
High Frequency Stimulation Can Block Axonal Conduction

Alicia L. Jensen1,2 and Dominique M. Durand1
1 Neural Engineering Center, Department of Biomedical Engineering, Case Western Reserve
University, Cleveland, Ohio 44106
2 Currently in the Department of Neurosciences, Lerner Research Institute, Cleveland Clinic,
Cleveland, Ohio, 44195

Abstract
High frequency stimulation (HFS) is used to control abnormal neuronal activity associated with
movement, seizure, and psychiatric disorders. Yet, the mechanisms of its therapeutic action are not
known. Although experimental results have shown that HFS suppresses somatic activity, other data
has suggested that HFS could generate excitation of axons. Moreover it is unclear what effect the
stimulation has on tissue surrounding the stimulation electrode. Electrophysiological and
computational modeling literature suggests that HFS can drive axons at the stimulus frequency.
Therefore, we tested the hypothesis that unlike cell bodies, axons are driven by pulse train HFS. This
hypothesis was tested in fibers of the hippocampus both in-vivo and in-vitro. Our results indicate that
although electrical stimulation could activate and drive axons at low frequencies (0.5 – 25 Hz), as
the stimulus frequency increased, electrical stimulation failed to continuously excite axonal activity.
Fiber tracts were unable to follow extracellular pulse trains above 50 Hz in-vitro and above 125 Hz
in-vivo. The number of cycles required for failure was frequency dependent but independent of
stimulus amplitude. A novel in-vitro preparation was developed, in which, the alveus was isolated
from the remainder of the hippocampus slice. The isolated fiber tract was unable to follow pulse
trains above 75 Hz. Reversible conduction block occurred at much higher stimulus amplitudes, with
pulse train HFS (>150 Hz) preventing propagation through the site of stimulation. This study shows
that pulse train HFS affects axonal activity by: (1) by disrupting HFS evoked excitation leading to
partial conduction block of activity through the site of HFS; and (2) generating complete conduction
block of secondary evoked activity, as HFS amplitude is increased. These results are relevant for the
interpretation of the effects of HFS for the control of abnormal neural activity such as epilepsy and
Parkinson's disease.
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INTRODUCTION
High frequency electrical stimulation (HFS) has been applied clinically to treat movement
disorders such as Parkinson's disease and dystonia with deep brain stimulation (DBS)
electrodes (Benabid et al. 1998; Hung et al. 2007). In addition, DBS therapies have been
explored for a number of other neurological disorders including depression, obsessive
compulsive disorder, and epilepsy (Abelson et al. 2005; Hardesty and Sackeim 2007; Velasco
et al. 2001a; Velasco et al. 2001b). Prior research has shown that pulse train HFS suppresses
somatic neural activity (Beurrier et al. 2001; Lian et al. 2003) but it is unclear what effect HFS
has on axons surrounding the stimulation electrode (McIntyre et al. 2004a). Determining the
effect of HFS on axons is critical to understanding how electrical stimulation controls neural
activity in these diverse neurological disorders. Therefore, in this study, we tested the
hypothesis that unlike cell bodies, axons are driven by continuous, pulse train HFS.

Although low frequency stimulation (LFS; orthodromic and antidromic) is commonly used to
characterize hippocampal pathways and network dynamics (Leung 1979a; Meeks et al. 2005;
Raastad and Shepherd 2003), the effect of extracellular HFS on neural elements remains
controversial. Many studies investigating the effects of HFS have been conducted using
preparations targeting cellular regions such as the basal ganglia (subthalamic nucleus, globus
pallidus) (Beurrier et al. 2001; Garcia et al. 2003), thalamus (Houeto et al. 2005), and the
hippocampus (Bikson et al. 2001; Lian et al. 2003). Based on these studies, HFS is thought to
suppress somatic activity. However, none of these studies examined the effects of electrical
stimulation on axons within the area of stimulation. In the current study, rat transverse
hippocampal slices were used as the tri-synaptic pathway provides several potential fiber tracts
in which to test the effects of pulse train stimulation.

While in-silico and in-vivo studies confirm HFS induced suppression of cell bodies, they
provide contradictory data on whether HFS excites or inhibits the axons of projection neurons
and afferent inputs (Dostrovsky and Lozano 2002; McIntyre et al. 2004b; Vitek 2002). Recent
work has shown that sinusoidal HFS suppresses axonal conduction in-vitro (Jensen and Durand
2007b), while studies using pulse train HFS indicate a variety of differing effects on axonal
conduction and synaptic efficacy (Iremonger et al. 2006; Schiller and Bankirer 2007).
Differences in stimulus waveforms may be important to observed neural activity in response
to stimulation; specifically, the steeper rise times associated with prolonged pulse train
stimulation may produce an excitatory response rather than the suppressive response seen with
sinusoidal waveforms. More recently, fiber tract stimulation is being investigated as a therapy
for refractory psychiatric disorders (Abelson et al. 2005; Hardesty and Sackeim 2007; Mayberg
et al. 2005). Despite its therapeutic promise, the use of direct fiber tract stimulation to control
axonal conduction remains under-explored.

While short bursts of HFS (orthodromic and antidromic) have been used to generate cellular
LTP or network oscillations (Martin and Shapiro 2000; Traub et al. 2004; Vreugdenhil et al.
2005), the effect of HFS on axonal conduction and action potential fidelity itself is unclear.
Recent studies of axonal fidelity show few conduction failures using low frequency
extracellular monophasic stimulation. As the stimulation frequency increases (above 100 Hz),
decreased fidelity becomes more common (as much as 30-50% reduction in amplitude before
failure) (Meeks et al. 2005; Raastad and Shepherd 2003; Soleng et al. 2004). In addition, axons
can have reliable fidelity in response to intracellularly evoked action potentials (Meeks et al.
2005), but may behave differently when activated extracellularly, since the simultaneous
activation of many axons can modify tissue excitability. In this study, we report that pulse train
HFS is unable to drive axons for prolonged stimulus periods and generates reversible
conduction block with increasing stimulus amplitude both in-vitro and in-vivo preparations.
These data indicate that HFS of fiber tracts has the potential for controlling abnormal
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propagating activity within the brain without surgical resection of white matter tracts.
Preliminary results have been reported in abstract form (Jensen and Durand 2007a).

METHODS
In-vitro hippocampal slice preparation

In-vitro experiments were performed in the alvear and CA1 regions of transverse hippocampal
slices prepared from Sprague-Dawley rats (Zivic Miller). Rats were anesthetized using ethyl
ether and decapitated. Experimental protocols were approved by the Institutional Animal Care
and Usage Committee. The brain was removed from the skull and sectioned twice, caudally to
detach the cerebellum and midsagitally to separate the two hemispheres. One hemisphere was
glued (sagital face down) to the specimen disc of a vibrating-blade microtome (VT1000S,
Leica, Nusslock, Germany) with cyanoacrylate, and secured in the microtome cutting chamber
filled with ice-cold (3-4°C), oxygenated (O2 95%, CO2 5%), sucrose-rich artificial
cerebrospinal fluid (ACSF), consisting of (mM): sucrose 220, KCl 3, NaH2PO4 1.25,
MgSO4 2, NaHCO3 26, CaCl2 2, dextrose 10 (pH 7.45). The resulting hippocampal transverse
slices (350 μm) were immediately immersed in oxygenated (O2 95%, CO2 5%), normal ACSF
(nACSF) consisting of (mM): NaCl 124, KCl 3.75, KH2PO4 1.25, MgSO4 2, NaHCO3 26,
CaCl2 2, dextrose 10 (pH 7.4), and incubated at room temperature for at least 60 min before
being transferred to an interface-recording chamber (Harvard Apparatus, MA) (nACSF,
Temperature = 33 ± 2°C, bubbled with O2 95%, CO2 5%). Slices were discarded 6-8 hrs post
incubation. All experiments were conducted using nACSF, unless otherwise noted.

