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Long-lasting hyperpolarization underlies seizure reduction
by low frequency deep brain electrical stimulation
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Neuroscience

Key points

e Deep brain electrical stimulation (DBS) is a promising treatment for mesial temporal lobe
epilepsy (MTLE). However, treatment optimization and clinical application are limited by the
fact that the mechanisms of seizure reduction by electrical stimulation remain unknown.

e We have shown that low frequency electrical stimulation (LFS) of a white matter target
connecting the hippocampi effectively reduces chemically induced epileptic activity in bilateral
hippocampi.

e LFS induces long-lasting hyperpolarization (1-2 s) in the inter-stimulus interval that protects
cells from seizure activity.

e This long-lasting hyperpolarization is mediated by (1) GABAy IPSPs and (2) the slow after-
hyperpolarization (sAHP). Its magnitude, as measured by amplitude and area, is correlated
with LEFS efficacy of seizure reduction.

e Understanding the mechanisms of LES could have therapeutic applications for seizure reduction
in patients with MTLE.

Abstract Mesial temporal lobe epilepsy (MTLE) is a common medically refractory neurological
disease. Deep brain electrical stimulation (DBS) of grey matter has been used for MTLE with
limited success. However, stimulation of a white matter tract connecting the hippocampi,
the ventral hippocampal commissure (VHC), with low frequencies that simulate interictal
discharges has shown promising results, with seizure reduction greater than 98% in bilateral
hippocampi during stimulation and greater than 50% seizure reduction in bilateral hippocampi
after treatment. A major hurdle to the implementation and optimization of this treatment is that
the mechanisms of seizure reduction by low frequency electrical stimulation (LES) are not known.
The goal of this study is to understand how commissural fibre tract stimulation reduces bilateral
hippocampal epileptic activity in an in vitro slice preparation containing bilateral hippocampi
connected by the VHC. It is our hypothesis that electrical stimuli induce hyperpolarization lasting
hundreds of milliseconds following each pulse which reduces spontaneous epileptic activity during
each inter-stimulus interval (ISI). Stimulus-induced long-lasting-hyperpolarization (LLH) can be
mediated by GABAj inhibitory post-synaptic potentials (IPSPs) or slow after-hyperpolarization
(sAHP). To test the role of LLH in effective bilateral seizure reduction by fibre tract stimulation, we
measured stimulus-induced hyperpolarization during LES of the VHC using electrophysiology
techniques. Antagonism of the GABAy IPSP and/or sSAHP diminished stimulus-induced hyper-
polarization concurrently with LES efficacy (greater than 50% reduction). Blocking both the
GABAjg IPSP and sAHP simultaneously eliminated the effect of electrical stimulation on seizure
reduction entirely. These data show that LES of the VHC is an effective protocol for bilateral
hippocampal seizure reduction and that its efficacy relies on the induction of long-lasting
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hyperpolarization mediated through GABAg IPSPs and sSAHP. Based on this study, optimization
of the timing of LFS and LFS-induced-LLH may lead to improved outcomes from DBS treatments
for human epilepsy.
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ventral hippocampal commissure.

Introduction

Mesial temporal lobe epilepsy (MTLE), which is
characterized by seizures of the hippocampus and
surrounding structures, is very common and often
refractory to medical treatment with drug therapy (King
et al. 1995; Swanson, 1995; Barbarosie & Avoli, 1997;
Jallon, 1997; Calcagnotto et al. 2000; Avoli et al. 2002;
Spencer, 2002; Duncan et al. 2006). Surgical resection
offers better results, rendering 65-75% of selected patients
free of seizures. However, many patients do not meet
selection criteria and removal of important brain tissues
is of concern (Blume, 2006; Blume & Parrent, 2006).
Deep brain electrical stimulation (DBS) provides a less
invasive, reversible and customizable alternative to surgical
resection (Velasco et al. 20004, b; Durand & Bikson, 2001;
Vonck et al. 2002, 2005; Kakiuchi et al. 2006; Morrell,
2006, 2011; Boon et al. 2007; Sunderam et al. 2010).
Specifically, low-frequency electrical stimulation (LES)
at frequencies mimicking interictal frequencies has been
shown to decrease neural excitability in vitro (Jerger &
Schiff, 1995; Durand & Bikson, 2001; Khosravani et al.
2003; D’Arcangelo et al. 2005; Schiller & Bankirer, 2007;
Toprani et al. 2008, 2010; Toprani & Durand, 2013), in
animal models (Barbarosie & Avoli, 1997; Avoli, 2001;
Velisek et al. 2002; Benabid et al. 2005; Goodman et al.
2005; Kile et al. 2010; Rashid et al. 2011; Tang & Durand,
2012) and in patients (Kinoshita et al. 2005; Kakiuchi
et al. 2006; Schrader et al. 2006; Yamamoto et al. 2006).
However, this treatment is still recent and its mechanisms
of action remain largely unknown. Understanding how
DBS reduces seizures could enable safer implementation
and patient-specific optimization of this promising new
treatment. It is therefore the goal of this study to investigate
the mechanisms of seizure reduction by DBS.

