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Intractable seizures in human epilepsy are, by definition,

resistant to pharmacological therapy. Although surgical

resection of the seizure focus is a potential treatment option

in some patients, ablation of neuronal tissue is irreversible

and can be associated with serious complications. A

reversible and adjustable alternative to resection, deep

brain electrical stimulation (DBS) of discrete brain

structures such as the cerebellum (Cooper et al. 1973), locus

coeruleus (Faber & Vladyka, 1983) and thalamic centro-

median nucleus (Velasco et al. 2000), has been effective in

alleviating seizures in humans. However, the mechanisms

of DBS remain unknown and stimulation protocols are,

therefore, determined empirically and not optimized to

modulate any specific physiological parameter.

In vitro, constant DC electric fields have been used to

suppress high-K+- (Gluckman et al. 1996) and low-Ca2+-

(Ghai, 1998; Warren & Durand, 1998) induced

epileptiform bursting by directly hyperpolarizing pyramidal

neurons. However, the efficiency of the suppression is

highly dependent on the orientation of the exogenous

electric field relative to the dendritic–somatic axis of the

neuron (Ghai et al. 2000). Furthermore, DC stimulation,

because it is charge unbalanced, can result in electrode

corrosion and tissue damage (Agnew & McCreery, 1990a;

Gluckman et al. 2001). We recently demonstrated that

50 Hz continuous sinusoidal electric fields, applied via

large parallel wire ‘field’ electrodes (which uniformly

stimulate the entire encompassed brain tissue), could

suppress epileptiform activity in vitro (Bikson et al. 2001).

The goals of the present study were: (1) to determine the

feasibility of local suppression of epileptiform activity

using AC fields applied with monopolar electrodes, which

more closely approximate field distributions generated in

clinical DBS; (2) to test the inhibitory effects of low-duty

cycle and clinically relevant stimulation protocols; and

(3) to directly compare the efficacy and clinical practicality

of locally applied DC versus AC fields. The mechanisms,

spatial extent, and orientation dependence of local AC and

DC stimulation protocols were studied using extracellular,

intracellular and ion-sensitive recordings. The results of

this report demonstrate that clinically relevant stimulation

configurations and protocols can suppress neuronal

activity by inducing depolarization block, mediated in part

by local extracellular potassium accumulation.
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High frequency electrical stimulation of deep brain structures (DBS) has been effective at

controlling abnormal neuronal activity in Parkinson’s patients and is now being applied for the

treatment of pharmacologically intractable epilepsy. The mechanisms underlying the therapeutic

effects of DBS are unknown. In particular, the effect of the electrical stimulation on neuronal firing

remains poorly understood. Previous reports have showed that uniform electric fields with both AC

(continuous sinusoidal) or DC waveforms could suppress epileptiform activity in vitro. In the

present study, we tested the effects of monopolar electrode stimulation and low-duty cycle AC

stimulation protocols, which more closely approximate those used clinically, on three in vitro

epilepsy models. Continuous sinusoidal stimulation, 50 % duty-cycle sinusoidal stimulation,

and low (1.68 %) duty-cycle pulsed stimulation (120 ms, 140 Hz) could completely suppress

spontaneous low-Ca2+ epileptiform activity with average thresholds of 71.11 ± 26.16 mA,

93.33 ± 12.58 mA and 300 ± 100 mA, respectively. Continuous sinusoidal stimulation could also

completely suppress picrotoxin- and high-K+-induced epileptiform activity with either uniform or

localized fields. The suppression generated by the monopolar electrode was localized to a region

surrounding the stimulation electrode. Potassium concentration and transmembrane potential

recordings showed that AC stimulation was associated with an increase in extracellular potassium

concentration and neuronal depolarization block; AC stimulation efficacy was not orientation-

selective. In contrast, DC stimulation blocked activity by membrane hyperpolarization and was