Extracellular field recordings were made using glass microelectrodes (3-10 MΩ) filled with
150mM NaCl. Antidromic, evoked potentials (AEP) and compound action potentials (CAP)
were simultaneously recorded in the CA1 stratum pyramidale and alvear axon field of
hippocampal slices (Figure 1). All signals were amplified using an Axoclamp-2A
microelectrode amplifier (Axon Instruments, Inc., Union City, CA), low-pass filtered (5kHz
field potentials) with additional amplification via a FLA-01 (Cygnus Technology, Delaware
Water Gap, PA), and simultaneously stored on a DT-200 digital tape recorder (Microdata
Instrument Inc., S. Plainfield, NJ), and on computer via an optical data acquisition program
(44.1 kHz sampling, Audio Companion, Roni Music).

Isolated Alvear Preparation
Using transverse hippocampal slices (350 μm), a novel preparation was developed, in which,
the axon field of the alveus was isolated from the rest of the slice. Alvear dissection was
achieved using sharp glass tools prepared in house. Visualizing the hippocampal slice through
the microscope, a fine tipped brush was used to gently secure the hippocampal slice at the
dentate gyrus. The sharp tip of a glass tool was used as a knife edge to carefully separate the
alveus away from the stratum oriens. The remainder of the slice was discarded leaving only a
thin strip of tissue containing the alveus (Figure 8). Extracellular field recordings were made
in the isolated alveus using glass microelectrodes (as above). Tungsten electrodes were used
to generate evoked and high frequency stimuli.

In-vivo hippocampal preparation
Sprague-Dawley rats (300-450 g) were anesthetized with urethane (1.5 gm/kg, i.p.) and placed
in a stereotaxic apparatus. Body temperature was maintained at 37 °C using a heating pad
located under the animal. The skull over the left and right cortices was opened, and the dura
removed. Warm ACSF (37 °C) was placed over the exposed cortical surface. The solution was
refreshed every 5 minutes throughout the experiment by sucking away old solution and
dropping in fresh solution using syringes (Feng and Durand 2003). Recording probe pairs were
positioned in the left and right hippocampi to simultaneously record field potentials in both
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the CA3 and CA1 pyramidal layers. The recording probes were constructed from tungsten
microelectrodes with a 0.8 mm vertical tip separation and 0.9 mm horizontal depth separation.
A tungsten monopolar electrode was used to stimulate the ventral hippocampal commissural
fibers (CF). The resulting evoked potentials were used to guide vertical positioning of the
recording and stimulation electrodes (Kloosterman et al. 2001). Two stainless steel screws
fixed in the bone of the nose and skull served as the ground and reference electrodes,
respectively. Field signals were amplified 1000 times by two Model 1700 4-channel amplifiers
(A-M System Inc.) with filter frequency ranges from 0.1 Hz to 5 KHz. Signals were then
sampled at a rate of 20 KHz by using a ML795 PowerLab/16SP data acquisition system
(ADInstruments) before they were stored onto a hard disk for off-line analysis.

Stimulation parameters
Monophasic cathodic pulses (100ms, 0.5-200 Hz,) were applied to the alveus of transverse
hippocampal slices in-vitro or the commissural fiber pathway in-vivo. Pulse trains were applied
at 100%, 75%, and 50% of the stimulation amplitude required to produce a maximal compound
action potential. For the purposes of this study, high frequency stimulation (HFS) was defined
as continuous, monophasic pulse trains with stimulus frequencies above 50 Hz. For paired
pulse experiments, stimuli were applied using interpulse intervals (IPIs) of 2.5-100 ms (10-400
Hz). For conduction block experiments, two monopolar tungsten electrodes were used to
independently deliver the test pulses (0.5 Hz) and pulse train HFS (100-200 Hz) to the fiber
tract. In-vitro stimuli were generated using either a Grass S88 Stimulator or Wavetek Arbitrary
Waveform Generator 395. In-vivo stimuli were controlled via computer interface (Chart v5.3,
PowerLab amplifier). Voltage waveforms were converted to a current by stimulus isolator units
(A-M system digital 2300 and analog 2200 isolators).

Data Analysis
Evoked potential amplitude, width, and latency were measured, as shown in Figure 1C.
Measurement technique was the same for both in-vitro and in-vivo preparations. Amplitude
(mV) was measured by taking the average of the falling and rising phases of the initial positive-
negative-positive components of the evoked potential. Width (ms) was defined as the time
between points located at 50% amplitude of the falling and raising phases of the evoked
potential, while latency (ms) was the time from onset of evoked stimulus artifact to the first
negative peak of the response. Field potential amplitude, width, and latency were analyzed
prior, during, and post pulse train HFS. Unless noted otherwise, CAP and AEP morphology
(amplitude, width, and latency) were normalized to pre-stimulus values in order to quantify
the effect of pulse train HFS on evoked somatic and axonal activity. Extracellular field
potentials did not require averaging before normalization using pre-stimulus values.

A paired pulse paradigm was used to assess the ability for fiber tracts to follow short duration
stimuli, and investigate the role of refractory period on changes in axonal following. The
amplitude, width, and latency of evoked response were measured for the first pulse (P1, W1,
L1) and the second pulse (P2, W2, L2). The ratio of the amplitude (P2/P1), width (W2/W1),
and latency (L2/L1) provided information about the effect of refractory period on evoked field
responses.

Data was analyzed off-line using a combination of MATLAB (MathWorks Inc.), PowerLab
Chart v5.3 (ADInstruments Inc.), and Minitab 15 (Minitab Inc.). Unless noted otherwise, all
data are given as the mean ± SD, where n represents the number of slices, and N represents the
number of evoked responses or traces. Paired, two tailed student's t test, and/or ANOVA (p =
0.05) were applied for statistical comparison.
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RESULTS
Field potentials evoked by axonal stimulation in the hippocampus in-vitro and in-vivo

To characterize the activation of fiber pathways, monophasic, cathodic stimulation (0.5 Hz,
100 μs, 100% max threshold) was applied to either the alveus of transverse hippocampal slices
in-vitro or the commissural fiber (CF) pathway in-vivo.

