ADInstruments Inc., Australia) to
remove the local field potential (LFP) in the low-frequency band
and to obtainmultiple unit activity (MUA). Unit spikes in theMUA
signals were then detected by an amplitude threshold of about× 3-
5 the signal standard deviation (Vargas-Irwin et al., 2007). Finally,
feature vectors of the spike waveforms (first principal components
and amplitudes) were used to sort the spikes of multiple neurons
with open-source clustering software (SpikeSort 3D, Neuralynx
Inc, www.Neuralynx.com). Histograms of inter-spike intervals of
the sorted unit spikes were used to verify the clustering results of
single unit spikes (Barthó et al., 2004).

According to the waveform features of spikes of interneurons
and pyramidal neurons, single unit spikes of different neuronswere
distinguished (Feng et al., 2017). Briefly, half widths (measured
from the negative peak to the post-positive peak) of the mean spike
waveforms of different neurons were evaluated. Neurons with
spike half widths of < 0.4 ms and > 0.7 ms were defined as pu-
tative interneurons and pyramidal neurons, respectively (Barthó et
al., 2004).

2.4 Rhythm analysis
To investigate the effect of axonal HFS on the theta rhythms

of neuronal firing, autocorrelation histograms of the binary se-
quences of unit spikes were generated to calculate power spec-
trum density (PSD) in the periods before, during, and after HFS
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Figure 1. Spontaneous theta rhythms of neuronal firing in hippocampus Area CA1 of anaesthetized rats. (A) Left: Schematic diagram of the
rat hippocampus and electrode location. Recording electrode (RE) and stimulating electrode (SE) were respectively located in hippocampus
Area CA1 and in the upstream Schaffer collaterals. Arrow indicates direction of stimulus-induced excitation. Electrical signals in the pyramidal
layer (Pyr. layer) and in the stratum radiatum (S. rad.) were collected by two recording sites in the RE array (separated by 0.4 mm). Right:
Typical waveforms of the population spike (PS) and field excitatory postsynaptic potential (fEPSP) evoked by a stimulus and recorded in Pyr.
and S. rad. layers, respectively. Inverted triangles: Truncated stimulus artifacts. (B) Left: Segment of raw recording in the Pyr. layer together
with associated local field potential (LFP) in theta range and multiple unit activity (MUA). Middle: Autocorrelation profile of the sequence of
unit spikes extracted from the MUA. Right: Corresponding LFP-power spectrum density (top: LFP-PSD) and unit spike-power spectrum density
(bottom: unit-PSD). (C) Left: Recording from S. rad. corresponding to the segment in (B) with its LFP in theta range. Right: Corresponding
LFP-power spectrum density. Shaded area: Theta range (2–5 Hz).

(Kitchigina et al., 2003, 2013). The length of autocorrelograms
was three seconds with a temporal resolution of two milliseconds.
The mean component in autocorrelograms was removed and the
values were then normalized to eliminate the influence of spike
rates. To analyze rhythms in the sequences of unit spikes by au-
tocorrelogram, the PSD of autocorrelograms (unit-PSDs) was cal-
culated by Welch's modified periodogram method with a Hanning
window, an overlap of 50%, and a frequency resolution of 0.49
Hz.

Additionally, PSD curves of LFP in both the pyramidal layer
and the stratum radiatum were calculated in the frequency range
of 0-10 Hz to evaluate the theta rhythms in the LFP. The frequency
resolution of LFP-PSD was 0.15 Hz.

Cumulative PSD power in the frequency range of theta rhythm

(2-5 Hz) was calculated for both unit-PSD and LFP-PSD to eval-
uate the intensity of theta rhythm.

All statistical data were represented as mean ± standard devi-
ation. Statistical significance of the difference between HFS data
and the corresponding baseline data were tested by paired t-test.
Pearson's correlation analysis was used to test the linear correla-
tion between the theta rhythms of unit-PSD and the theta rhythms
of LFP-PSD. The significance level was set at p < 0.05.