orientation-selective, but had a lower threshold for suppression.
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METHODS 
Preparation of hippocampal slices and perfusion
All experiments were performed in the CA1 or CA3 regions of
hippocampal brain slices prepared from Sprague-Dawley rats
(175–250 g). Rats were anaesthetized with ethyl ether and
decapitated. The experimental protocol was reviewed and
approved by the Institution Animal Care and Use Committee.
The brain was rapidly removed and one hemisphere glued to the
stage of a Vibroslicer (Vibroslice, Campden Instruments Ltd,
London, UK) Slicing was carried out in cold (3–4 °C), oxygenated
sucrose-based artificial cerebrospinal fluid (ACSF) consisting of
(mM): sucrose 220, KCl 3, NaH2PO4 1.25, MgSO4 2, NaHCO3 26,
CaCl2 2, dextrose 10. The resulting 350 mm thick slices were
immediately transferred to a holding chamber with ‘normal’
ACSF consisting of (mM): NaCl 124, KCl 3.75, KH2PO4 1.25,
CaCl2 2, MgSO4 2, NaHCO3 26, dextrose 10, held at room
temperature and bubbled with 95 % O2–5 % CO2.

After > 1 h of recovery, a slice was transferred to a standard
interface recording chamber with ‘normal’ ACSF at 35 ± 0.5 °C,
and a warmed, humidified 95 % O2–5 % CO2 vapour maintained
over the exposed surface of the slice. After 10 min, slices were
perfused with ‘low calcium’ ACSF (low-Ca2+), ‘high potassium’
ACSF (high-K+), or picrotoxin-containing ACSF. Low-Ca2+ ACSF
consisted of (mM): NaCl 124, KCl 4.75, KH2PO4 1.25, CaCl2 0.2,
MgSO4 1.5, NaHCO3 26, dextrose 10.0. High-K+ ACSF consisted
of (mM): NaCl 124, KCl 8.5, NaH2PO4 1.25, CaCl2 1.5, MgSO4 1.5,
NaHCO3 26, dextrose 10.0. Picrotoxin ACSF was made by adding
100 mM picrotoxin to normal ACSF (with 0.5 mM MgSO4).
Prolonged incubation (up to 60 min) in these solutions resulted in
spontaneous epileptiform activity in the CA1 or CA3 regions of
the hippocampus.

Generation and application of local and uniform electric
fields
‘Local’ current was delivered to the tissue via a tungsten
monopolar electrode (Warren & Durand, 1998). Unless otherwise
stated, the recording and stimulation electrodes were positioned
in the stratum pyramidale, ~50 mm apart, such that injected
anodal current resulted in a hyperpolarization of pyramidal cell
somas (Warren & Durand, 1998). ‘Uniform’ electric fields were
generated across individual slices by passing current between two
parallel AgCl-coated silver wires placed on the surface of the ACSF
in the interface chamber (Ghai, 1998). AC stimulation was
continuous sinusoidal 50 Hz current with zero DC offset unless
otherwise specified. The waveforms applied to the electrode were
generated by a function generator (Wavetek Arbitrary Waveform
Generator 395, Wavetek Wandel Goltermann, Swabia Court
Triangle Park, NC, USA), and converted to a current by a stimulus
isolation unit (A-M Systems analog isolator 2200, A-M Systems,
Inc., Carlsborg, WA, USA).

Electrical recording and data analysis
Extracellular recordings were made with 150 mM NaCl-filled glass
microelectrodes (5–10 MV). The recordings were obtained from
the stratum pyramidale in the CA1/CA3 area. Intracellular
recordings were obtained with sharp glass micropipettes
(50–100 MV) filled with 2 M potassium acetate. Potassium-
selective microelectrodes were constructed using established
methods described elsewhere (Amman, 1986). We utilized
N,N-dimethyltrimethylsilylamine (Fluka Chemicals, Buchs,
Switzerland) to silanize the electrode tips, and the Fluka 60398
potassium-selective membrane solution, which contains the
potassium ionophore valinomycin. The potassium-selective