Extracellular field potentials were recorded simultaneously in the CA1 stratum pyramidale
(CA1 Electrode) and alveus (Alveus Electrode) of transverse hippocampal slices in-vitro
(Figure 1A). A single stimulus applied to the alveus generated an antidromic, evoked potential
(AEP) recorded the CA1 cell layer, and a propagating compound action potential (CAP)
recorded in the alveus (Figure 1B). The AEP was characterized by a negative population spike
(N = 268 evoked responses); 3.5 +/− 1.7 mV amplitude, 0.8 +/− 0.1 ms width, with a peak at
1.7 +/− 0.3 ms) following the stimulus (bottom trace, Figure 1C). The evoked potential recorded
in the alveus (top trace Figure 1C) had three overlapping components: (I) a brief, negative
antidromic compound action potential (CAP) (N = 335 evoked responses); 0.6 +/− 0.3 mV
amplitude, 0.7 +/− 0.2 ms width, with a peak at 1.5 +/− 0.2 ms); (II) a slow, negative potential
associated with CA1 field events; and (III) a long-lasting, slow positive potential (not shown)
(Leung 1979a; b). The characteristics of the in-vitro CAP are similar to those described by
Leung for in-vivo alvear stimulation and recording (Leung 1979a; b). The in-vitro CAP and
AEP have previously been characterized in detail using pharmacology (Jensen and Durand
2007b). In brief, bath application of 100μM Picrotoxin (PTX), 50μM D-(−)-2-amino-5
phosphonopentanoic acid (D-APV), and 40μM 6,7-dinitroquinoxaline-2,3-dione (DNQX)
completely and reversibly eliminated the synaptic components (II, III) of the evoked alvear
response leaving the CAP (component I) intact (Jensen and Durand 2007b). The AEP was not
significantly affected by the bath applied receptor antagonist cocktail. Additionally, bath
application of tetrodotoxin (500nM, TTX ) completely and reversibly blocked both the CAP
and AEP (Jensen and Durand 2007b).

In response to commissural fiber (CF) stimulation, antidromic evoked field potentials were
recorded in the CA3 region, while orthodromic field potentials were recorded in the CA1 region
of both hippocampi in-vivo (Figure 2A). Amplitude, width and peak latency were measured in
the same way as in-vitro evoked potentials (Figure 1C). The antidromic, evoked potential in
CA3 (N = 156 evoked responses, Figure 2B bottom trace); 4.5 +/− 3.0 mV amplitude, 0.7 +/−
0.2 ms width, with a peak at 2.2 +/− 0.4 ms), and orthodromic, evoked potentials in CA1 (N =
100 evoked responses); 1.6 +/− 1.3 mV amplitude, 1.1 +/− 1.3 ms width, with a peak at 3.4 +/
− 2.1 ms) were characterized by the presence of a negative population spike followed, in some
cases, by slow field potentials in-vivo (Figure 2B top trace). The presence of slow, negative
field potentials was more prominent in the CA1 region of the hippocampus than in CA3. The
slow field potentials associated with CF evoked responses are the result of di- and poly-synaptic
connections within the CA1 and CA3 hippocampal regions. Slight variations in the
orthodromic CA1 and antidromic CA3 responses were observed depending upon the placement
and depth of recording and stimulating electrodes in-vivo. Direct axonal recordings from the
commissural fibers were not made in-vivo.

Long duration HFS does not drive prolonged evoked field responses
Current literature suggests that pulse trains drive axons at the stimulation frequency disrupting
synchronous, abnormal activity in the network (Johnson and McIntyre 2008; McIntyre et al.
2004a). Yet, recent work has shown changes in axonal fidelity in response to high frequency
stimulation (HFS) (Iremonger et al. 2006; Meeks et al. 2005), and suppression of axonal
conduction in response to applied sinusoidal HFS (Jensen and Durand 2007b). To determine
whether prolonged pulse train stimulation of a fiber tract drives axonal firing, monophasic
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extracellular stimulation (0.5-200 Hz, 100 μs, 1-2 min) was applied via a monopolar tungsten
electrode to either the alveus of transverse hippocampal slices in-vitro (rat, n=5) or the
commissural fiber pathway in-vivo (rat, n=7). Field potentials were recorded in the CA1
stratum pyramidale and alveus in-vitro or the CA1 and CA3 regions of both hippocampi in-
vivo. Pulse trains were applied at 100%, 75%, and 50% of the stimulation amplitude producing
a maximal evoked response.

Long duration pulse train HFS in-vitro—Contrary to our hypothesis, high frequency
stimulation (HFS) was unable to drive synchronized axonal responses during prolonged pulse
train HFS in-vitro. An example trace is shown in Figure 3A. At 0.5 Hz, evoked responses
(antidromic, evoked potential (AEP) and compound action potential (CAP)) followed the
alvear stimulation in a one-to-one manner. When continuous pulse train HFS was applied to
the alveus, a brief period of HFS evoked excitation occurred, where the initial pulses of
stimulation produced one to one following with approximately 20% of the response amplitude
seen prior to HFS. Prolonged 200 Hz pulse train stimulation failed to drive axonal activation,
resulting in the loss of extracellularly recorded field potentials (Figure 3A, inset, middle and
end of stimulation). These results were observed with stimulation above 50 Hz (Figure 3B).
Following HFS termination and return to 0.5 Hz stimulation, the evoked field potentials
returned. However, the amplitude was diminished when compared to pre-HFS levels (0.55 ±
0.46, normalized amplitude, p < 0.0001, Student 2-sample-t test, N = 53). The sustained
reduction in amplitude after termination of HFS indicates that axonal blockade is a possible
mechanism underlying the failure of evoked responses to follow pulse train HFS. By 60 s
following HFS termination, the evoked response had returned to pre-HFS amplitudes. Pulse
train HFS effects recorded at the somatic layer (AEP) followed a similar pattern.

Prolonged stimulation produced marked reduction of the HFS evoked excitation amplitude
above 50 Hz prior to complete failure (84 ± 8 %, (CAP); 87 ± 12 % (AEP)) (Figure 3B, p<0.001,
across all frequencies, as compared to 10 Hz, ANOVA; AEP data not shown). There was no
difference between HFS evoked excitation amplitude at 0.5 Hz and 10 Hz (p>0.5, Student's
paired t test). The failure of HFS evoked activity to follow the stimulation was independent of
stimulus amplitude over the range tested (50, 75, 100% threshold to evoked maximal CAP)
(Figure 3B, p > 0.5, ANOVA; AEP data not shown). Similar stimulus mediated effects were
observed in the stratum radiatum in response to pulse train activation by Schaffer Collateral
HFS (data not shown). Differences in the width and latency of the CAP (axonal response) may
indicate changes in conduction velocities across the alvear fiber population and possible
desynchronization of the units underlying the field response. To determine whether
desynchronization occurs in response to pulse train HFS, the width and latency of HFS evoked
potentials within the alveus (CAP) prior to failure of those potentials to faithfully follow the
stimulation was measured, and compared to evoked activity at baseline. Prior to complete CAP
failure, the width and latency of HFS excitation increased during pulse train HFS (Figure 3C;
width: p<0.016, student's paired t test; 0.51 ± 0.11 ms (control), 0.63 ± 0.30 ms (during HFS);
latency: p<0.0001, student's paired t test; 1.12 ± 0.25 ms (control), 1.61 ± 0.61 ms (during
HFS)). AEP width (1.27 ± 0.36 (control), 1.12 ± 0.54 (during HFS)) and latency (1.74 ± 0.6
(control), 2.08 ± 0.85 (during HFS)) were unchanged in response to HFS prior to complete
suppression (p > 0.2, student's paired t test; data not shown). Additionally, the variability of
the CAP width (HFS evoked excitation) increased during pulse train stimulation, as reflected
in the standard deviation of the CAP width (p<0.0001, F- test, comparison of σbeforeHFS 2 and
σduringHFS

