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Abstract

Background—The therapeutic mechanisms of deep brain stimulations (DBS) are not fully

understood. Axonal block induced by high frequency stimulation (HFS) has been suggested as one

possible underlying mechanism of DBS.

Objective—To investigate the mechanism of the generation of HFS-induced axonal block.

Methods—High frequency pulse trains were applied to the fiber tracts of alveus and Schaffer

collaterals in the hippocampal CA1 neurons in anaesthetized rats at 50, 100 and 200 Hz. The

amplitude changes of antidromic-evoked population spikes (APS) were measured to determine the

degree of axonal block. The amplitude ratio of paired-pulse evoked APS was used to assess the

changes of refractory period.

Results—There were two distinct recovery stages of axonal block following the termination of

HFS. One frequency-dependent faster phase followed by another frequency-independent slower

phase. Experiments with specially designed temporal patterns of stimulation showed that HFS

produced an extension of the duration of axonal refractory period thereby causing a fast recovery

phase of the axonal block. Thus, prolonged gaps inserted within HFS trains could eliminate the

axonal block and induced large population spikes and even epileptiform activity in the upstream or

downstream regions.

Conclusions—Extension of refractory period plays an important role on HFS induced axonal

block. Stimulation pattern with properly designed pauses could be beneficial for different

requirements of excitation or inhibition in DBS therapies.
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1. Introduction

The application of deep brain stimulations (DBS) in the clinic has generated significant

excitement as its therapeutic applications have been extended to various brains disorders

such as Parkinson’s disease, epilepsy, pain, addiction, stroke and depression [1–5].

However, its therapeutic mechanisms are not fully understood. Two important questions

remain unanswered: 1) why frequencies greater than 100 Hz are required to produce

therapeutic efficacy [6,7]; and 2) which temporal pattern of DBS is more effective:

continuous or intermittent stimulation [8,9]?

Recently, strong evidence has shown that the conduction of axons can be blocked by high

frequency stimulation (HFS) in the hippocampus and subthalamus both in in-vivo and in-

vitro preparation [10–15]. In particular, this axonal block can provide a reversible functional

disconnection in both the afferent and efferent axons of hippocampal neurons by HFS with

frequencies over 100 Hz [13]. Considering that axonal conduction is essential for the normal

function of any complex neuronal networks [6], the effect of HFS on axons could have

significant implication on brain function. The goal of the present study is to answer the two

questions listed above by focusing on the axonal effects of HFS.

With the application of repeated stimuli of HFS, axons can undergo activity-dependent

changes resulting in conduction failures. The changes involve the kinetics alteration of ion

channel (e.g., channel inactivation) and the accumulation of ions in intracellular and

extracellular areas [16–18] with different time constants. On one hand, the time constant of

ion channel kinetics is very short, e.g., ~1 ms activated duration of sodium channels [19],

suggesting a fast process. On the other hand, the changes of ionic concentrations, such as

increase of extracellular potassium concentration ([K+]o) during intense firings of action

potentials and diffusion of the accumulation [K+]o, suggest a slower process [20]. Therefore,

we hypothesized that multiple mechanisms with different time constants could be

responsible for both the development and the recovery of axonal failures.

In order to test this hypothesis, we applied HFS with biphasic pulses in the alveus fiber tract

of hippocampal CA1 pyramidal cells to induce axonal block in anaesthetized rats. Previous

studies indicate that the effective frequency of DBS is in the range of 100–200 Hz,

especially 130 Hz. Therefore, we chose 50, 100 and 200 Hz in a wider frequency range to

investigate the frequency-dependence of HFS effects. The time courses of the axon failure

were examined respectively during and following HFS trains by evaluating the

antidromically-evoked population spikes. Two distinct recovery stages of the axon failure

with significantly different time constants were observed following HFS with different

stimulation frequencies. Furthermore, we studied the mechanism underlying the effect of

HFS on axonal block by measuring the changes of refractory period of axons during high

frequency stimulation.
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2. Methods and Materials

2.1 Surgical procedures

All procedures used in this study were carried out in accordance with the Guide for the Care

and Use of Laboratory Animals (China Ministry of Health). Adult Sprague Dawley rats (250