microelectrodes were filled with 150 mM KCl. Electrodes were
calibrated in 0.1, 1, 10 and 100 mM KCl with the separate solution
method (Amman, 1986). Only electrodes of 95 % Nernstian slope
and time constant, t, < 200 ms were used. Electrodes were at least
1000-fold more selective to potassium than sodium. During
intracellular and potassium measurements, the voltage recorded
by a field electrode placed in the somatic layer (within 100 mm of
the sharp/potassium-selective electrode) was subtracted to
remove the field artifact and provide a true transmembrane or
potassium concentration measurement.

All signals were amplified with an Axoprobe-1A amplifier (Axon
Instruments), low-pass filtered (10 Hz field and potassium, 1 kHz
sharp) with an FLA-01 (Cygnus Technology, Inc., Delaware Water
Gap, PA, USA), and stored on videotape via an A/D converter
(Sony PCM-501ES). Results are reported as means ± S.D.; n
represents the number of slices.

RESULTS
Effect of localized 50 Hz sinusoidal electrical
stimulation on low-Ca2+-, picrotoxin- and high-K+-
induced epileptiform activity
The effect of 50 Hz local sinusoidal currents generated by a

monopolar electrode on both synaptic (picrotoxin and

high-K+) and non-synaptic (low-Ca2+) epileptiform activity

was tested. ‘Threshold’ stimulation amplitude was defined

as the minimum field size required to completely suppress

bursting for the duration of the stimulus. Fig. 1A shows an

example of the effect of suprathreshold electric fields on

spontaneous low-Ca2+ activity in the CA1 region.

Suprathreshold stimulation blocked bursting for the

duration of the stimulus (1 min) and for up to 2 min after

termination of stimulation (71.11 ± 26.16 mA, n = 21).

The stimulation also resulted in a 1–5 mV negative shift in

the baseline field potential. There was no long-term effect

on low-Ca2+ burst amplitude, duration, or frequency

observed at any stimulus intensity or duration, suggesting

that the stimulation did not induce tissue damage.

Suprathreshold stimulation also blocked picrotoxin-

induced bursting for the duration of the stimulus (30 s) and

for up to 2 min after termination of stimulation (65.32 ±

25.81 mA, n = 11) and caused a 1–5 mV shift in the field

potential (Fig. 1B). Figure 1C shows an example of the

effect of suprathreshold applied current on spontaneous

high-K+ bursting in the CA3 region. Suprathreshold

stimulation blocked bursting for the duration of the

stimulus (10 s, 88.33 ± 20.21 mA, n = 3). As above,

application of suprathreshold fields was always associated

with a 1–5 mV negative shift in the field potential.

Effects of low-duty cycle waveforms on suppression
We modified the 50 Hz sinusoidal stimulation protocol to

be 1 s-on and 1 s-off and found low calcium-induced

epileptiform activity could still be completely suppressed

by this 50 % duty cycle waveform (93.33 ± 12.58 mA,

n = 3). The characteristics of during-stimulus negative

shift and after-stimulus refractory period were similar to

J. Lian and others428 J Physiol 547.2
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those generated by 100 % duty cycle stimulation (Fig. 2A).

A biphasic pulse train (120 ms, 140 Hz, duty cycle 1.68 %)

used clinically (Schachter & Saper, 1998) was also effective

in blocking epileptiform activity (300 ± 100 mA, n = 3).

The negative potential shift during the stimulation and

post-stimulus refractory period was similar to the

phenomena observed during 100 % duty cycle sinusoidal

stimulation (Fig. 2B).

Extracellular potassium concentration and
transmembrane potential during AC and DC
suppression
In order to compare the underlying mechanism of AC and

DC suppression of epileptiform activity, we measured

both extracellular potassium concentration and the

intracellular voltage during local AC and DC stimulation.