To date, the mechanisms to explain the antiepileptic
effects of LFS are highly speculative. Several hypo-
theses have been proposed, including: (1) depression
of synaptic excitatory response; (2) potassium-mediated
depolarization block; (3) glial-neuronal interplay; (4)

decreased excitatory/increased inhibitory synaptic neuro-
transmission; and (5) reduction in the excitability of
neurons (Durand & Bikson, 2001; McIntyre ef al. 2004;
Schiller & Bankirer, 2007). Many of these hypotheses have
been explored, but the mechanism has not been solved.
Short-term synaptic depression of excitatory neuro-
transmission during LFS has been observed in cortical
slices (Schiller & Bankirer, 2007) and may occur in the
hippocampus as well. Potassium-mediated axonal block
has been observed during high frequency stimulation
(HES) of hippocampal fibre tracts (Jensen & Durand,
2007, 2009), but its role in LFS has not been examined.
Glial cells are known to interact with neurons during
seizure generation (Tian et al. 2005; Lanerolle et al. 2010;
Reato et al. 2012). It is possible there is glial-neuronal
interplay mediating seizure reduction by LFS as well.
There are many reasons to suspect increased inhibition
may be important. Enhanced GABA-mediated inhibition
has been proposed as a theory to explain the mechanisms
of seizure reduction by LFS (Lopez-Meraz et al. 2004;
D’Arcangelo et al. 2005), although it has been shown
that GABA, is not necessary for seizure reduction
by LFS in cortical slices (Schiller & Bankirer, 2007).
Reduction in neuronal excitability may occur through
stimulation-induced hyperpolarization. Low-frequency
stimulation evokes long-lasting hyperpolarization (LLH)
on the order of 1-2s in healthy slices predominantly
through two mechanisms: (1) induction of the GABAB
IPSPs (Dutar & Nicoll, 19884, b) and (2) enhancement
of the slow afterhyperpolarization (sAHP; Alger & Nicoll,
19804, b).

Because of the slow time course, the GABAg IPSP shows
pronounced summation upon repetitive stimulation, in
contrast to the fast GABA, IPSP. GABAj receptors on
the postsynaptic neuron are located extrasynaptically. As
a result, they are only activated when the concentration
of GABA is high enough to ‘spill over’ the synaptic cleft
(Dutar & Nicoll, 19884; Otis & Mody, 1992), which can
happen in the following two ways: (1) repetitive activation
of the synapse and (2) simultaneous activation of a
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number of release sites, conditions which are both met
by LES and result in pooling of GABA in the extrasynaptic
space. Synchronous rhythmic activity, such as LFS, leads
to simultaneous recruitment of pre- and postsynaptic
GABAG receptors, thereby sculpting the pattern of activity.

Like the GABAj IPSP, the slow afterhyperpolarization
(sAHP) limits the firing frequency of neurons and is
responsible for generating spike-frequency adaptation,
especially in response to sustained or repetitive
depolarization (Madison & Nicoll, 1984; Lancaster &
Nicoll, 1987; Storm, 1987; Sah, 1996; Shah & Haylett,
2000; Shah et al. 2001; Villalobos et al. 2004; Vatanparast &
Janahmadi, 2009), as occurs with LES. It is activated by the
calcium influx during somatic depolarization (Lancaster
et al. 2001), especially by bursts of action potentials, which
suggests it could be a prominent factor in mediating
the antiepileptic effects of LFS by generating long-lasting
hyperpolarization during which further action potentials
are less likely.

We previously reported an LFS protocol that reduced
bilateral 4-aminopyridine (4-AP)-induced seizure-like
activity during and after LFS application in an amplitude-
and frequency-dependent manner (Toprani & Durand,
2013). The in wvitro study introduced a new slice
preparation that maintains anatomical and functional
connectivity of the hippocampi solely through an intact
ventral hippocampal commissure (VHC) and utilized
4-AP to model MTLE (Tapia & Sitges, 1982; Perreault
& Avoli, 1991; Traub et al. 1996). A chronic open-loop
LES protocol implemented at a fixed frequency of 1 Hz,
which was determined to be the interictal frequency
in this preparation by spectral analysis, was applied
to the hippocampal commissures for broad bilateral
hippocampal seizure reduction in the previous study.
The goal of the current study was to understand the
mechanism of bilateral seizure reduction by the published
LES protocol. We approached this by testing several
potential mechanisms of seizure reduction by LFS,
which can be broadly characterized as: (1) depression
of synaptic excitatory response; (2) potassium-mediated
depolarization block; (3) glial-neuronal interplay; (4)
decreased excitatory/increased inhibitory synaptic neuro-
transmission; and (5) reduction in the excitability of
neurons. In particular, we focused on decreased neuro-
nal excitability by LES-induction of long-lasting hyper-
polarization (LLH) composed of (1) the GABAy IPSP and
(2) the sAHP.

Methods
Ethical approval and animal handling

All procedures in this study were approved by the
Institutional Animal Care and Use Committee (IACUC)
of Case Western Reserve University, Cleveland, OH,
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USA. Seventy-one Sprague-Dawley rats from Charles
River, Wilmington, MA, USA (12-21 days) were used for
this study. Animals were housed according to IACUC
guidelines. All rats were anaesthetized using ethyl ether
or isofluorane before decapitation for brain harvesting.