– 350 g) were anesthetized with urethane (1.25 g/kg, i.p.) and placed in a stereotaxic

apparatus (Stoelting Co.). Body temperature was maintained at ~37 °C by a wrap with a

heating patch and towels. The skull was partially opened to allow the placement of

electrodes. A 16 channel recording electrode array (NeuroNexus Technologies) was inserted

into the hippocampal CA1 region (AP, −3.5; ML, 2.7; DV 2.5). Two stimulation electrodes,

concentric bipolar stainless-steel electrodes (FHC, Bowdoin, ME 04287, USA), were

positioned respectively in two axonal fiber tracts in CA1: the Schaffer collaterals (AP, −2.2;

ML, 2.0; DV 2.8) for orthodromic stimulation and the alveus (AP, −4.8; ML, 2.7; DV 2.3)

for antidromic stimulation. Two separate stainless steel screws were fixed in the nose bone

and served as reference electrode and ground electrode. Both multiple unit activity (MUA)

and patterns of the evoked potentials at each of the 16 channel recordings were judged to

guide the final positions of the recording probe and the stimulation electrodes. Saline was

placed over the exposed surface of the dura to keep it moist [13]. At the end of each

experiment, the rat was immediately euthanized by an intracardiac injection of saturated

potassium chloride.

2.2 Recording and Stimulation

Potential signals collected by recording probes were amplified by a 16-channel extracellular

amplifier (Model 3600, A-M system Inc.) with a filtering frequency range of 0.3 Hz - 5 kHz.

The amplified signals were then sampled by a ML880 Powerlab 16/30 data acquisition

system (ADInstruments Inc.) at a sampling rate of 20 kHz/channel with 16-bit precision, and

were stored into a hard disk for off-line analysis. The channel with the largest evoked

population spikes (PS) and dense unit activity was taken as the location of the pyramidal

layer of the CA1 region and the PS amplitudes were calculated.

Custom-made MATLAB codes were used to remove the stimulation artifacts during HFS by

linearly interpolating ~1.0 ms signal at each stimulation point. The algorithm was able to

remove the artifacts with minimal distortion of the neural signals [13].

Biphasic HFS pulses with constant currents were generated by the Model 2100 isolated

pulse stimulator (A-M system Inc.) with a pulse duration of 0.1 ms per phase. According to

input-output curves of the orthodromic- or antidromic-stimulations, a current intensity (0.3 –

0.5 mA) that evoked PSs with an amplitude approximately 3/4 of the maximal PS amplitude

was used as HFS stimulation intensity. The inter-pulse intervals (IPI) within HFS trains

were set as 20, 10 and 5 ms to obtain the stimulation frequencies of 50, 100 and 200 Hz,

respectively. The length of HFS train was set at 1 min. Test stimuli with an identical

intensity as HFS were applied at various time points following HFS to show the recovery

course of PS activity. Within some of the HFS trains, one prolonged IPI gap of 20 or 100 ms

was inserted every 2 s to reveal the change of refractory period of axons. The intervals

between sequential HFS trains were >30 min to ensure recovery from previous HFS.
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All statistical data were represented as mean ± standard deviation. One-way ANOVA with

Post hoc Bonferroni test were used to judge the statistical significance of the differences

among data groups.

3 Results

3.1 Two distinct stages in axonal recovery following HFS trains

The axonal block induced by antidromic-HFS (A-HFS) and the time course of its recovery

were investigated by stimulation of the alveus, a fiber tract consisting mainly of axons of the

hippocampal CA1 pyramidal cells. Under normal condition, paired-pulse stimulation with a

20 ms IPI applied to the alveus induced two antidromically-evoked population spikes (APS)

with similar large amplitudes (Fig. 1A). During 1 min long trains of A-HFS with frequencies

of 50, 100 or 200 Hz, large APS waveforms were able to follow each stimulation pulse at

the beginning of HFS. But, the APS amplitudes decreased rapidly towards the end of HFS

trains. The suppression of the APS increased as the frequency of the HFS increased (Fig.

1B). Test pulses applied 3 s and 13 s following each HFS train evoked large and similar

APS. Furthermore, the amplitudes of the partially recovered APS at the two time points

were similar for all the HFS trains with three different frequencies, in spite of the fact that, at

the end of HFS, the APS amplitudes were suppressed to a greater extent at higher

frequencies.