3. Results
3.1 Spontaneous theta rhythms of neurons in the hippocam-

pus Area CA1 of anesthetized rats
Previous studies have shown that theta rhythms of the LFP

commonly appeared in the hippocampus of urethane anesthetized
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rats with frequencies of 2-5 Hz (Buzsáki, 2002). In the present
study, the baseline recording in the pyramidal layer of Area CA1
clearly showed a rhythm with a peak of 2.3 Hz in the LFP-PSD
(Fig. 1B Top). Meanwhile, the unit spikes ofMUA fired in clusters
and were obviously rhythmic in the autocorrelogram of the spike
sequence. A peak at 2.7 Hz appeared in the unit-PSD of the au-
tocorrelogram, indicating a theta rhythm in the spontaneous firing
of neuronal action potentials (Fig. 1B Bottom). Additionally, the
baseline recording in the stratum radiatum showed a clear rhythm
with a peak of 2.75 Hz in LFP-PSD (Fig. 1C). The peak power
density value 0.63 mV2/Hz in the LFP-PSD of stratum radiatum

was greater than the peak value 0.29 mV2/Hz in the LFP-PSD of
pyramidal layer, indicating a stronger theta rhythm in the LFP of
stratum radiatum (Fig. 1B and Fig. 1C).

3.2 HFS changed the rhythms in neuronal firing

To investigate the effects of HFS on the rhythms of neuronal fir-
ing, one minute of 100 Hz HFS trains were applied to the Schaffer
collaterals of the hippocampus Area CA1 (Fig. 2). During HFS, in
the pyramidal layer, the MUA increased and the theta rhythms of
LFP decreased (Fig. 2A). The theta rhythms of LFP in the stratum
radiatum also decreased significantly during HFS (Fig. 2B).
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Figure 2. Changes in the multiple unit activity and local field potential evoked by stimulation (one minute, 100 Hz). (A) Example recording
from Pyr. layer and associated multiple unit activity and local field potential in theta range. Typical spike waveforms of interneurons and
pyramidal neurons are given in the two expanded insets. (B) Corresponding recording from S. rad. layer. Shaded area: High-frequency
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Figure 3. Axonal stimulation suppressed theta rhythms in neuronal firing. (A) Top to bottom: Examples of theta signal recorded from Pyr. layer,
raster plots of unit spikes of an interneuron and a pyramidal neuron, and theta signal from S. rad. during the three periods of: before, during,
and after high-frequency stimulation, respectively. (B) Example autocorrelation profiles and their unit-power spectrum densities (unit-PSD) for
interneuron spikes during the three different periods. (C) Statistical power of theta rhythms in unit-PSD of interneurons during the three different
periods. Paired t -test was used to compare mean power during stimulation and baseline mean power prior to stimulation (** p < 0.01, n =

7). (D) and (E) Corresponding data for pyramidal neurons.

The late 45 s period of MUA signals during one minute HFS
was used to analyze unit spikes to avoid interference from the large
PS events at the onset of HFS (Feng et al., 2013). Accordingly, the
45 s period of baseline signal immediately before HFS was used as
a baseline control. A 45 s period ofMUA signals starting from two
minutes after the termination of HFSwas selected to analyze firing
recovery (Fig. 2A). The two minute period immediately following
HFS was skipped because the firing of unit spikes would stop for
tens of seconds and then gradually recove during this period (Feng
et al., 2017).

Unit spikes of interneurons and pyramidal neurons in seven rat
experiments were analyzed. An example of the raster plots of unit
spikes (Fig. 3A) shows that before HFS, the firing of an interneu-
ron was clustered synchronously with the theta rhythm of LFP in
the pyramidal layer and stratum radiatum, indicating a rhythmic
firing. However, during HFS, this firing rhythm disappeared de-
spite an increase in the firing rate of the interneuron. After HFS,
the rhythm recovered. The suppression of rhythmic firing by HFS
was more obvious in the autocorrelograms and in the unit-PSD
plots of the interneuron (Fig. 3B). A peak appeared at 3.4 Hz in
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Figure 5. Correlation between theta rhythm of neuronal firing and theta rhythm of local field potential. Scatter diagrams of theta power of unit
spikes (A and C for interneurons, B and D for pyramidal neurons) against the corresponding theta power of local field potential (A and B for
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3 × 7 = 21) is the number of pooled data from the three different periods of before, during, and after stimulation within the seven experiments.