2). This “jitter” suggests greater variation in the timing of units underlying the HFS
evoked response, across the population of fibers in the hippocampal alveus. In addition, the
significant changes in CAP latency indicate that desynchronization could play a role in the
initial loss of responses evoked by HFS at high stimulus frequencies. The minimum number
of cycles required for complete failure of evoked potentials to follow pulse train stimulation
was dependent upon stimulus frequency (p<0.001, as compared to 0.5 Hz control, ANOVA)
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and decreased as stimulus frequency increased (Figure 4). These data indicate that the duration
of HFS will impact the observed effects of the stimulus upon network activity.

Long duration pulse train HFS in-vivo—Low frequency (0.5-1 Hz) stimulation of the
commissural fiber (CF) tract produced bilateral orthodromic and antidromic activation of the
hippocampus in-vivo (Figure 5, inset, far left traces, right hemisphere). An example of CF pulse
train HFS (100 Hz) is shown in Figure 5. Applied pulse trains generated an initial period of
evoked excitation. With prolonged stimulation, evoked potentials failed to follow the CF
stimulation in a one-to-one manner (Figure 5, inset: top trace CA3 evoked response, bottom
trace CA1 evoked response). Loss of evoked field potentials persisted for the duration of HFS
application. Evoked potentials returned following HFS termination, and returned to pre-HFS
amplitudes by 2 minutes following HFS termination.

The effect of stimulus frequency on antidromic (CA3) and orthodromic (CA1) excitation was
assessed. As pulse train frequency increased, CA3 and CA1 response amplitude decreased by
the final cycle of stimulation (Figures 6A, B; p<0.0001, ANOVA, as compared across
frequencies above and below 125 Hz for 6A and 75 Hz for 6B). Normalized amplitude in-
vivo was defined as the response amplitude produced by the final stimulus cycle divided by
the amplitude of the control response prior to start of the pulse train. Antidromic activity (CA3;
Figure 6A) was unable to follow pulse trains above 125 Hz, while orthodromic activity (CA1;
Figure 6B) was unable to follow prolonged stimulation above 75 Hz. For stimulation
frequencies between 10 and 75Hz, the variability in CF evoked response amplitude was large,
with some reduction in amplitude observed during prolonged stimulation (Figure 6A, B). Using
these frequencies, the variability in CF evoked response amplitude may be attributed to plastic
changes at synapses within CA1 and CA3, as the field population was monitored (Malenka
1994). Additional studies are necessary to confirm this hypothesis. Direct CAP recordings from
the commissural fibers were not achieved using the current in-vivo preparation.

For a given frequency, varying the stimulus amplitude did not impact the amount of failure
observed in pulse train evoked antidromic and orthodromic responses (p<0.017, CA3; p<0.031,
CA1; ANOVA, effect of amplitude compared across all stimulus frequencies). The minimum
number of cycles until complete failure of the antidromic and orthodromic responses were
dependent upon stimulus frequency (p<0.001 (CA3); p<0.031 (CA1), as compared across
stimulation frequencies, ANOVA). As stimulus frequency increased, the number of cycles
until failure decreased for both CA3 and CA1 activity (Figure 6C). Failure of the antidromic
response was not observed below 50 Hz with CF HFS. In comparison, failure of orthodromic
HFS evoked responses were observed using frequencies as low as 25 Hz.

Effect of Refractory Period on Axonal following in-vitro and in-vivo
Short bursts (2-20 pulses) of antidromic and orthodromic stimuli are commonly used to
describe neural network function, axonal refractory period, and impulse fidelity (Kocsis et al.
1983; Meeks et al. 2005; Raastad and Shepherd 2003; Soleng et al. 2004). In the current study,
axonal refractory period may limit the frequency at which the alvear fiber tract can respond to
extracellular pulse train stimulation. Therefore, a paired pulse paradigm was used to investigate
the effect of refractory period on axonal fidelity.

Paired pulse paradigm in-vitro—Stimuli were applied antidromically to the alveus using
interpulse intervals (IPIs) of 2.5 to 100 ms (n=8, stimuli repeated 5 times per IPI at 75% of the
threshold to evoke a maximum CAP for each slice). The amplitude, width, and latency of the
evoked responses (CAP, AEP) were measured for the first (P1, W1, L1) and second pulses
(P2, W2, L2). In the CA1 region, the CAP and AEP followed paired pulse stimuli up to 300
Hz. Above 300 Hz the stimulus artifact from the second pulse obscured the evoked response
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of the first. A typical paired pulse response (200Hz) is shown in Figure 7A. CAP amplitude
was unaffected across IPIs tested (p>0.5, ANOVA, across IPIs, 2.5 to 100 ms); however, AEP
amplitude showed significant inhibition (p<0.0001, ANOVA, Figure 7B). Below an IPI of 8
ms, the AEP amplitude ratio was significantly different than unity (P2/P1=1) (2 tailed, 1 sample
t test, p < 0.001 (IPI 3.3ms – 6.6 ms)). Inhibition in the AEP (somatic response) is likely due
to recurrent inhibition. Evoked response width and latency (CAP and AEP) were unaffected
by the paired pulse paradigm (p>0.2, ANOVA, across IPIs, width - Figure 7C; latency not
shown). These results indicate that refractory period is not the mechanism underlying failure
of HFS evoked excitation to follow prolonged pulse train stimulation.

Paired pulse paradigm in-vivo—Stimuli were applied to the ventral hippocampal
commissural fibers (CF) using interpulse intervals (IPI) of 2.5 to 100 ms and amplitudes 50,
75, and 100% of the threshold to evoke a maximum response in CA3 (n=5, stimuli repeated 2
times per IPI at 50, 75, and 100% threshold for each animal). The amplitude, width, and latency
of the evoked responses (CAP, AEP) were measured for the first (P1, W1, L1) and second
pulses (P2, W2, L2). Tables 1 and 2 describe the effect of paired pulse stimulation of antidromic
(CA3) and orthodromic (CA1) response in-vivo. Antidromic activity followed stimulation up
to 300 Hz (IPI 3.33 ms) without loss of the first evoked response in the artifact of the second
pulse. As IPI decreased the antidromic paired pulse response decreased slightly (Table 1). This
decrease is likely due to recurrent inhibitory circuits in CA3. Below an IPI of 5 ms, the
amplitude ratio was significantly different than unity (P2/P1=1) (2 tailed, 1 sample t test, p <
0.0001). Response width and latency were unaffected by interpulse interval (p > 0.2, p > 0.05,
respectively, ANOVA, across all IPIs, Table 1). Orthodromic amplitude, width, and latency
showed significant reduction in response to the paired pulse paradigm (Table 2, p<0.001,
ANOVA, across all IPIs, Table 1). Inhibition of the orthodromic response is likely dependent
upon vesicle depletion in-vivo. These data support the observations made in-vitro in response
to paired pulse stimulation.