As previously reported [13], the suppression of APS could be explained by axon failure

since the large orthodromically-evoked PSs (OPS) could still be evoked by orthodromic test

stimuli (OTS) during the A-HFS while the APS was markedly suppressed. Since action

potentials in CA1 pyramidal cells are thought to be triggered in the axon initial segment,

these results indicate that the neuronal cell bodies retained a high level of excitability while

the axons were blocked (Fig. 1C). Therefore, in the present study, the amplitudes or areas of

APS were used to evaluate the firing and conduction state of the alveus axons during and

following HFS.

Although the recovery of the APS immediately following HFS train appeared to be rapid, it

was not complete (Fig. 1B). In order to determine the full recovery time course of axon

failure induced by A-HFS with different frequencies, we continued the application of test

stimuli for 5 min following HFS trains (Fig. 2A). The interval between the test stimuli was

set as 10 s for the first 2 min of the test (with the first test stimulus applied at 3 s following

the HFS) and then changed to 30 s for the other 3 min. Interestingly, the recovery occurred

in two distinct and consecutive phases (fast and slow phases). Within a few seconds

following the HFS, the APS amplitude recovered quickly (fast phase). However, the

complete recovery of the APS amplitude was much slower and took several minutes (slow

phase)(Fig. 2A).

Based on these recovery curves, we defined two recovery stages (1 and 2) by setting the

separation between them at the lowest point of the small “trough” after the 3 s point (see

Fig. 2A). The mean time of the separation points was 15.9 ± 5.5 s for all of the total 70

trains of 50, 100 and 200 Hz HFS, and it was not significantly different among the three

frequency groups. The time required for the APS to recover to 90% of baseline amplitude,
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T90%, was also not significantly different among the HFS groups with different frequencies

(Fig. 2B). The mean value of T90% for all of the total 70 trains was 1.20 ± 0.37 min.

In stage 1, the amount of APS recovery amplitude normalized by the baseline APS

amplitude, ΔA1, was frequency-dependent. It increased from ΔA1 = 13 ± 7.0 % (n = 10) of

50 Hz HFS to ΔA1 = 41 ± 11 % (n = 30) of 100 Hz HFS, and then to ΔA1 = 54 ± 9.0 % (n =

30) of 200 Hz HFS. The differences of ΔA1 among the three groups were significant and

marked (Fig. 2C). However, in stage 2, the amount of APS recovery amplitude (ΔA2) was

frequency-independent. There was no significant difference of ΔA2 among the three

frequency groups (Fig. 2D). Taken together, there was a significant difference in the total

recovery amount ΔA1 + ΔA2 (i.e., the suppression amount of APS amplitude by the HFS) for

the three frequency groups (Fig. 2E).

The frequency-independent feature of the recovery stage 2 suggests a common mechanism

underlying the effect of HFS applied at various frequencies. Presumably, this mechanism

would be related to the intensity of neuronal firings induced by HFS. Considering that the

intensity of firings depends on both the APS areas and the APS numbers for a given time

period [21], we measured the sum of all the APS areas per one second window. Although

the APS amplitude at the end (Aend) of 100 and 200 Hz HFS was much smaller than that of

50 Hz HFS (Fig. 1B and Fig. 2F), the number of APS induced by 100 and 200 Hz HFS were

2 and 4 times of 50 Hz HFS, respectively. At the final 1 s window of HFS, the cumulative

areas of APS normalized by the 1st APS of HFS, Aarea, were 36 ± 6.6 (n = 10), 32 ± 7.7 (n =

30) and 30 ± 7.0 (n = 30) for the three frequency groups (Fig. 2G). The similar levels of

APS areas generated at different frequencies support the hypothesis that the stage 2 recovery

period is frequency-independent

3.2 Rapid recovery of axonal block induced by A-HFS

Although the slow recovery (stage 2) was frequency-independent, the fast recovery (stage 1)

clearly was not. To study this recovery stage with higher time resolution, additional test

stimuli were applied 20 and 100 ms immediately following A-HFS before the 3 s test. To

avoid possible interactions among test pulses too close in time, the 20 and 100 ms tests were

applied in separated HFS trials. For the 50 Hz HFS, because its IPI was just 20 ms, the final

stimulus of HFS was treated as 20 ms test (Fig. 3A). Similarly, the final stimuli of the 100

and 200 Hz HFS trains were respectively treated as 10 and 5 ms test for comparison. The