Consistent with data obtained using field stimulation

(Bikson et al. 2001), suppression of low-Ca2+ activity with

AC stimulation (Fig. 3A1) was always associated with a

substantial increase (2.5 mM ± 0.5, n = 5) in extracellular

potassium concentration (Fig. 3A2). Termination of the

stimulus was followed by a transient decrease in

extracellular potassium concentration below the baseline

level, during which activity was also suppressed. Bursting

resumed as extracellular potassium levels returned to

baseline. Similar results were obtained with experiments

performed in both picrotoxin and potassium preparations

(data not shown).

Short DC anodal pulses (3–5 s) also completely blocked the

low-Ca2+ activity (Fig. 3B1, 3.78 ± 2.54 mA, n = 7). In this

case, the large step increase induced in the field potential

was due to a ‘stimulus artifact’ rather than an endogenously

generated field shift. Epileptiform activity returned

immediately after the termination of DC stimulation.

Consistent with previous data using field stimulation

(Ghai et al. 2000), the potassium wave was also completely

abolished when the voltage events were suppressed (Fig. 3B2,

n = 3). Similar results were observed in picrotoxin- and

potassium-induced activities (data not shown).

Local suppression of epileptiform activityJ Physiol 547.2 429

Figure 1. Suppression of synaptic and non-synaptic
epileptiform activity by AC electric fields
Effect of suprathreshold 50 Hz sinusoidal fields on spontaneous
activity induced by perfusion of slices with low-Ca2+ ACSF (A),
picrotoxin ACSF (B) or high-K+ ACSF (C). In this and all
subsequent figures the bar indicates the duration of electric field
application.

Figure 2. Suppression of low calcium-induced
epileptiform activity by low-duty cycle waveforms
A, suppression of epileptiform activity (A2) by the stimulation
using a 50 Hz sinusoidal field (A1) with 50 % duty cycle (1 s-on
and 1 s-off). B, suppression of epileptiform activity (B2) by the
stimulation using a biphasic train (B1) used clinically (120 s,
140 Hz, duty cycle 1.68 %).
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We investigated the effect of AC and DC stimulation on

membrane potential with sharp electrode intracellular

recording. Consistent with data using field stimulation

(Bikson et al. 2001), during picrotoxin-induced bursting,

suprathreshold local AC stimulation caused a tonic

depolarization (21 mV ± 5, n = 4) in the membrane

potential (Fig. 4A1). The tonic depolarization was seen

clearly after a notch filter (45–55 Hz) was used to remove

the 50 Hz stimulation artifact (Fig. 4A2). No action

potentials were observed during suprathreshold AC

stimulation. DC stimulation also suppressed action

potentials but generated hyperpolarization (27 mV ± 5,

n = 3) of the membrane potential (Fig. 4B).

Spatial selectivity of suppression using uniform and
local stimulation
In contrast to uniform electric fields, the electric field

generated by a point source attenuates with distance and

thus the threshold for suppression should increase with

distance. The spatial extent of uniform (global) AC electric

field- and localized AC current injection-induced

suppression of epileptiform activity was compared in the

picrotoxin model. Spontaneous activity was monitored in

two sites with field electrodes separated by 500 mm. When

a uniform electric field was applied across the slice using

parallel wire electrodes, epileptiform activity was

suppressed in both sites by a suprathreshold field

(Fig. 5Aa1 and 2, 160 ± 36 mV mm_1, n = 5). In contrast,

when 50 Hz sinusoidal current was injected locally

through a monopolar electrode, activity was successfully

blocked in the region close to the stimulation site

(Fig. 5Bb2), but was not completely suppressed in the

remote region (Fig. 5Bb1).