Failure of evoked responses to follow HFS in the isolated of the alveus
To investigate the role of stratum oriens and stratum pyramidale in the failure of alvear axons
to follow prolonged pulse train HFS, the alvear axon field was isolated, using a novel in-
vitro preparation (Figure 8C). Pulse train stimulation (0.5 – 200 Hz) was applied to alveus of
an intact transverse hippocampal slice (Figure 8A1), then the alvear axon field was isolated
from the slice and the stimulus protocol was repeated (Figure 8A2) (n = 5). A single tungsten
electrode was used to generate evoked alvear responses. Comparing the evoked, alvear
response from the intact slice and isolated tract shows preservation of the compound action
potential (CAP), while synaptic components (II) of the response are abolished (Figure 8B).
The CAP morphology was similar to that previously published for pharmacological isolation
of the CAP (Jensen and Durand 2007b). Response amplitude was normalized by dividing the
amplitude of the final pulse by the amplitude of the first pulse in the train.

In the isolated alveus, there is an initial period of HFS evoked excitation before failure of
evoked responses to follow the pulse train (Figure 8D). In the example, the CAP briefly follows
200 Hz pulse train HFS before loss of the field potential occurs (Figure 8D). HFS evoked
excitation failure was stimulus frequency dependent (Figure 8E), with failure of evoked field
responses occurring with stimulation as low as 75 Hz. In the intact slice, complete failure of
evoked responses occurred at a higher stimulus frequency (100 Hz) (Figure 8E). As in the intact
slice, the number of pulse train cycles required for failure in the isolated alveus decreased as
stimulus frequency increased, with no significant difference in the number of cycles until
failure between the intact slice and isolated alveus above 75 Hz (p>0.9, ANOVA, Figure 8F).
These data suggest that failure of evoked response to follow HFS is independent of neural
elements in the stratum oriens, and that these effects are non-synaptic in nature.
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Propagation through the site of HFS: Conduction block versus failure to follow stimulation
A possible explanation for the failure of HFS evoked excitation to follow the stimulus could
be desynchronization of the evoked activity at the site of stimulation rather than “true”
conduction block in the tissue around the stimulation electrode. Therefore, to provide direct
evidence of conduction block, a test pulse was sent through the site of stimulation in-vitro (n=
8, Figure 9). The placement of stimulating and recording electrode relative to CA1 neural
elements is shown in the upper portion of Figure 9.

At pulse train frequencies of 150 – 200 Hz, HFS was capable of completely blocking the test
pulse (STIM A) from passing through the site of stimulation (STIM B), as shown in Figure 9.
Before pulse train application, a compound action potential (CAP) (denoted by asterisk) is
generated by alvear stimulation (a, STIM A). Pulse train stimulation (150 Hz, 500 μA, STIM
B) generates complete block of axonal conduction through the site of stimulation, as shown in
insets b through d. Following pulse train termination, the CAP generated by the test stimulus
is depressed (e). CAP amplitude returns to pre-stimulus levels ~ 60 seconds following HFS
termination (f). Preliminary experiments in-vivo support these findings (data not shown).

Conduction block is HFS amplitude dependent, as shown in Figure 10A. A representative
evoked test pulse (CAP) is shown during applied 150 Hz pulse train stimulation (Figure 10A).
As the HFS amplitude increased, CAP amplitude decreased until complete block was achieved
(Figure 10A). The threshold current for complete block was 405 ± 101 μA (N= 17). At HFS
subthreshold for complete block, the amplitude of the CAP traveling through the site of
stimulation was 62 ± 44 % of pre-HFS amplitude. The width (0.5 ± 0.2 ms) and latency (1.45
± 0.3 ms) of the evoked test pulse (CAP) does not change significantly subthreshold to complete
block (p > 0.1, p > 0.05, respectively; Student's paired t test, as compared to pre-HFS values).
In addition, the threshold for complete block is significantly larger than the HFS amplitude at
which evoked potentials fail to follow pulse train HFS (405 ± 101 μA, 101 ± 46 μA,
respectively, p<0.0001, Student's 2 sample t test, Figure 10C). Taken together, these data
indicate that pulse train HFS is capable of generating axonal conduction block.

How, then, do high frequency pulse trains affect axonal conduction? At HFS onset, the stimulus
itself evokes activity. During prolonged stimulation at high stimulus frequencies, HFS evoked
excitation is “suppressed”. At lower stimulus amplitudes, loss of HFS evoked excitation results
from partial conduction block of the activity evoked by the stimulus itself within the axon field.
At HFS amplitudes subthreshold to complete block, sending a test pulse through the site of
stimulation indicates partial block, as does the sustained reduction in amplitude of the evoked
response following HFS termination. As HFS amplitude increases, the test pulse amplitude is
diminished until complete block is achieved.

DISCUSSION
Although high frequency electrical stimulation (HFS) is used as a therapy for several
neurological disorders, controversy surrounds the direct action of this stimulation on different
brain regions. Many HFS studies indicate suppression of target nuclei by the stimulation (Lian
et al. 2003), while others indicate an increase in neural excitation (Boraud et al. 1996; Schiller
and Bankirer 2007). Although the effects on adjacent fiber tracts are usually drawn by inference
(Bar-Gad et al. 2004; Hashimoto et al. 2003), recent work in the hippocampus using sinusoidal
high frequency electrical stimulation shows suppression of axonal conduction through
extracellular axonal recordings in-vitro (Jensen and Durand 2007b). Of note, recent studies on
STN-DBS indicate that axonal modulation seems to underlie the therapeutic efficacy of HFS
(Gradinaru et al. 2009; Li et al. 2007). Therefore, direct stimulation of axonal tracts, as opposed
to somatic nuclei, may provide a novel method for the control of neurological disorders. In line
with this idea, white matter tract HFS is being considered for treatment of refractory psychiatric
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disorders (Johansen-Berg et al. 2007; Mayberg et al. 2005). This study investigates the ability
of pulse train electrical stimulation to control axonal conduction. The data in this study show
that (1) loss of HFS evoked responses occurs during prolonged stimulation in-vivo and in-
vitro, (2) apparent failure of the HFS evoked excitation to follow low amplitude stimulation
could indicate local desynchronization of stimulus evoked activity at the site of stimulation,
and (3) pulse train HFS is capable of generating an amplitude dependent, reversible conduction
block of propagating potentials.