APS evoked by the additional test stimuli was compared with the Aend (see Fig. 2A and 2F)

and together with APS evoked by the 3 s tests for the different frequencies of 50, 100 and

200 Hz (Fig. 3B – 3D). Even at 100 ms test, the APS already recovered to a level similar to

the 3 s test for all of the frequencies. Interestingly, although the Aend of 200 Hz HFS was

significantly smaller than those of 50 and 100 Hz HFS (Fig. 2F), at 20 ms test point, its APS

jumped to a level higher than 50 and 100 Hz HFS (Fig. 3E).

Thus, a substantial portion of the amplitude suppression induced by higher frequency of 100

and 200 Hz stimulation could recover even within a short time duration less than 20 ms.

This fast recovery suggests that the APS suppression could be related to the refractory

period of axons. The HFS might extend the refractory period to a duration longer than 5 or

10 ms of the intervals of 200 and 100 Hz HFS thereby causing axonal block and suppressing
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the APS. Therefore, we next tested this hypothesis by evaluating the changes of axonal

refractory period during HFS trains.

3.3 HFS could extend the refractory period of axons

To determine the role of the refractory period (RP), the amplitude ratio of paired-pulse

evoked APS was used to assess the changes of RP duration [11]. In addition, several

prolonged intervals were inserted during HFS trains to obtain large enough APS for the

detection of RP.

One prolonged IPI of 100 ms was inserted every 2 s to set a total of 29 gaps in 1 min long

200 Hz A-HFS trains (the IPI gaps are indicated by red dots in Fig. 4A). The APSs just

following the gaps (the red waveforms termed A1 in Fig. 4A) were all significantly larger

than the preceding response A0 that followed regular intervals (Fig. 4B). However, the

second APS (termed A2) decreased and almost disappeared towards the end of HFS (Fig.

4A). The statistical data showed that (see Fig. 4C), at the very beginning of HFS, the

amplitude ratio of the first paired-APS (i.e., A2/A1 for the 1th and 2th APS of HFS) was 90 ±

11 % (n = 7), indicating that A2 was not obviously suppressed. However, during the final 30

s period of HFS, A2/A1 < 7.0 % (n = 7), indicating that A2 at ~5 ms delay (the normal IPI of

200 Hz) was almost totally suppressed by the gradually extended RP of A1.

Next, we examined amplitude of A3 at ~10 ms from A1 by calculating the ratio of A3/A1 to

determine whether the RP was long enough to suppress A3. The mean values of A3/A1

remained above 60 % during the final 30 s period of HFS while the amplitudes of A2 were

small enough to be ignored (Fig. 4C). However, this result does not necessarily mean that

the RP duration did not change to values longer than 10 ms. In order to overcome the effect

of the gap duration on the detection of current RP, the 100 ms gap was next shortened to 20

ms.

The results of 20 ms gaps for both 100 and 200 Hz HFS are shown in Fig. 5. For 100 Hz

HFS, the mean normalized amplitudes of A1 were all above 50% (n = 8, Fig. 5A), indicating

sufficient recovery of APS subsequent to the 20 ms gaps. However, except ~ 4 s long period

at the beginning of HFS, during the rest of HFS, A2 was suppressed markedly and A2/A1 <

10 % (n = 8, Fig. 5B), indicating that the RP of A1 was longer than 10 ms. For 200 Hz HFS

with 20 ms gaps, the statistical data showed that A2/A1 < 6.0 % and A3/A1 < 20 % for most

HFS period with enough large A1 > 60% (n = 6, Fig. 5C and 5D), indicating that the RP

were also longer than 10 ms.

Taken together, the results suggest that during 100 and 200 Hz HFS trains, the duration of

axonal RP was extended to values longer than 10 ms thereby suppressing the APS.