the unit-PSD before HFS disappeared during HFS and reappeared
at 3.9 Hz after HFS. The mean power of theta rhythms in unit-PSD
of interneurons was significantly decreased from 1.62 ± 0.79 be-
fore HFS to 0.12 ± 0.06 during HFS (p < 0.01, paired t-test, n =

7) and recovered to 1.39 ± 1.04 after HFS (Fig. 3C).
Rhythmic firing of pyramidal neurons was not obvious in raster

plots because of their low spontaneous firing rates (Fig. 3A). How-
ever, the theta rhythms in their firing before and after HFSwere ob-
vious in the corresponding autocorrelograms and unit-PSD plots
(Fig. 3D). The suppression of rhythmic firing during HFS was sta-
tistically significant as the mean power of theta rhythms in the

unit-PSD of pyramidal neurons decreased from 1.29 ± 0.65 be-
fore HFS to 0.11 ± 0.07 during HFS (p < 0.01, paired t-test, n =

7) and recovered to 0.99 ± 0.76 after HFS (Fig. 3E).
HFS also suppressed theta rhythms in LFP signals (Fig. 4). For

LFP of baseline recordings before HFS, peaks of theta rhythms
were obvious in LFP-PSD of both the pyramidal layer and the stra-
tum radiatum. The peaks decreased during HFS and recovered
after HFS (Fig. 4A and 4B). The mean power of theta rhythms
in LFP-PSD of the pyramidal layer significantly decreased from
0.067± 0.019 mV2 before HFS to 0.052± 0.016 mV2 during HFS
(p < 0.05, paired t-test, n = 7; Fig. 4C). Similarly, the mean power
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of theta rhythms in LFP-PSD of the stratum radiatum significantly
decreased from 0.185 ± 0.058 mV2 before HFS to 0.063 ± 0.043
mV2 during HFS (p < 0.01, paired t-test, n = 7; Fig. 4D). Addi-
tionally, in baseline recordings, the mean power of theta rhythms
in LFP-PSD of the stratum radiatum (0.185 ± 0.058 mV2) was
significantly larger than that of the pyramidal layer (0.067± 0.019
mV2; p< 0.01, paired t-test, n= 7). However, there was no signif-
icant difference in the LFP theta rhythms of the two layers during
HFS.

These results indicate that axonal HFS could suppress the theta
rhythm activity of both downstream interneurons and pyramidal
neurons. Simultaneously, HFS decreased theta rhythms in the LFP
of different layers of the hippocampus Area CA1. This suggests
that changes in the theta rhythms of unit spikes might be related to
changes of LFP rhythms. Therefore, the relationship between the
power of theta rhythms of neuronal firing and the power of theta
rhythms of LFP was next evaluated.

3.3 Rhythms in the LFP of stratum radiatum could modulate
the neuronal firing
To investigate the relationship between the theta rhythms of

neuronal firing and those of LFP, the data of theta power in the
three periods (before, during, and after HFS) were pooled together
and Pearson's correlation coefficient was calculated (Fig. 5). For
the LFP in the pyramidal layer, there were no significant correla-
tions between the power of theta rhythms of neuronal firing (nei-
ther the interneurons nor the pyramidal neurons) and the power of
LFP theta rhythms (Fig. 5A and 5B). However, for LFP in stra-
tum radiatum, significant correlations were observed between the
power of theta rhythms of both types of neuron and the power of
LFP theta rhythms (Fig. 5C and 5D).

These results indicate that changes of neuronal firing rhythms
were related to the LFP of the stratum radiatum (located hundreds
of microns away from the neuronal somata) rather than the LFP of
the pyramidal layer that immediately surrounded the neuronal so-
mata. This was attributed to the fact that stratum radiatum contains
excitatory synaptic terminals of afferent axons.

4. Discussion
This study indicates that axonal HFS of afferent Schaffer collat-

erals can suppress the low-frequency (theta) rhythms of neuronal
firing for both interneurons and pyramidal neurons downstream in
hippocampus Area CA1. The decrease of rhythmic firing is re-
lated to a decrease in LFP rhythms of the stratum radiatum where
the excitatory afferent fiber synaptic terminals are located. Possi-
ble mechanisms of these results are now discussed.