In the current study, axons followed low frequency stimulation (0.5 – 10 Hz) in-vitro and in-
vivo, with an evoked response being generated for every pulse. Pulse train evoked excitation
was observed at the beginning of stimulation regardless of frequency, and is similar to
previously reported activity (Bar-Gad et al. 2004; Hashimoto et al. 2003; Kimura and Pavlides
2000; Lee et al. 2005; Leung 1979a). During stimulus onset, HFS evoked excitation
experienced an initial enhancement of the slow wave components of the alvear response,
similar to that previously reported by Mori et al in response to short duration pulse trains (Mori
et al. 2004). In the current study, the slow field components are present at the initial onset of
the pulse train but are completely suppressed within 5-20 pulses (frequency >50 Hz). The
presence or absence of slow field components are unlikely to contaminate the measurement of
the CAP during pulse trains, as previously shown during sinusoidal HFS induced conduction
block (Jensen and Durand 2007b). Additionally, pharmacological blockade of these
components does not influence the presence nor measurement of the alvear CAP (Jensen and
Durand 2007b). Approximately 50-100 ms into HFS application, HFS evoked response
amplitude (CAP) began to diminish and continued to decrease with each stimulus cycle until
the field response was gone. The loss of HFS evoked excitation was stimulus frequency
dependent. Sustained reduction in the CAP following HFS termination suggests the presence
of partial axonal block.

The stimulus parameters used in this study to generate failure of HFS evoked excitation to
follow the stimulation and subsequent axonal conduction block are similar to those used in
other HFS studies (Anderson et al. 2006; Iremonger et al. 2006; Lian et al. 2003). In the current
study, HFS evoked excitation failed to follow stimulus frequencies above 50 Hz in-vitro and
125 Hz in-vivo, and are similar to stimulus frequencies associated with favorable deep brain
stimulation (DBS) outcomes (~30Hz-300Hz) (O'Suilleabhain et al. 2003; Rizzone et al.
2001). Although other studies describe failure of axons to propagate faithfully in response to
high frequency epilpetiform bursts (Meeks et al. 2005) and applied high frequency stimulation
(~125-185 Hz) (Iremonger et al. 2006), some theoretical (McIntyre et al. 2004a; Miocinovic
et al. 2006) and experimental (Hashimoto et al. 2003) evidence indicates that HFS has an
excitatory effect on axons surrounding the stimulus electrode. A reason for these apparent
differences in activation could be the effective stimulus amplitudes seen by the surrounding
tissue (Anderson et al. 2006; Butson et al. 2006; Butson and McIntyre 2005). The complexity
and heterogeneity of the brain regions stimulated can make it challenging to assess the overall
outcome of HFS. As a result, it is unclear whether excitation, inhibition, or a balanced
combination of both is indicative of therapeutic stimulation. Recent work provides strong
evidence that modulation of afferent axons via axonal excitation (Bar-Gad et al. 2004;
Hashimoto et al. 2003; Li et al. 2007) and/or axonal silencing (Gradinaru et al. 2009; Iremonger
et al. 2006; Jensen and Durand 2007b) underlie the therapeutic effects of HFS. However,
additional studies employing multi-site, multi-unit recording may be necessary to clarify the
role of excitation and inhibition in therapeutic stimulation. Additionally, care should be taken
when comparing electrical stimulation studies, as differences in electrode configuration will
impact the threshold current needed to elicit specific neural responses (Butson and McIntyre
2006; Butson et al. 2006; Butson and McIntyre 2005). Finally, stimulus waveform could impact
the threshold for HFS mediate effects. Comparing the data in this study to prior work in the
hippocampus, the threshold for suppression of both somatic and axonal activity is lower with
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sinusoidal HFS than pulse train HFS (Jensen and Durand 2007b; Lian et al. 2003). In the case
of pulse train HFS, the steeper characteristics of the pulses compared to the gradual rise time
of the sinusoidal waveform may reduce its efficacy in generating conduction block.

The results of the current study suggest that the shorter the pulse train delivered to the tissue,
the more likely the axon will follow the stimulus. For longer duration pulse trains, such as
those used in therapeutic electrical stimulation, the evoked axonal response will only follow
stimulation faithfully for several hundred cycles. The current study suggests that HFS evoked
excitation may desynchronize during prolonged stimulation leading to the illusion of
conduction block. As result, the more stimulus cycles applied during HFS, the less likely
synchronized axonal activation is reaching downstream and upstream neural populations. This
change in the axonal response may impact activation at downstream synapses, as well as disrupt
ongoing activity within the somas of afferent populations. Failure of evoked response to follow
stimuli one for one does not necessarily indicate the presence of conduction block (Campbell
and Woo 1966; Casey and Blick 1969; Iremonger et al. 2006). To test for complete conduction
block, an independent electrode should be used to generate a propagating response through the
site of stimulation. In the current study, pulse train HFS reversibly blocked axonal conduction
in an amplitude dependent manner. Subthreshold to complete block, a test pulse propagates
through the site of stimulation with reduced amplitude. As HFS amplitude is increased, the
amplitude of the propagating response diminishes until complete conduction block occurs. In
current literature, high frequency stimulation of fiber tracts is thought to reduce the frequency
at which axons are able to follow extracellular stimulation (Anderson et al. 2006; Iremonger
et al. 2006; Schiller and Bankirer 2007). In those studies, these effects have been attributed to
both desynchronization and partial axonal block; however, complete conduction block was not
reported in these studies.

Prior studies investigating the effects of electrical stimulation typically have used a single
electrode to deliver both the HFS and test stimuli. In light of the current results, this
experimental paradigm is called into question. In the current study, the data suggest that HFS
evoked excitation may desynchronize during prolonged stimulation. Desynchronization of
field responses could lead to erroneous conclusions regarding the presence or absence of block,
as well as the minimum threshold current required for these effects. Therefore, it is important
for a test pulse to be sent though the site of stimulation to confirm or refute true conduction
block. As result, the relative absence of pulse train mediated conduction block in HFS literature
from the central nervous system is two-fold: (1) the stimulus amplitude was likely subthreshold
to this effect, and (2) the lack of a secondary stimulating electrode to provide direct evidence
of blockade. In the case of this study, changes in CAP width and latency suggest
desynchronization of HFS evoked excitation at low stimulus amplitudes; yet, the prolonged
reduction in CAP amplitude following HFS termination indicate the presence of conduction
block. Using a test pulse sent through the site of HFS, complete, reversible conduction block
was confirmed.

A potential limitation of this study is the use of monophasic high frequency stimulation. In
general, clinical deep brain stimulation uses biphasic HFS to minimize the possibility of tissue
damage at the site of stimulation (Grill and Mortimer 1995; Merrill et al. 2005). In the current
study, the suppressive effects of monophasic stimulation on axonal and cellular activity were
reversible, ruling out permanent damage at the site of stimulation. However, the use of biphasic
stimulation may produce different effects upon the stimulated neural networks in-vitro and in-
vivo. To investigate this possibility, biphasic HFS was applied to the alveus in-vitro. Biphasic
pulse train HFS suppressed axonal and cellular activity in a manner similar to that observed
with monophasic HFS (data not shown). Additionally, recent work using biphasic high
frequency stimulation have reported results similar to those observed in the current study (Shin
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et al. 2007; Shin and Carlen 2008). Further experiments are being conducted in-vivo to explore
this issue.

Mechanisms underlying conduction block by pulse trains
The results of this study indicate that pulse train HFS affects axonal conduction in multiple
ways depending on stimulus parameters. The mechanisms underlying these effects could be
explained by (1) influence of the axonal refractory period on HFS evoked excitation; (2)
desynchronization of the underlying units of the compound action potential (CAP); (3) an
increase in the threshold for HFS evoked excitation; or (4) suppression of activity at the site
of stimulation via potassium mediated depolarization blockade.