3.4 Persistant stimulation is required for continuous HFS effects

In the above experiments, HFS was applied at the alveus fiber of CA1 to study the

conduction of axonal excitation and the responses of upstream neurons. However, since

axons conduct bi-directionally, the effects of HFS could also propagate to the downstream

neurons. Based on the rapid recovery feature of axonal block, we hypothesized that the

stimulation of HFS should be persistent without intermission since prolonged gaps would
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allow axons to recover and propagate activation to downstream neurons, This hypothesis

was tested by orthodromic-HFS (O-HFS), i.e., applying HFS on another fiber tract, the

Schaffer collateral of CA1.

As showed in Figure 6, except for the orthodromically-evoked population spike (OPS) at the

onset of HFS, the amplitude of OPS was quickly suppressed during a continuous 1 min long

100 Hz O-HFS train without prolonged gaps (Fig. 6A). The results are in agreement with a

previous report [13]. However, during an O-HFS train with 100 ms prolonged IPI gaps

inserted every 2 s, OPS with multiple spikes followed the gaps and even epileptiform

activity with continuous spikes appeared (Fig. 6B). Similarly, within an O-HFS with a

higher frequency of 200 Hz, large multiple-spike OPS activity could still be evoked by the

stimuli immediately following the prolonged 100 ms IPI gaps while the regular stimuli of

the HFS were not able to evoke any obvious PS activity (Fig. 6C). Similar results were

observed repeatedly in 6 rat experiments.

These results indicate that short periods with absence of stimulation were able to interrupt

the axonal block during HFS and could induce intensive firing activity in the downstream

neurons. Therefore, persistent stimulation with high enough frequency is necessary for the

maintenance of HFS-induced axon block.

4 Discussion

The major findings in this study include: 1) two distinct mechanisms are involved in the

recovery from HFS-induced axonal block. One is frequency-dependent and rapid; the other

is frequency-independent but much slower. 2) HFS produced an extension of the duration of

axonal refractory period thereby causing axonal block with fast recovery. 3) Prolonged gaps

inserted within HFS trains could eliminate the axonal block, induced large population spikes

and even epileptiform activity in the upstream and downstream regions. Based on these

findings, the underlying mechanisms of axonal block and their clinic implications are

discussed below.

Plausible mechanisms underlying the extension of axon refractory periods

One of the unique findings of the study is that HFS could block the axonal conduction by

extending the refractory period of axons. The axonal refractory period is normally less than

2 ms [11]. At the onset of A-HFS, the original refractory period generated by the very first

APS of HFS was too short to suppress the second APS even with a 5 ms delay (in 200 Hz

HFS). However, during HFS, the refractory periods increased and APSs at 10 ms delay were

suppressed significantly within both 100 and 200 Hz HFS trains. In addition, the actual

refractory periods must be longer than 10 ms within normal HFS trains without the test gaps

providing recovery. This significant extension of refractory periods could be explained by

changes of dynamics of ionic channels and changes of ion concentrations.

Previous simulations and experiments have shown that electrical currents generally produce

a conduction block in nerves due to depolarization of the nerve membrane, resulting in an

inactivation of the sodium channels [22,23]. Presumably, during the period of HFS, the

continuous action of electrical pulses could keep the axons in a prolonged depolarization
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level that increases the inactivation duration of sodium channels following each event of

axonal firing [16,17,24]. In addition, it has been shown that HFS can elevate [K+]o and

suppress the firings of neurons and axons [25,26]. The intense activation of axons at the

onset of HFS would raise [K+]o thereby facilitating the depolarization block. Therefore, the

evoked-APS amplitudes would decrease rapidly at the beginning of HFS.

With continuous stimulation of HFS at high frequency, the incoming pulses would keep the

refractory periods of axons at a prolonged level even when the elevated [K+]o concentrations

began to drop [10]. From time to time, small subsets of axons that finally recovered from

their refractory periods would be activated by next stimulation pulse, fire immediately and

enter refractory periods again. Thus, each pulse of HFS could only generate small APS

amplitude. In addition, although we did not test the effect of the frequency higher than

200Hz in these experiments, HFS with a higher frequency could presumably extend the

refractory periods even longer and suppress the axon conduction further, but with higher

power consumption. An appropriate frequency would be a compromise between the degree

of axonal block needed and the electrical power consumption.

Plausible mechanisms underlying the slow recovery stage

Another interesting result of the study is that the overall recovery time (i.e., T90%) of HFS-

induced APS suppression is similar for all of the 50, 100 and 200 Hz trials. It is frequency-

independent and dominated by a “slow effect”.