The spatial selectivity of both AC and DC local stimulation

was quantified by placing the monopolar electrode at

progressively larger distances from the recording electrode

in the CA1 region (Fig. 6A). The mean threshold for

suppression of low calcium activity using either AC or DC

stimulation current was measured at 50 mm, 167 mm,

J. Lian and others430 J Physiol 547.2

Figure 3. Extracellular potassium recordings during AC
and DC stimulation
A1, low Ca2+ epileptiform activity was suppressed by a locally
applied suprathreshold AC field. A2, the stimulation resulted in a
transient increase in extracellular potassium. B1, inhibition of
epileptiform activity by a DC pulse. B2, the potassium
concentration was maintained at its lowest during the application
of DC electric field.

Figure 4. Transmembrane potential recordings during AC
and DC stimulation
A1, transmembrane potential during the application of AC electric
fields. A2, removal of a 50 Hz artifact through a notch filter shows
that during field application the neuron was depolarized.
B, transmembrane potential recording shows neurons were
hyperpolarized during the application of an anodic DC pulse.
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333 mm and 500 mm (Fig. 6B and C). As was expected for

both AC and DC stimulation, suppression threshold

increased with distance. Both curves could be fitted by a

polynomial function. ANOVA tests showed that for both

AC and DC suppression, thresholds were significantly

dependent on distances from the recording electrode

(P < 0.01, Sokal & Rohlf, 1981). When distance was

increased from 50 mm to 500 mm, the threshold for DC

stimulation increased by 170 ± 149 % while AC

stimulation threshold increased by 222 ± 141 % (n = 15),

indicating that AC stimulation was more localized than

DC stimulation.

Effect of stimulating electrode location on
suppression of epileptiform activity
To test the effect of the electrode location on blocking

threshold, the monopolar electrode was placed either in

the alveus or the stratum radiatum in slices exposed to

low-Ca2+ solution. The distance from the recording site at

pyramidal cell layer was identical for both stimulation

locations (Fig. 7A). No significant threshold difference was

found for AC stimulation (Fig. 7B, n = 9, P < 0.01).

Anodal DC currents delivered in the stratum radiatum

were not able to suppress activity, even at 250 % of

amplitudes effective during alveus stimulation (Fig. 7C,

n = 9). These data show that AC stimulation does not

depend on the relative location of the electrode along the

dendritic–somatic axis, while DC stimulation is highly

orientation-dependent.

DISCUSSION
Comparison between AC and DC stimulation for the
suppression of epileptiform activity – mechanism
and clinical relevance
Low-amplitude DC electric fields are effective in

suppressing epileptiform activity in several in vitro models.

The suppression thresholds are far below the values

Local suppression of epileptiform activityJ Physiol 547.2 431

Figure 5. Effect of globally and locally applied electric
fields on the suppression
An electric field (E) was generated either by a pair of parallel wire
electrodes (A) or by a monopolar electrode (B). Two field
electrodes were separated by 500 mm. A, picrotoxin-induced
epileptiform activity was blocked in both sites (a1 and a2).
B, stimulation blocked bursting recorded by the proximal
electrode (b2), but failed to completely block activity recorded by
the distal electrode (b1).

Figure 6. Dependence of the threshold of AC and DC
electric field to block activity on distance
A, recording electrode was positioned in the CA1a of the
hippocampus and the stimulation electrode was moved further
away gradually. The threshold was determined for AC (B) and DC
stimulation (C) at distances of 50, 167, 333 and 500 mm.
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required to produce excitation (Warren & Durand, 1998),

i.e. trigger neuronal firing. The inhibition mechanism is

well established as membrane hyperpolarization (Durand

& Bikson, 2001). There are several drawbacks associated

with DC stimulation: (1) even at low current, erosion and

electrochemical damage occur during continuous DC

stimuli due to unbalanced charge (Brummer & Turner,

1977); (2) termination of DC stimulation generates

immediate ‘excitation rebound’ of epileptiform activity,

(Ghai et al. 2000) and (3) the suppression efficiency is

highly dependent on the relative orientation between the

electric field and the somatic–dendrite axis (Fig. 7; Jefferys,

1981; Chan et al. 1988; Gluckman et al. 1996; Durand &

Bikson 2001) Thus, in vivo, the intended neuronal target

must be anatomically uniform for DC stimulation to be

effective. Moreover, inhibition (by hyperpolarization)

could be changed into excitation (by depolarization) if the

implanted electrode was slightly displaced.