During pre-HFS baseline recordings, spontaneous theta
rhythms appeared both in the unit spike sequences of neuronal fir-
ing and in the LFP of different layers (pyramidal layer, stratum
radiatum) in hippocampus Area CA1 (Fig. 1, Fig. 3 and Fig. 4).
These observations were consistent with previous studies that have
indicated correlation between the rhythms of neuronal firing and
LFP (Buzsáki and Draguhn, 2004). The LFP theta rhythms may
be an epiphenomenon of the rhythmic firing of CA1 neurons
(Buzsáki, 2002; Rutishauser et al., 2010). Studies have shown that
the theta rhythms of CA1 neurons may have several origins, in-
cluding rhythmic inputs from the neuronal populations upstream

in Area CA3, excitatory inputs from the entorhinal cortex, and os-
cillations of calcium currents via voltage-dependent ionic channels
of synapses in the stratum radiatum of pyramidal neurons (Lee et
al., 1994; Kamondi et al., 1998; Buzsáki, 2002; Kitchigina et al.,
2003; Huh et al., 2010; Buzsáki and Moser, 2013). The rhythmic
inputs from upstream CA3 neurons may result in the LFP power of
theta rhythms in the stratum radiatum being significantly greater
than in the pyramidal layer (Fig. 1 and Fig. 4).

Axonal HFS may decrease rhythmic excitation originating
from the upstream projections to downstream neurons. Schaffer
collaterals, the stimulation target of the present study, are the ma-
jor pathway between Areas CA3 and CA1. Axonal HFS at the
Schaffer collaterals may prevent the propagation of theta rhyth-
mic activity from Area CA3 to CA1 through the mechanism of
HFS-induced depolarization block at axons (Bellinger et al., 2008;
Jensen and Durand, 2009; Feng et al., 2013), thereby decreasing
the LFP theta rhythms in Area CA1 (Fig. 4). Presumably, this
attenuation of rhythmic driving may result in a decrease of theta
rhythms in neuronal firing. This speculation is supported by the
significant correlation between changes of theta rhythmic firing
and the changes of LFP theta rhythms in the stratum radiatum
where Schaffer collateral inputs were located (Fig. 5). However,
the determination coefficients (R2) of correlation analysis were
only 20-30%, which indicates that decreased rhythmic driving by
upstream neurons could only explain a fraction of the alteration of
rhythmic theta firing.

HFS pulses per se could have excitatory effects on downstream
neurons, which might be another origin of decreases in the theta
rhythms of neuronal firing. Prolonged HFS can cause axons to
fail to generate action potentials following every stimulus pulse
because of depolarization block. However, the axonal block is only
partial and axons can still intermittently fire action potentials (Guo
et al., 2018). These HFS-induced activations can propagate along
axons to finally activate downstream post-synaptic neurons. They
may then modulate neuronal firing in a de-synchronized manner
(Feng et al., 2017; Wang et al., 2018), thereby eliminating theta
rhythms.

A limitation of the present study is that the data were obtained
from urethane anesthetized rats. The anesthetic could slightly de-
crease the firing rate of pyramidal cells (Mercer et al., 1978) and
also slightly lower the frequency of theta rhythms in the hippocam-
pus (Buzsáki, 2002). However, the suppression of theta rhythm
firing of neurons by axonal HFS may well be similar under both
anesthetized and awake conditions provided rhythmic firing exists.

5. Conclusion
The present study shows that HFS of afferent axons in the

rat hippocampus suppresses rhythmic firing of downstream neu-
rons. Two major mechanisms may underlie the suppression ef-
fects. First, HFS-induced axonal failures may prevent the propa-
gation of theta rhythmic activity from its origins to downstream
neurons. Second, HFS pulses per se may change the firing pat-
terns of downstream neurons through the excitatory effects that
leak from partially blocked axons. These mechanisms of axonal
HFS provide new insights into how DBS could change neuronal
firing patterns.
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