The underlying mechanism of the “slow recovery” could be attributed to the after-

hyperpolarization of the membrane that has been studied intensively [16]. This

hyperpolarization following high frequency repeated axon firings is thought to be related to

the hyper-activation of Na+/K+-pump. Normally, an action potential starts by a

depolarization phase of Na+ influx and is then followed by repolarization phase of K+

efflux. The repolarization undershoots and causes hyperpolarization [19]. The

hyperpolarization is due to the action of the sodium-dependent Na+/K+-pump that exchanges

three intracellular Na+ ions for two extracellular K+ ions, resulting in a net outwards current

[27–29].

Upon the termination of HFS, the repeated excitation of stimulation pulses ceased and the

axonal membrane repolarized rapidly, forming the stage 1. Then, axons could undergo a

phase of hyperpolarization generated by an increased activity of the Na+/K+-pump. The

increase would in turn be generated by accumulation of intracellular Na+ ions during the

long HFS period lasting several minutes and causing a prolonged after-hyperpolarization

period [16]. This type of after-hyperpolarization could decrease the excitability of axons and

be responsible for the recovery stage 2 reported in the present study. Although the inhibition

mechanism of the Na+/K+-pump could also be activated during HFS since ion

concentrations were changing in the intracellular and extracellular spaces. But the effect

might be too weak and slow to overcome the strong and rapid depolarization effects of

stimulation pulses [22, 27]. Therefore, only after the cease of HFS would the

hyperpolarization effects of Na+/K+-pump dominate the membrane potentials of axons and

form the slow recovery of stage 2.

Feng et al. Page 8

Brain Stimul. Author manuscript; available in PMC 2015 September 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The frequency-independent feature of the recovery stage 2 could be explained by the fact

that the HFS-induced after-hyperpolarization is related to the cumulative effect of axonal

firings. The intracellular and extracellular exchange amount of various ions generated by

action potentials is reflected by both the area and the number of APS (i.e., the intensity of

neuronal firings), but not by the amplitude of individual APS. Although the A-HFS with a

higher frequency resulted in a much smaller APS amplitude at the end of HFS, the total

number of action potentials generated during the same period of time was not greatly

different for 50, 100 and 200 Hz HFS (Fig. 2G). Therefore, the accumulation of ion

concentrations and the strength of the after-hyperpolarization should be similar for the HFS

with different frequencies in the range. This could result in a frequency-independent

recovery amount of APS amplitude and frequency-independent recovery time of the stage 2

(see Fig. 2B and 2D).

Clinical implication

The finding of a rapid recovery feature of HFS-induced axon failures suggests that the

stimulation pulses of DBS should be applied with a high enough frequency and should avoid

pauses with long duration to prevent over excitation in upstream and downstream neurons.

In clinical applications, DBS usually involves the delivery of continuous electrical pulses

with constant inter-pulse-interval (i.e., fixed-frequency) to specific brain regions. Recently,

in order to search for optimal effects of DBS and to save battery power of the implanted

pulse generator, various patterns of stimulation including pauses with tens to hundreds

milliseconds have been tested in DBS for animals, patients and computer simulation models

[8,9,30]. The results have shown that continuous stimulation without pauses is most

effective therapeutics in suppressing tremor with thalamic DBS, while inconsistent intervals

between DBS pulses could induce burst firings of neurons [31,32]. The present study sheds

light on an important mechanism of extended refractory period induced by HFS to explain

these phenomena. Long pauses might eliminate the inhibitory effect of axonal refractory

period thereby decreased the effectiveness of DBS. However, a temporal pattern of

stimulation with enough short pauses could improve the therapeutic effects of DBS as

previously reported [9].

DBS is being applied to various brains disorders other than Parkinson’s disease and

inhibition or excitation could be required to treat different diseases [33,34]. A stimulation

pattern with properly designed pauses could be beneficial for a specific brain region that

requires various amount of excitation/inhibition for optimum therapeutic outcome.