AC stimulation is also highly effective at suppressing

neuronal activity in various models of epilepsy in vitro and

has several advantages over DC stimulation including:

(1) termination of AC stimulation is often associated with

a prolonged disruption of epileptiform activity (compare

Fig. 3A with 3B and Fig. 4A with 4B); and (2) AC

stimulation is not orientation-dependent (Fig. 7).

DBS, which uses exclusively AC stimulation, has been used

to suppress seizure activity in humans (Cooper et al. 1973;

Faber & Vladyka, 1983; Velasco et al. 2000). Although AC

stimulation protocols require higher currents than DC

stimulation (see above), DBS has been proven to be safe

and well tolerated in patients with epilepsy (Fisher et al.
1992). Paradoxically, the clinical effect of high frequency

stimulation of a targeted structure mimics the effect of

lesioning the structure, which suggests that high frequency

stimulation is inhibiting neuronal firing (Benazzouz et al.
1995).

It is well established that high frequency (AC) stimulation

of excitable tissue results in extracellular potassium

accumulation (Gardner-Medwin, 1983a,b; Gardner-

Medwin & Nicholson, 1983; Bawin et al. 1986; Poolos et al.
1987; Kaila et al. 1997). This increase can, in turn,

depolarize neurons sufficiently to tonically inactivate Na+

channels such that action potentials cannot be initiated

(Traub et al. 1991; Hille 1992). While small increases in

potassium can promote epileptiform activity, large

increases could thus suppress spontaneous bursting

(Rutecki et al. 1985). Consistent with our previous report

using uniform electric fields (Bikson et al. 2001) the

present study shows that local suppression of epileptiform

activity in vitro with monopolar AC stimulation is always

associated with a large increase in extracellular potassium

and ‘depolarization block’ of neurons. Moreover, post-

stimulus suppression is linked to an undershoot of

potassium below baseline levels.

Are potassium transients sufficient to induce depolarization

block? Under normal conditions a tonic depolarization of

~20 mV will suppress regenerative action potentials in

most classes of neurons (Hille, 1992). Potassium-selective

microelectrodes measure an average potassium concen-

tration at the interface of the bath and slice surface, and

so underestimate the potassium concentration at the

J. Lian and others432 J Physiol 547.2

Figure 7. Effect of field orientation on suppression
threshold
A, AC and DC electric fields were delivered through an electrode
placed either in the alveus or the stratum radiatum. B, for the AC
electric field, the threshold of suppressing activity using alveur
stimulation was not significantly different from that using stratum
radiatum (S.R.) stimulation. C, for the DC electric field, the
epileptiform activity could only be blocked by alveur stimulation.
It could not be blocked by an anodic pulse delivered at the stratum
radiatum even if the applied current was 250 % of the effective one
applied at the alveus.
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surface of the cells during endogenous potassium release.

Current clamp (Takahashi & Tsuruhara, 1987; Traynelis &

Dingledine, 1988) and voltage clamp (Chvatal et al. 1999)

recordings from glial cells, as well as modelling studies

(Hounsgaard & Nicholson, 1983), approximate this

underestimate at 25–75 %. Thus, in this study, the 2 mM

increase measured by potassium-selective electrodes

during suprathreshold stimulation could reflect a ~6 mM

rise at the surface of cells which would result in

depolarization block. Moreover, pro-convulsant conditions

can significantly reduce the level of depolarization

required for action potential block (Hahn & Durand,

2001). Potassium levels in the brain during normal

function, though not during seizures (Pumain et al. 1985;

Jefferys, 1995), are lower than those used in the present

report. Induction of depolarization block at ‘normal’

potassium levels would presumably require high

stimulation intensities. Lastly, because in vitro the bath

fluid can serve as a potassium sink, larger potassium rises

might be expected in vivo (Krnjevic et al. 1980; Pumain et
al. 1985; Jefferys, 1995).