Functionally connected bilateral hippocampal slice
preparation

The brain was removed and placed in cold (3—4°C)
oxygenated (O, 95%, CO, 5%) sucrose-rich artificial
cerebrospinal fluid (ACSF), consisting of (in mm): 220
sucrose, 3 KCl, 1.25 NaH,POy, 2 MgSO,, 26 NaHCOs, 2
CaCl, and 10gl™! D-glucose (pH 7.45). The cerebellum
was detached and the ventral surface of the brain
was secured in a vibrating-blade microtome (VT1000S,
Leica, Nussloch, Germany) containing sucrose-based
cold, oxygenated ACSE. A previously reported bilateral
hippocampal slice preparation was utilized in which the
hippocampi, entorhinal cortices (EC; for contribution
to seizure generation (Barbarosie & Avoli, 1997) and
VHC were preserved after other tissues were carefully
dissected away (Toprani & Durand, 2013). Axial slices 750
or 350 um thick were cut and immediately preserved in
oxygenated ACSF consisting of (in mm): 124 NaCl, 3.75
KC], 1.25 KH2P04, 2 MgSO4, 26 NaHCOz, 2 CaC12 and
10 D-glucose for at least 60 min before being transferred
to an interface-recording chamber (Harvard Apparatus,
Holliston, MA, USA). Slice health was confirmed by
extracellular field recordings of evoked potentials from
CA3 and CALl larger than 1 mV for all preparations in
ACSF that persist over the course of the experiment.
For intracellular recordings, pyramidal cell health was
confirmed by comparing recorded cellular properties,
including: (1) resting membrane potential; (2) membrane
time constant; (3) input resistance; (4) action potential
amplitude; and (5) action potential duration to those
reported by Buckmaster et al. (1993) for pyramidal cells.
Cells were rejected if values for any of these properties
were outside of the reported range. Measurements were
obtained as described in that paper (Buckmaster et al.
1993). The axonal anatomy of the VHC was verified in
all preparations by bilateral evoked potentials elicited by
a single stimulus in the VHC tract (Toprani & Durand,
2013). Evoked responses in ACSF had a mean value of
3mV £ 1.7 mV with a single vertex (n=20) and were
obtained from left and right hippocampi.

Seizure generation

Epileptic activity was generated using 4-AP (100 uM) in
ACSF because it enhanced synaptic activity without bias
for any neurotransmitter (Tapia & Sitges, 1982; Rutecki
et al. 1987; Perreault & Avoli, 1991; Traub et al. 1996).
Alternative seizure models including magnesium-free
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ACSF (Jones, 1989) and bicuculline methiodide (BMI;
10 um) in ACSF (Borck & Jefferys, 1999) were also
used. Effective seizure generation included regular
interictal-like and ictal-like waveforms, as quantified pre-
viously (Toprani & Durand, 2013), both of which are
shown in Fig. 1C. Seizures, or ictal activity, were defined as
high-frequency spiking activity (>10 Hz) lasting at least
1's of variable amplitude. To develop seizures in vitro
using only 4-AP without cutting axons that may serve
as brakes on seizures but are involved in the circuitry we
are studying (Barbarosie & Avoli, 1997) or introducing
confounding stimuli, we optimized the experimental
protocol to facilitate the generation of electrographic
seizures. This was accomplished by: (1) including the
adjacent EC, which may play a role in hippocampal
seizure development (Barbarosie & Avoli, 1997); (2) using
thick (750 pm) slices; (3) using younger, therefore smaller
as well as more seizure-prone, animals (12 to 21 days)
and, most importantly; (4) maintaining both hippocampi
along with their axonal connections to one another to
enable interchange as well as reinforcement of epileptic
activity.

Long-lasting hyperpolarization reduction

Stimulation-induced long lasting hyperpolarization was
reduced using pharmacological antagonists of GABAjy
receptors as well as the SAHP. GABAj antagonists included
2-OH-saclofen (500 uM; Kabashima et al. 1997; Parnas
et al. 1999) and CGP-55845-HCl (1 uMm), a potent,
selective GABAg antagonist (Urwyler et al. 2005; Kirmse
& Kirischuk, 2006). The medium after-hyperpolarization
(mAHP) and sAHP were blocked non-selectively using
clotrimazole (10 puM; Shah et al. 2001). UCL-2077 (10 M)
was used for selective and specific block of the sSAHP (Shah
et al. 2006).

Electrical recording

Extracellular field recordings were made using glass micro-
electrodes (1-4 M2) filled with 150 mm NaCl. Intra-
cellular sharp electrode recordings were made using
glass microelectrodes (90130 M2) filled with 1M KCI.
Orthodromic evoked potentials and/or action potentials
from VHC stimulation were recorded in the CA1 stratum
pyramidale while antidromic evoked potentials and/or
action potential were simultaneously recorded from the
CA3 stratum pyramidale. This procedure was described
and responses to stimulation of the VHC were shown
in our previous work (Toprani & Durand, 2013). All
signals were amplified using an Axoclamp-2A micro-
electrode amplifier (Axon Instruments, Union City, CA,
USA), low-pass filtered (5 kHz) and further amplified by
a FLA-01 (Cygnus Technology, Southport, NC, USA),
then stored on a DT-200 digital tape recorder (Micro-
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data Instrument, South Plainfield, NJ, USA) as well as
on computer via an optical data acquisition program
(44.1 kHz sampling rate, Audio Companion, Roni Music,
www.RoniMusic.com).