Limitations of the study

The study was performed on urethane anesthetized rats. Urethane is known to slightly

decrease cell excitability and suppress neurotransmission in rat hippocampus[35]. However,

large PS with amplitudes of 8 ~ 12 mV could be evoked by moderate current amplitudes of

0.3 – 0.5 mA at the onset of orthodromic- and antidromic-HFS, indicating that the effects of

the anesthesia was not significant. Further studies with awake animals are needed to provide

more accurate parameters of HFS (e.g., stimulation frequency and intensity) and more data

of HFS recovery.
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In addition, the present results were obtained from extracellular population recordings in in-

vivo preparation of normal rats. Intracellular recordings of the changes of axon states during

and following HFS would confirm the underlying mechanisms of axonal block. Also, further

studies on animals with neurological disorders (e.g., epilepsy) would provide more

information of actual therapeutic efficacy of DBS with different frequencies and different

patterns. Finally, because HFS is required for effective DBS, the stage 2 process should be

irrelevant to therapeutic efficacy, since it can be elicited at lower frequencies. Therefore,

more efforts concentrated on ways to improve the stage 1 process may be needed to develop

new DBS protocols. Based on the present results, stimulation paradigms that provide longer

battery life and the optimum efficacy of HFS could be interesting to advance the

development of DBS stimulators.

Conclusion

The results of present study clearly show the role of extended refractory period on HFS

induced axonal block. They indicate that, at least in the hippocampus, continuous

stimulation is required for sustained suppression of axons. Intermittent stimulation can

produce excitation and even induce epileptiform activity as with a lower frequency or by

short pauses within HFS trains. Therefore, the results could explain why a higher frequency

over 100 Hz is necessary for a safe and effective DBS therapy, and provide guidelines for

the designs of temporal pattern of DBS.
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Figure 1.
Rapid recovery of APS suppression following A-HFS. (A) Schematic diagram of the

locations of recording electrode (RE) in hippocampal CA1 region, antidromic-stimulation

electrodes (ASE) in the alveus, and orthdromic-stimulation electrodes (OSE) in the Schaffer

collaterals, and an example of a paired-pulse evoked APS with inter-pulse interval of 20 ms.

(B) Left: Examples of wide-band (0.3 Hz - 5 KHz) recorded signals in the CA1 pyramidal

layer during 1 min long (denoted by the red bar) of 50, 100 and 200 Hz A-HFS with

stimulation intensity of 0.3 mA. Amplitude scatter diagram of each evoked-APS is drawn
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below. Right: Expanded evoked APS waveforms at the time indicated by “a” (the onset of

HFS), “b” (the end of HFS), “c” 3 s following HFS and “d” 13 s following HFS. Although

the APS was suppressed greater at the end of 200 Hz HFS than 50 and 100 Hz, it recovered

quickly to a large amplitude similar to the 50 and 100 Hz HFS at 3s following the HFS. (C)

OPS evoked by 0.5 mA orthodromic test stimuli (OTS) during a 200 Hz A-HFS. Expanded

waveforms on the right show large OPS maintained when the APS were suppressed

markedly. In the expanded plots, arrows above the waveforms denote the removed artifacts

of A-HFS, and the red dots below waveforms denote the removed artifacts of OTS.
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Figure 2.
Two recovery stages of APS following 1 min long A-HFS. The end of HFS was set as time

0. (A) Example curves of the APS amplitude normalized by baseline recording during and

following 1 min long 50, 100 and 200 Hz A-HFS indicate that there were two distinct

recovery stages of APS. Within 3 s following the HFS, the APS amplitude recovered rapidly

(stage 1) Following stage 1, the APS dropped slightly before starting a slower recovery

phase (stage 2). Shadings with red bars on top denote HFS durations. Each dot (except the

1st one) within the HFS period represents mean APS amplitude per second. The other dots

following HFS represent each evoked APS. The two distinct stages in the recovery curves
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were separated by the lowest point after the 3 s point. (B) No significant difference in the

recovery time T90% for 50, 100 and 200 Hz HFS was observed. (C) Recovery amounts of

stage 1, ΔA1, significantly increased with the higher frequency. (D) There was no significant

difference in the recovery amounts of stage 2, ΔA2, among the HFS groups. (E) Total

amount of APS suppression, i.e., ΔA = ΔA1 + ΔA2, significantly increased with the higher

frequency. (F) Mean APS amplitudes at the final 1 s of 1 min long HFS, Aend, significantly