Pulse trains of limited duration are routinely used to characterize network interactions (Martin
and Shapiro 2000; Traub et al. 2004; Vreugdenhil et al. 2005). As stimulus frequency increases,
the typical duration of these stimuli decreases, with most high frequency trains being
milliseconds in duration. The paired pulse paradigm used in this study shows that hippocampal
axons can follow a few stimuli over a wide range of frequencies (10-500 Hz, Figure 7). The
maximal frequency explored has an interpulse interval of 2 ms (500 Hz). Even at this frequency,
the CAP amplitude, width, and latency remained close to unity, indicating that the refractory
period of the axons is less than 2 ms. As a result, the loss of evoked responses during long
duration pulse trains is unlikely to be the result of axonal refractory period interfering with
activation.

Upon onset, HFS generates a period of initial activity evoked in response to the stimulus. The
HFS evoked response amplitude decreases over time, until it is completely gone. Yet,
monitoring only response amplitude can lead to erroneous conclusions regarding the presence
or absence of the activity. Desynchronization of the underlying units (action potentials) of the
response can lead to a decrease in amplitude without actual suppression of the response
(Campbell and Woo 1966; Casey and Blick 1969), and is reflected by an increase in both the
width and latency of the evoked response (Bhadra and Kilgore 2004; Campbell and Woo
1966; Casey and Blick 1969). In this study, changes in CAP width and latency suggest that
desynchronization could play a role in the loss of responses evoked by pulse trains at high
frequencies (Figure 3). To investigate this possibility, a test pulse was sent through the site of
stimulation. In contrast to the HFS evoked excitation, the secondary test pulse width and latency
was unaffected by the pulse train prior to complete conduction block (Figure 10).

Pulse train HFS generated amplitude dependent, reversible conduction block. The HFS
threshold for complete block was 3.2 ± 1.5 times the amplitude needed to evoke a maximal
CAP. At HFS amplitudes immediately subthreshold to complete block, test pulses propagated
through the site of stimulation with reduced amplitude, but no change in width or latency. These
data indicate the presence of partial axonal block, rather than desynchronization of the test
pulse or increased threshold of excitation. Partial conduction block could be caused by
progressive inactivation of the sodium channel population in repetitive stimulation (De Col et
al. 2008). The sustained reduction of the evoked response following HFS termination could
also be explained by dependent sodium channel inactivation. Additionally, failure of HFS
evoked excitation to follow the stimulus occurred at a much lower threshold than conduction
block of the test pulse. At stimulus parameters threshold to failure of HFS evoked excitation,
test pulses pass through the site of stimulation without significant changes to amplitude, width,
or latency. Taken together, these data indicate that threshold of excitation is not significantly
altered during HFS application.

In this study, pulse train HFS can generate conduction block. Electrical stimulation is known
to generate stimulus frequency dependent changes in axonal fidelity (De Col et al. 2008;
Iremonger et al. 2006; Meeks et al. 2005; Raastad and Shepherd 2003; Soleng et al. 2004) as
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well as elevations in extracellular potassium (Bikson et al. 2001; Jensen and Durand 2007b;
Lian et al. 2003; Meeks et al. 2005; Shin et al. 2007). These stimulation mediated effects have
been correlated with suppression of both somatic and axonal activity, as observed by loss of
both field and intracellular potentials in different studies (Bikson et al. 2001; Iremonger et al.
2006; Jensen and Durand 2007b; Lian et al. 2003; Meeks et al. 2005; Meeks and Mennerick
2004). Therefore, simultaneous activation of a fiber tract by extracellular stimulation or even
spontaneous activity could suppress axons leading to conduction block. Recent work by Meeks
et al. using patch clamped axons supports this conclusion. Spontaneous epileptiform activity
containing bursts of action potentials (20 Hz or greater) failed to propagate along axons in the
Schaffer collateral region of the hippocampus (Meeks et al. 2005). Conduction block in axons
may indicate a potential protective mechanism within the hippocampus, and elsewhere, where
excessive, synchronous neural discharges involving a large number of axonal fibers are unable
to propagate.

Pulse train stimulation has been associated with stimulus induced increases in extracellular
potassium in the cortex (Heinemann and Lux 1977), the thalamus (Gutnick et al. 1979), the
hippocampus (Hablitz and Lundervold 1981; Poolos et al. 1987), and the cerebellum (Kocsis
et al. 1983). Additionally, elevated extracellular potassium concentrations are known to reduce
action potential amplitude, depress presynaptic potentials, and affect axonal signaling (Hablitz
and Lundervold 1981; Meeks et al. 2005; Meeks and Mennerick 2004; Shin et al. 2007).
Potassium levels sufficient to produce changes in axonal and somatic activity have been
recorded in response to sinusoidal HFS (Jensen and Durand 2007b; Lian et al. 2003) and pulse
trains (Heinemann and Lux 1977; Lian et al. 2003) under pathological and physiological
conditions. Therefore, a potential mechanism for the stimulus induced depression of axonal
activity, then subsequent conduction block could be potassium mediated depolarization
blockade (Beurrier et al. 2001). In support of this idea, recent computational models have
suggested a role from potassium in stimulus mediated suppression of axonal activity through
accumulation of potassium in the periaxonal spaces (Bellinger et al. 2008).