Stimulation parameters

CA3 and CALl evoked responses were periodically elicited
by stimulation of the VHC using a monopolar tungsten
electrode at a rate of 0.33 Hz in monophasic cathodic
pulses (100 us pulse duration, current intensity to elicit
90% of the maximum evoked potential). Pulse trains
were generated using a function generator (Grass S88
Stimulator, Grass Technologies, Middleton, WI, USA) and
converted to a current by stimulus isolator units (A-M
systems, Sequim, WA, USA). The LFS protocol consisted
of monophasic cathodic pulses (100 s pulse duration) at
a current intensity to elicit 90% of the maximum evoked
potential applied at 1 Hz to the VHC while recording
intracellularly or extracellularly from CA3 and CAl. LFS
efficacy and cellular responses to different stimulation
frequencies (1, 3 and 10 Hz) were compared with and
without long-lasting hyperpolarization reduction.

Experimental setup and analysis

To study the contribution of stimulus-induced
long-lasting hyperpolarization to the mechanism of
seizure reduction by LFS, we quantified the amplitude and
area of the long-lasting hyperpolarization evoked by LFS in
non-epileptic and epileptic control slices bathed in 100 um
4-AP. We then applied two different GABAy antagonists
(2-OH-saclofen, 500 um; CGP-55845-HCI, 1 um) as well
as two different sSAHP antagonists (clotrimazole 10 um;
UCL-2077 10 uM) or GABAp and sAHP antagonists
together and measured the change in each of the following
variables compared to non-epileptic (ACSF) as well as
epileptic (4-AP) controls: (1) reduction in percentage
of seizure time by LFS; (2) distribution of activity in
the inter-stimulus interval (ISI); (3) long-lasting hyper-
polarization amplitude measured at the negative peak after
100 ms so that GABA, effects are not included; and (4)
long-lasting hyperpolarization area. The same variables
were quantified for each of the different seizure models
(4-AP; low-magnesium ACSF; and BMI) and all of the
stimulation frequencies tested. Recordings were obtained
from bilateral hippocampi functionally connected by the
VHC to ensure observed effects are not localized to one
side or focus. All data were analysed using MATLAB
(MathWorks, Natick, MA, USA) and Lab Chart v7 (AD
Instruments, Dunedin, New Zealand). Stimulus artifacts
were removed using a template-subtraction algorithm
which subtracts artifacts and evoked responses, but
spares non-evoked activity that has been validated and
is described in a previous paper (Toprani & Durand,

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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2013). Data are presented as means & SD, where n
represents the number of slices from different animals.
Two-tailed Student’s ¢ tests and/or ANOVA (P < 0.05)
were applied for statistical comparison. Throughout the
text, P values are represented as follows: *represents
changes between treatment and control groups such
that *indicates P < 0.05; **indicates P < 0.01; **indicates
P < 0.001; and ***indicates P < 0.0001.

Results

LFS of the VHC reduces bilateral 4-AP-induced
epileptiform activity

To test the effect of fibre tract stimulation of the VHC on
bilateral hippocampal activity simultaneously, we utilized
a slice preparation consisting of both hippocampi inter-
connected by VHC fibres with all other tissues removed
(Fig. 1A). The anatomical and functional connectivity
of this slice preparation has been verified (Toprani &
Durand, 2013). 4-AP (100 um) was added to ACSF
solution and bath applied onto slices to induce reliable
hippocampal electrographic seizure-like activity for a
minimum of 30 min prior to recording. With a modified
protocol to facilitate seizure generation (see Methods),
spontaneous epileptic activity was similar in bilateral CA3
and CA1 pyramidal cells and lasted > 8 h. In particular,
two types of epileptic activity occurred that were recorded
extracellularly as well as intracellularly (Fig.1C): (1)
low frequency (<5Hz) periodic spikes or bursts that
began 10-15min after bath application of 4-AP with
variable field potential amplitudes from 0.5 to 10 mV and
frequencies between 0.2 and 5 Hz lasting between 30 and
550 ms and (2) high-frequency oscillations (>10Hz) of
variable amplitude occurring every 1-3 min with each
episode lasting 3—60 s that generally occurred regularly
1-3 h after 4-AP application. These events were similar
to those reported in Toprani & Durand (2013), which
were classified as (1) interictal spikes or bursts and
(2) ictal or seizure-like episodes based on their power
spectral densities. Since epileptic activity is a property of
network interplay, these events were best observed as field
potential recordings. Figure 1C shows a typical example
of extracellular recordings containing ictal and interictal
epochs, which were highly correlated between left and
right hippocampi.

This slice preparation consisting of only bilateral
hippocampi and ECs connected by the VHC is a suitable
model for the analysing the mechanisms of reduction of
epileptic activity in bilateral hippocampi with stimulation
of their interconnecting axon tract, the VHC, since
these crucial structures are maintained without the
influence of any other tissue. The stimulus location was
chosen for its potential to affect bilateral hippocampal
communication (Fig.1). The frequency was selected