Alternatively, other factors could contribute to depolariz-

ation block of neurons in response to high frequency

stimulation. Stimulus-induced reductions in extracellular

Ca2+ (Krnjevic et al. 1980) would depolarize neurons and

shift the activation characteristics of ion channels to

facilitate depolarization block at lower potentials.

However, Ca2+ reductions are not sufficient in themselves

to induce depolarization block, since epileptiform activity

persists under reduced Ca2+ conditions. Stimulus-induced

increases in intracellular K+ would depolarize neurons

while large increases in intracellular Cl_ could result in

‘depolarizing GABA’ (Bragin et al. 1999). The latter would

promote further extracellular potassium release, though

could not play a role during suppression of low-Ca2+ or

picrotoxin activity. Further studies are required to

determine the contribution of each of these factors in

inducing depolarization block. There is no evidence

suggesting these other factors are sufficient in themselves

to induce depolarization block, however, they would all

be expected to: (1) promote extracellular potassium

accumulation and (2) reduce the level of extracellular

potassium required to induce depolarization block.

Although extracellular potassium accumulation and

intracellular recordings during DBS are currently not

available, clinical high frequency stimulation would be

expected to induce large extracellular potassium transients

(Krnjevic et al. 1980) which, in turn, would have a

dramatic effect on neuronal function. Our results suggest

that DBS may suppress neuronal firing (mimicking the

effect of a lesion), and hence the symptoms of epilepsy and

Parkinson’s disease, by a depolarization block mechanism

mediated, at least in part, by a potassium rise.

Comparison between uniform and local stimulation
for the block of epileptiform activity – clinical
relevance
Stimulation using both large parallel (uniform field)

electrodes and monopolar electrodes is effective in

suppressing epileptiform activity. Uniform electric fields

affect the entire tissue between the electrodes and, in vitro,

do not have to be in direct contact with the targeted tissue,

thereby minimizing the electrochemical damage (Durand

& Bikson, 2001). While this method is convenient in a

brain slice preparation, clinical implementation might be

difficult because of the anatomical constraints of placing

two large electrodes across a targeted structure. In

addition, in vivo, the field electrodes would inevitably be in

contact with nervous tissue. In contrast, monopolar

electrodes are more selective (Fig. 5) and could be placed

directly within a seizure focus.

Low-duty cycle stimulation and clinical relevance
In clinical practice, low-duty cycle stimulation protocols

are used mainly to minimize tissue damage and improve

battery efficiency (Agnew & McCreery, 1990b; Benabid et
al. 2000). In the present study, low-duty cycle (1.68–50 %)

AC fields were capable of completely suppressing

epileptiform activity in all slices in which 100 % duty cycle

was also effective. Moreover, lowering the duty cycle from

100 % to 50 % resulted in only a small increase in

suppression threshold (far less than double) and a

suppression protocol used clinically with 1.68 % duty cycle

resulted in only ~5-fold increase in threshold. Thus, the

results of this study suggest that a lower-duty cycle

stimulation protocol could effectively suppress activity

with less charge delivered.

In conclusion, our results show that localized AC

stimulation can suppress epileptiform activity in a

localized region in vitro. The effective duty cycle and

frequency are comparable with those used in clinical

DBS (Loddenkemper et al. 2001). Compared with DC

stimulation, AC stimulation was not orientation-dependent,

was associated with extracellular potassium accumulation,

and was more spatially selective. DC suppression is

generated as a result of membrane hyperpolarization while

AC suppression results from depolarization block. The

results are consistent with the hypothesis that neuronal

suppression by DBS is due to a depolarization block of

neurons (partially) as a result of raised extracellular

potassium concentration.
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