Clinical Implications
Axonal conduction block using high frequency stimulation (HFS) has the potential for
controlling abnormal propagating activity within the brain without surgical resection of white
matter tracts. Fiber tract stimulation would be an innovative method for control of abnormal
neural activity in the brain and potentially applicable to a wide range of neurological disorder.
However, it is unclear from the current literature if the stimulus parameters used in therapeutic
stimulation would be associated with conduction block (Butson and McIntyre 2005; Kuncel
and Grill 2004; Rizzone et al. 2001). The current study shows that stimulus duration impacts
the neuronal effects observed in response to pulse train stimulation. Short duration trains
generate time locked following of the evoked potentials, while longer duration stimulation
generates axonal conduction block depending on stimulus amplitude. Only by comparing
stimulus parameters across studies can a clearer view of the effects of high frequency
stimulation on neural networks be established.
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Fig. 1. Field potentials evoked by hippocampal fiber tract stimulation in-vitro
A. In-vitro experimental schematic. Sb – Subiculum, DG- Dentate Gyrus. B. Extracellular field
potentials were recorded simultaneously in the CA1 stratum pyramidale (CA1 electrode) and
alveus (Alvear Electrode). C. Simultaneously recorded compound action potential (CAP) and
antidromic evoked potential (AEP) in-vitro in response to antidromic stimulation of the alveus.
Dot denotes stimulus artifact. Inset: AEP and CAP amplitude, width, and latency
measurements.
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Fig. 2. Field potentials evoked by commissural fiber tract stimulation in-vivo
A. Hippocampal potentials (CA1, CA3) were recorded bilaterally in response to commissural
fiber stimulation in-vivo. B. Field potentials generated in response to commissural tract
stimulation from right hippocampus are shown. Top trace, evoked field response from CA1.
Bottom trace, evoked field response from CA3. Dot denotes stimulus artifact.
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Fig. 3. Evoked axonal responses fail to follow HFS pulse trains in-vitro
A. Evoked responses (CAP) failed to follow prolonged pulse train HFS. The frequency of the
evoked stimulus given before and after HFS was 0.5 Hz. The example illustrates the effect of
a 200 Hz pulse train. HFS generates initial excitation that decreases in amplitude over the
stimulus duration, until the evoked response is gone. Dot denotes stimulus artifact during 0.5
Hz control stimulation. B. Failure of HFS evoked excitation is frequency dependent (p<0.001,
ANOVA), with responses unable to faithfully follow pulse train HFS above 50 Hz. Effects on
somatic activity (AEP) were similar (not shown). C. CAP width and latency increased prior to
complete failure (mean +/− SD; p<0.016, p<0.0001, respectively, student's paired t test), AEP
width and latency were unchanged (p<0.2, student's paired t test; not shown).
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Fig. 4. Minimum number of pulse train cycles until CAP failure
The minimum number of cycles until CAP failure decreases as HFS frequency increases, and
was dependent on stimulus frequency but not stimulus amplitude (p<0.0001, p>0.5,
respectively, ANOVA).
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Fig. 5. Pulse train HFS of fiber tracts in-vivo
The antidromic (CA3) and orthodromic (CA1) evoked responses failed to follow pulse train
HFS of the commissural fiber tract (100 Hz). The frequency of the evoked stimulus given
before and after HFS was 0.5 Hz. Inset, schematic of the in-vivo experimental arrangement.
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Fig. 6. Failure to follow pulse trains in-vivo is frequency and amplitude dependent
A, For antidromic activity (CA3), evoked activity decreased as frequency of stimulation was
increased (p<0.0001, ANOVA, as compared across all stimulation frequencies), while stimulus
amplitude had a slightly significant effect (p<0.017, CA3; ANOVA, as compared across all
frequencies of stimulation). B. For orthodromic activity (CA1), evoked activity decreased as
frequency of stimulation was increased (p<0.0001, ANOVA, as compared across all
stimulation frequencies), while stimulus amplitude had a slightly significant effect (p<0.031,
CA1; ANOVA, as compared across all frequencies of stimulation). C. The minimum number
of pulse train cycles until complete failure was dependent on stimulus frequency for antidromic
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activation (CA3) (p<0.001, as compared across stimulation frequencies, ANOVA), but not
orthodromic activation (p>0.1, as compared across stimulation frequencies, ANOVA).
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Fig. 7. Paired pulse paradigms in-vitro
A. Paired pulse responses generated by 200 Hz (IPI 5 ms) applied to the alveus. Responses
recorded extracellularly in the alveus (left) and CA1 pyramidal layer (right). Dot denotes
stimulus artifact. B. Cellular field responses (AEP) demonstrated paired pulse inhibition above
100 Hz (IPI 10 ms), while alvear field responses (CAP) were unaffected by the paired pulse
paradigm. Paired pulse amplitude ratio, (P2/P1). C. CAP and AEP width were unaffected by
the paired pulse paradigm up to IPIs of 4 ms. Below an IPI of 4 ms, cellular (AEP) and axonal
(CAP) paired pulse responses shown slight desynchronization. Paired pulse width ratio, (W2/
W1).
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Fig. 8. Evoked Axonal Responses are unable to follow HFS in the Isolated Alveus
A1 Transverse hippocampal slice. A2. Schematic of the isolated alvear network showing
stimulating and recording electrode placement. B. Photograph of transverse hippocampal slice.
(i) Inset: Magnification of the alvear axon field in the intact slice. (ii). Inset: Isolated alvear
axon field. C. Example of the evoked alvear potential in the intact slice and isolated alveus. In
the isolated preparation, the CAP is present but the secondary synaptic activation (II) is
abolished, in response to an evoked stimulus. D. Evoked axonal activity (CAP) were unable
to follow HFS even after isolation of the alvear axon field in-vitro (200Hz, 75% Amplitude).
E. Failure to follow pulse train stimulation was frequency dependent. Changes in amplitude
where analyzed by normalizing the amplitude of the final pulse in the train to the first pulse in
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the train (n=5). F. No statistically significant difference in the number of cycles until CAP
failure between the intact slice and isolated alveus was observed using pulse trains above 75
Hz. In both cases, the number of cycles until CAP failure decreased as stimulus frequency
increased (p>0.9, ANOVA, comparing isolated alveus and full slice).
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Fig. 9. Pulse train HFS blocks axonal conduction in-vitro
Evoked test pulses were generated by a stimulating electrode placed in the alvear axon field.
An independent electrode, located in the alveus, applied the pulse train HFS. Field potentials
were recorded extracellularly in the alveus and CA1 somatic layer (see inset describing
hippocampal network). (a) A robust evoked response (CAP, denoted by asterisk) was generated
by STIM A (0.5 Hz) before HFS. Pulse train HFS (STIM B, 500 μA, 150Hz) blocks axonal
conduction. Insets, b through d (evoked response, STIM A,). (e, f) Evoked responses (CAP)
generated by STIM A are depressed following termination of HFS, but recover over ~ 60
seconds following HFS termination (n=8).
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Fig. 10. Pulse train HFS Conduction Block is Amplitude Dependent
A. Conduction block is amplitude dependent, with complete block occurring at higher stimulus
amplitudes. B. Stimulation paradigm in-vitro. C. The threshold current for complete block is
significantly larger than the stimulus amplitude at which evoked responses fail to follow pulse
train HFS (405 ± 101 μA, 101 ± 46 μA, respectively, p<0.0001, Student's 2 sample t test).
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Table 1
Antidromic paired pulse response in-vivo

Stimulus
IPI (ms)

CA3 Paired Pulse Response

Amplitude Width Latency

3.33 0.80 ± 0.21 1.12 ± 0.17 1.03 ± 0.04

5 0.94 ± 0.53 1.11 ± 0.15 1.01 ± 0.14

6.67 0.91 ± 0.32 1.05 ± 0.16 1.03 ± 0.05

10 0.86 ± 0.28 1.09 ± 0.18 1.02 ±0.06

20 0.89 ± 0.35 1.05 ± 0.15 1.01 ± 0.05

40 1.13 ± 0.26 1.00 ± 0.11 0.99 ± 0.03

100 1.14 ± 0.23 1.00 ± 0.00 1.00 ± 0.00
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Table 2
Orthodromic paired pulse response in-vivo

Stimulus
IPI (ms)

CA1 Paired Pulse Response

Amplitude Width Latency

3.33 0.32 ± 0.21 0.57 ± 0.69 0.44 ± 0.51

5 0.57 ± 0.53 1.03 ± 0.84 0.75 ± 0.48

6.67 0.44 ± 0.32 0.61 ± 0.77 0.47 ± 0.51

10 0.41 ± 0.28 0.65 ± 0.65 0.57 ± 0.52

20 0.52 ± 0.35 0.87 ± 0.57 0.80 ± 0.47

40 0.78 ± 0.26 1.20 ± 0 39 0.99 ± 0 24

100 1.01 ± 0.23 1.00 ± 0.00 1.00 ±0.02
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