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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based on experiments showing that the average interictal
frequency approximates 1 Hz in the in vitro preparations.
The duration of the stimulation was set to 15 min based
on the observation that seizures occur at every 97 4= 34,
on average, in this model. The stimulation amplitude was
chosen to elicit 90% of the maximum possible evoked
response, at which there were no electrophysiological
signs of slice deterioration. In this model, 1 Hz VHC
stimulation at amplitudes that generated 90% of the
maximal orthodromic evoked response (100-500 jtA)
for 15 min was sufficient to generate seizure reduction
in bilateral hippocampi (CA3/CAl) in 32 slices during
LES, as was evident by the diminished spontaneous
activity in the traces shown in Fig. 1 C after artifact/evoked
potential reduction was applied (Tang & Durand, 2012;
Toprani & Durand, 2013). The effect persisted after LFS.
Interictal activity at the stimulation frequency remained
pronounced in the post-stimulation period and seizures
were reduced, as shown in the traces. Highly correlated
interictal and ictal activity occurred prior to stimulation
in left and right hippocampi. During LFS, the percentage
of seizure time was reduced by 99+ 1% in the left
hippocampus and 98 + 1% in the right hippocampus
with a lasting post-LFS reduction in percentage seizure
time of 424 15% on the left and 40+ 12% on the
right (P < 0.0001, ANOVA; P < 0.0001, Tukey-Kramer;
Fig. 1D) that could be sustained without baseline seizure
recurrence for hours.

Seizure reduction does not depend on long-term
depression or depolarization block

In order to determine if the effect of low frequency
stimulation was mediated by long-term depression (LTD),
the tissue response to the stimulating pulse was monitored
throughout the experiments. Orthodromic evoked field
and intracellular responses were elicited by test pulses
every 5s from bilateral CAl in slices bathed in 4-AP
solution prior to starting LFS. During 15min of 1 Hz
stimulation of the VHC at amplitudes that elicited
90% of the maximal evoked response, the amplitude of
bilateral orthodromic evoked responses and the number
of evoked action potentials in CAl were monitored
for each stimulus pulse as shown by the diagram in
Fig. 1B. Evoked potential amplitudes were calculated as
the difference between the average potential of points
(a, b) and the potential at point (c), as shown in the
inset of Fig.2A. The mean evoked potential amplitude
in 4-AP was 5 & 3.5 mV, which was hyperactive compared
to the evoked potential in ACSF with a mean amplitude
of 3£ 1.7mV. The orthodromic CAl evoked potential
amplitude was normalized per slice and averaged over 19
trials. After removing the first 2 min of stimulation to
allow for acclimation as previously described (Toprani &
Durand, 2013), there were no significant differences in
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A  Bilateral hippocampi-VHC slice preparation
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Figure 1. LFS reduces 4-AP-induced epileptiform activity in a bilateral hippocampi-VHC slice preparation
A, an example of a bilateral slice preparation that has been stained with Cresyl Violet for nuclei and Luxol Fast
Blue for myelinated axons of the VHC is shown to the left. The demarcation of the VHC axonal tract exiting
the fimbria/fornix of the hippocampus is clearly shown on an expanded scale to the right. B, experimental
conditions are shown on a schematic diagram of the bilateral slice preparation. Baseline epileptic activity is
recorded intracellularly/extracellularly from left and right CA3/CA1 for at least 15 min once a steady state of
seizure activity is reached, after which LFS is applied to the VHC for 15 min. Recovery from LFS is recorded for at
least 15 min in the same way. C, truncated traces of synchronized left and right recordings before, during and
after LFS are shown. D, this LFS protocol significantly reduced ictal epochs by 99 + 1% and 98 + 1% in the left
and right hippocampi, respectively, during treatment (n = 32). Seizures are significantly reduced by 42 + 15% on
the left and 40 & 12% on the right after LFS was turned off (P < 0.0001, ANOVA; P < 0.0001, Tukey-Kramer).
Bar graphs represent data means + SD. ****P < 0.0001.
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evoked potential amplitude across the stimulation period
(P > 0.99 using ANOVA). Furthermore, the mean evoked
potential amplitude during LFS was not significantly
different from that prior to LFS (P > 0.5, Student’s t test).
These results suggest LTD was not induced by the 1 Hz
stimulation protocol and is not the mechanism of seizure
reduction.

We next tested the hypothesis that LFS could cause
a depolarizing block by analysing the distribution of
action potentials following stimulation using intracellar
recording methods. During LFS, an action potential was
detected as a post-stimulus peak voltage greater than
—20 mV, as shown in the inset of Fig.2B: 7 2.7 Action
potentials were elicited by each stimulus during the LFS
train in 4-AP, compared to 2.4 & 1.2 for an equal stimulus
in ACSE In 4-AP, elicited action potentials occurred atop
a paroxysmal depolarizing shift, with return to baseline
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before the next stimulus. After again allowing 2 min for
acclimation to LFS, the mean number of action potentials
elicited by each pulse did not show differences throughout
the LES protocol (P =0.99 using ANOVA). The average
number of action potentials evoked during LFS was not
significantly different from that prior to LFS initiation
(P > 0.5, Student’s ¢ test). Action potentials were reliably
produced by each stimulus. The mean normalized evoked
potentials and number of elicited action potentials did not
change throughout LFS treatment in healthy control slices
(ACSF) either (data not shown). The steady amplitude
of evoked responses throughout the course of LES (1)
demonstrate the bilateral hippocampal slices were viable
throughout the entire stimulation period; (2) shows that
there was not significant potentiation or depression of the
response in this model; and (3) indicates that sustained
depolarization that would cause ‘depolarization block’

A Mean amplitude of CA1 evoked potentials during LFS with 4-AP
1 Hz LFS (15 minute pulse train)

100 + +
&= 80
N
2o 60f
53 omv
=3 40}
25mV
g E mv|
= 20t 25ms
0 . . . . . . . . )
-100 0 100 200 300 400 500 600 700 1,000
Time (s)