decreased with the higher frequency. (G) Cumulative APS areas within the final 1s of HFS

normalized to the area of the 1st APS of HFS. The results of One-way ANOVA with Post

hoc Bonferroni test are denoted in the plots of B – G: ** P < 0.001.
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Figure 3.
Recovery time courses of APS suppression immediately following A-HFS with different

stimulation frequencies. (A) Sequence of test stimuli that were added at 20 or 100 ms and 3

s immediately following HFS trains. The black and the red arrows respectively denote the

pulses within and following the HFS. The plots (B) – (D) show the statistical data of APS

amplitudes normalized to baseline recordings for HFS trains of 50, 100 and 200 Hz with

additional 20 or 100 ms test. The Aend bars were the mean APS amplitudes at the final 1 s of

1 min long HFS (see Fig 2), representing the final APS at intervals of 20, 10 and 5 ms in the
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respective frequency. To avoid possible interactions among test pulses too close in time, the

20 and 100 ms tests added in separated 100 and 200 Hz A-HFS trials, and the data were

pooled in the plots. (G) Summary data collected from (B) – (D). The error bars are omitted

for clarity since they are already showed in plots (B) – (D). * One-way ANOVA F = 5.27, P

= 0.017; P < 0.02, Post hoc Bonferroni test, 50 Hz vs. 200 Hz.
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Figure 4.
The amplitude ratios of paired APS were used to assess the changes of refractory period

during 200 Hz A-HFS trains. (A) Top: typical recording of 1 min long 0.3 mA 200 Hz A-

HFS with prolonged IPI gaps inserted every 2 s. The red bar above the signal denotes the

HFS durations. The red dots below the signal denote the evoked APSs subsequent to the

gaps. Middle: expanded insets show the evoked APS waveforms at the onset of HFS (A2 ≈

A1) and around 3 examples of the total 29 gaps (A2 < A1). The APS waveforms subsequent

to the prolonged IPI gaps (i.e., A1) are drawn by red color. The dashed lines with arrow

heads in the expanded plots denote the location of the removed stimulation artifacts. Bottom:

the scatter diagram of APS amplitude evoked by every stimulation pulse. The APS

subsequent to the gaps (i.e., A1) are denoted by red dots. (B) Amplitudes of the preceding
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APS (A0) and subsequent APS (A1) to the gaps, normalized by the amplitude of the very first

APS at the onset of HFS, indicate sufficient recovery of A1 while A0 was suppressed. (C)

Ratios of A2/A1 and A3/A1 during HFS indicate that the refractory period extended to longer

than 5 ms. Note: the regular interval of 200 Hz is 5 ms.
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Figure 5.
Changes of the refractory period during 100 and 200 Hz A-HFS trains were assessed by

inserting shorter gaps of 20 ms (refer Fig 4A for the definition of A0 ~ A3). (A) Normalized

amplitudes of the preceding APS (A0) and subsequent APS (A1) to the 20 ms prolonged IPI

gaps during 100 Hz A-HFS indicate sufficient recovery of A1 amplitudes. (B) Ratios of

A2/A1 during 100 Hz A-HFS indicate that the refractory period produced by A1 extended to

enough long to significantly suppress the A2 with ~10 ms delay. (C) Similar to (A), but for

200 Hz HFS. (D) Ratios of A2/A1 and A3/A1 during 200 Hz A-HFS also indicate that the

refractory period extended to longer than 10 ms.
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Figure 6.
Comparison of continuous and intermittent orthodromic-HFS. (A) Typical regular 100 Hz

O-HFS train without prolonged IPI gaps. The time expanded insets on the right show that

except a few of the large OPS at the onset of HFS, there was no more obvious OPS appeared

in the remained period of the HFS. (B) Epileptiform activity appeared during a 100 Hz O-

HFS train with insertions of 100 ms prolonged IPI gaps. (C) In a 200 Hz O-HFS train, large

OPS activity could still be evoked by the stimuli immediately following the prolonged 100

ms IPI gaps, while they were not able to be evoked by the regular stimuli of the HFS. The

dashed lines with arrow heads denote the location of the removed stimulation artifacts. The

red dots denote the location of stimuli immediately following the 100 ms prolonged IPI

gaps.
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