B Mean number of CA1 action potentials evoked by LFS with 4-AP
1 Hz LFS (15 minute pulse train)

25 e
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Figure 2. LTP/LTD do not occur in CA1 pyramidal cells during this LFS protocol

The LFS protocol, applied to the VHC while recording from bilateral CA1 as shown in Fig. 18, did not induce
significant changes in evoked responses (n = 19). Evoked field potentials (A) or action potentials (B) were recorded
from CA1 before, during and after 1 Hz LFS in slices with 4-AP. A, the average normalized evoked potential
amplitude did not change across the stimulation protocol (P > 0.99, ANOVA). Evoked potential amplitudes were
determined as the average potential of (a, b) minus the potential of (c), as shown in the inset. B, similarly, the
mean number of action potentials elicited by each electrical stimulus remained relatively consistent throughout
the LFS protocol (P = 0.99, ANOVA). Responses to LFS with potential amplitudes above —20 mV following each
stimulus were counted as action potentials as shown in the inset. Box plots represent data means + SD.
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did not occur in left or right hippocampi with VHC
stimulation.

Glial cells do not exhibit voltage shifts in response to
LFS

Glial cells can be indicators of cellular ionic changes
capable of decreasing neural excitability such as shifts
in potassium concentration. Therefore, intracellular
recordings were obtained from 10 glial cells bathed in 4-AP
(100 M) before and during a 15 min 1 Hz LFS train. Glial
cells were identified by the following three criteria: (1) low
resting potential of —85 47 mV; (2) no action potential
with 5 nA current injection; (3) no spontaneous firing of
action potentials. Simultaneous field potential recordings
were obtained from CALl cell layers as shown in Fig. 3A.
Prior to LFS, glial cells showed marked depolarization
(27 £ 3.5 mV) that correlated with ictal epochs recorded
from field potentials. During LFS, glial cells throughout
the bilateral slice preparation exhibited minimal voltage
changes (2+1.3mV). An example of this is shown in
Fig. 3B and data from 10 slices are summarized in Fig. 3C.
The glial cell responses, measured as voltage change (in
mV), during epilepsy and LES were compared. There

A Experimental conditions
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were significant differences (P < 0.0001, Student’s paired
t test) between the glial cell responses to epilepsy and to
LFS. Hyperactive evoked field potentials typical of 4-AP
were reliably recruited by each stimulus as an indicator of
current injection during LFS. The lack of appreciable glial
cell responses during LFS does not support large under-
lying potassium shifts or glial-neural signalling as the
major contributors to the mechanism of seizure reduction
by LES, although they cannot be ruled out by this analysis.

Effective LFS changes the distribution of
inter-stimulus activity

Next, we looked at how LFS affected the distribution
of epileptic activity. Extracellularly recorded CA1 signals
from 20 slices that received 15min of 1 Hz LFS were
divided into sections containing only ictal epochs,
only interictal epochs, or activity recorded during LFS.
Examples of each are shown in Fig.4. Samples of 50s
of each type of activity were randomly selected from all
20 slices to assess how epileptic activity was distributed
across 1s intervals, representative of the inter-stimulus
interval, with and without LFS. Peaks were detected in
each case if they were greater than 1 standard deviation

BEFORE / AFTER DURING
Rec (field potential) Rec (field potential) . ;
Rec (glial cell) Rec (glial cell) 15-minute LFS train
Amp for 90%
M. | | | | | max evoked
- Stim response
1s
B Glial cell recordings before and during LFS C Glial cell resonse during
Epileptiform activity (4-AP) LFsS epilepsy and LFS
; *kdkk
glial cell glial cell E3
30 mV o 30
M 1T T 1T 1 somv?@
-80 mV g 25
020
field potential field potential % 15
0 mV
0 my W " '- 5mV z 10
N N \ X % 5
— c
10 g 0
S 1s @ Epilepsy LFS
o

Figure 3. Glial cells do not exhibit voltage shifts in response to LFS

A, intracellular recordings were obtained from 10 glial cells bathed in 4-AP (100 uM) before and during a 15 min
1 Hz LFS train. Simultaneous field potential recordings were obtained from CA1. B, prior to LFS, glial cells showed
marked depolarization that correlated with ictal epochs recorded from field potentials. During LFS, glial cells did
not exhibit appreciable voltage changes. In contrast, hyperactive evoked field potentials that are typical in 4-AP
were reliably recruited by each stimulus. Stimuli are marked by grey dots and the evoked potentials are shown
by arrows. C, the glial cell responses, measured as voltage change in mV, during epilepsy and LFS are compared.
There is a significant difference (P < 0.0001, Student’s paired t test) between the glial cell response to epilepsy
and to LFS. Bar graphs represent data means =+ SD. ****P < 0.0001.
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from the mean amplitude. Time was counted from the
first detected peak of a seizure or interictal burst per
recording in non-stimulated segments and from the
first stimulus artifact during LFS. The time distribution
of peaks across a 1s interval was plotted for 1000s
of ictal-only recordings, interictal-only recordings and
LES recordings, respectively, taken across slices. In the
absence of LFS, spontaneous 4-AP-induced epileptic
activity (ictal or interictal) appeared evenly distributed
in time. Indeed, there were no significant differences in
number of ictal or interictal peaks across four equal time
blocks of the ISI (P > 0.05, ANOVA; Fig. 4B). In contrast,
LES entrained activity, as evidenced by minimization of
non-evoked activity during stimulation (bottom panel

A Peak detection

4-AP induced ictal activity _I 5mvV
2s
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R e

0mv
LFS
I | )
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of Fig.4B). During LFS, most peaks occurred during
the first part of the ISI (P < 0.0001, ANOVA; post hoc
analysis using Tukey-Kramer). In combination with the
data presented in Figs 1 and 2, this analysis showed
that the LFS protocol significantly reduced epileptic
activity in bilateral hippocampi and that the pattern of
activity was significantly affected during LFS such that
a bursting evoked response occurred after each stimulus
while non-stimulated field potentials were minimized.
These results suggest the existence of an inhibitory period
following the evoked responses to each stimulus during
LES. To further study this phenomenon, two additional
seizure models were utilized to evaluate seizure reduction
by LES.
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Figure 4. LFS changes the distribution of inter-stimulus activity

Epileptic activity is recorded extracellularly from left and right CA3/CA1 after which LFS is applied to the VHC
(15 min each) as shown in Fig. 1B. A, 20 s of a 4-AP-induced ictal epoch (top panel), interictal epoch (middle
panel) and LFS (bottom panel) are shown (grey traces). Field potential peaks were detected in each case if they
were greater than 1 standard deviation from the mean height, as shown (black traces). B, the distribution of
peaks across a 1s interval from 1000 s in total (50 s randomly selected from 20 slices) of ictal recordings (top
panel), interictal recordings (middle panel) and recordings during 1 Hz LFS (bottom panel) is shown. Sorting into
1 s intervals begins at the first ictal or interictal spike detected, respectively, or at the stimulus artifact, where
applicable. There is no significant difference in number of ictal or interictal peaks across four equal time-blocks of
the ISI (P > 0.05, ANOVA). During LFS, more peaks occur during the first part of the ISI (P < 0.0001, ANOVA; post

hoc analysis using Tukey-Kramer). ****P < 0.0001.
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Redistribution of inter-stimulus activity by LFS is
robust in several models of epilepsy

Previously, we showed that reduction of epileptiform
activity by the described LFS protocol was robust in
three seizure models (n=14, 9, 5, respectively): 4-AP;
bicuculline methiodide (BMI); and magnesium-free ACSF
(Toprani & Durand, 2013). For this study, we asked what
could be learned about the mechanism of LFS given
that it effectively reduced seizures generated by these
distinct methods. To answer this question, we analysed the
distribution of epileptic activity during the IST as described
above for the 4-AP seizure model. The distribution of
peaks across the 1s ISIs from 1000s (50s randomly
selected from each slice) of recordings during 1 Hz LFS
in BMI and magnesium-free LFS are shown (Fig.5B).
Sortation into 1 s intervals is from each stimulus artifact.
During LFS, the majority of peaks occurred in the first
half of the ISI in all three epilepsy models in which LFS
was effective (P < 0.0001, ANOVA; post hoc analysis using
Tukey-Kramer). There were no significant differences
between percentage of total peaks per half of the ISI
between the three different epilepsy models (P> 0.5,
ANOVA). Therefore, the percentages of total peaks per
half of the ISI were averaged across models and compared
(Fig. 5C). On average across models, 99 £ 0% of peaks
occurred within the first half of the ISI in these seizure
models. This was significantly different from the 1 4= 1% of
peaks that occurred in the second half of the IST during LFS
in these models (***P < 0.0001, Student’s ¢ test). Taken
together, these data suggest that effective LFS changes the
distribution of inter-stimulus activity such that there is
a large evoked response directly following stimuli that is
followed by a period of inhibition which is independent
of GABA, mechanisms.

LFS induces hyperpolarization during application

The results so far indicate the existence of an inhibitory
period following the evoked potentials of each LFS
stimulus. It is our hypothesis that the inhibitory window
is due to membrane hyperpolarization induced by LFS.
While applying 1 Hz LFS trains to the VHC of bilateral
hippocampi—-VHC slices bathed in 4-AP, intracellular
recordings were obtained from bilateral CAl before,
during and after 15min of LFS. 60s of representative
activity recorded intracellularly from CA1 in 4-AP before
(left), during (middle) and after (right) LFS are shown
in Fig.6A. (A 1s trace during LFS in 4-AP is shown
in Fig.8A.) Hyperpolarization of the cell membrane
occurred following stimulation pulses during LES. The
minimum membrane voltages (V) within Is time
windows were determined before, during and after LFS
(15 min each) for each sample (n=18) and are shown
across the entire 45 min experiment period for 1 slice
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in Fig. 6 B. The minimum voltage per stimulus occurred,
on average, 560 = 200 ms after each electrical pulse. The
mean £ SD of minimum V,, was determined every 3 min
before, during and after LFS (15min each) for each
slice and averaged across 18 slices. A decrease in mean
minimum V,, approximating 10 mV occurred during
LES compared to baseline. Indeed there were significant
differences in the average minimum V,, between groups
(P < 0.005 using ANOVA). Post hoc analysis using the
Tukey-Kramer test showed that average minimum V,, was
reduced during LFS, but was the same before and after LES
(LSD =5.37, P < 0.05and 7.19, P < 0.01). Several points
can be made about the measured hyperpolarization: (1)
it was induced by electrical stimulation; (2) its duration
was > 500 ms, with a peak at around 500 ms; (3) hyper-
polarization occurred for as long as LFS was applied; (4)
it was widespread, occurring in several hippocampal sub-
fields bilaterally.

LLH reduction by GABAg/sAHP antagonists globally
decreases stimulus-induced hyperpolarization during
LFS in non-epileptic slices

Hyperpolarization occurred during LES in this model
(Fig.6) and may mediate the period of inhibition
following each stimulus pulse that prevented spontaneous
epileptic activity from occurring (Figs 4 and 5). We
have already excluded the role of fast hyperpolarization
mediated by GABA, as underlying seizure reduction by
LFS (Fig.5). We next focused on mechanisms of slow
or long-lasting hyperpolarization (LLH) that might be
activated throughout bilateral hippocampi by LES to
facilitate seizure reduction during stimulation. Leading
candidates for LFS-induced LLH on a time scale of
>500ms include (1) the GABAg—mediated slow IPSP
and (2) the sAHP. We analysed the mechanism behind
LFS-induced hyperpolarization by antagonizing each of
these pathways separately as well as together in the bilateral
hippocampi—VHC slice preparation. To accomplish this,
CGP-55845-HCI (1 um) and UCL-2077 (10 uMm) were
used to selectively and specifically inhibit the GABAg IPSP
and sAHP, respectively. We first studied their effects on
stimulation-induced hyperpolarization in non-epileptic
slices bathed in ACSF (Fig. 7) and then in our standard
seizure model, 4-AP (Fig. 8).

Intracellular CA3/CA1 recordings from left and right
hippocampi were established and monitored for at
least 15min for healthy resting membrane potentials
(—65+ 11 mV) and spontaneous action potentials that
coincided with extracellular interictal/ictal activities as
well as evoked action potentials, all with amplitudes
around 67 £10mV and duration of 4+2ms. Cell
membrane time constants averaged 15+ 12 with input
resistances of 57 & 23 M. Upon cell validation, 1 Hz LES

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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Figure 5. LFS changes the distribution of inter-stimulus activity in several epilepsy models

Trains of 15 min 1 Hz LFS were applied to bilateral hippocampi—VHC slices after recording baseline epileptic
activity for at least 15 min as shown in Fig. 1B in either 4-AP (100 uM), bicuculline methiodide (BMI, 10 um), or
magnesium-free ACSF. A, LFS efficacy is not different in three distinct seizure models (P = 0.682, ANOVA). Seizure
reduction during electrical stimulation across groups is distributed as follows (n =14, 9 and 5, respectively):
97% + 8% in 100 um 4-AP; 97% + 6% in 10 um BMI; and 94% + 12% in magnesium-free ACSF. B, the
distribution of peaks across the 1s inter-stimulus intervals (ISI) from 1000 s (50 s randomly selected from 20
slices) of recordings during 1 Hz LFS in BMI (top panel) and magnesium-free LFS (bottom panel) are shown. Sorting
into 1 s intervals begins at each stimulus artifact. During LFS, more peaks occur during the first part of the ISI
(P < 0.0001, ANOVA; post hoc analysis using Tukey-Kramer) in each of these seizure models. C, the percentage
of total peaks that occur in the first and second half of the ISI during 1 Hz LFS is shown for each of the three
distinct epilepsy models. There are no significant differences between percentage of total peaks per half of the
ISI between the three different epilepsy models (P > 0.5, ANOVA). Therefore, the percentages of total peaks per
half of the ISI were averaged across models and compared. On average across models, 99 + 0% of peaks occur
within the first half of the ISI in these seizure models where LFS is effective. This is significantly different from the
1 £ 1% of peaks that occur in the second half of the ISI during LFS in these models (P < 0.0001, Student’s t test).
kP < 0.0001.
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was applied to the VHC fibre tract while continuous
intracellular recordings were maintained in each of 4
solutions: (1) ACSF (n=7); (2) CGP-55845-HCl in ACSF
(n=28); (3) UCL-2077 in ACSF (n=7); and (4) both
CGP-55845-HCl and UCL-2077 in ACSF (n=6). Single
traces of the activity in the ISI as well as averaged
traces across slices are shown for each solution in
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Fig.7. As shown in Fig.7B, LFS elicited a burst of
action potentials in ACSF followed by long-lasting hyper-
polarization that recovered to baseline by the end of the
1 s ISI. In most cases, spontaneous action potentials did
not occur during the ISI in ACSF alone. The addition
of CGP-55845-HCl or UCL-2077 shortened the duration
and amplitude of the stimulus-induced hyperpolarization.
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Figure 6. LFS induces hyperpolarization during application

Trians of 15 min 1 Hz LFS were applied to bilateral hippocampi-VHC slices after recording baseline epileptic activity
for at least 15 min as shown in Fig. 1B in 4-AP (100 uMm). A, 60 s of representative activity recorded intracellularly
from CA1 in 4-AP before (left), during (middle) and after (right) LFS are shown. Stimuli are marked by grey dots.
During LFS, cells appear to reach more negative voltages than at baseline. B, the minimum Vy, per second was
determined before, during and after LFS (15 min each) for each sample (n = 18) and is shown across the entire
45 min experiment period for 1 slice. C, the mean = SD of minimum V, before, during and after LFS (15 min each)
was determined every 3 min for each slice and averaged across 18 slices. There is a significant difference in the
average minimum Vy, during stimulation compared to before or after LFS (P < 0.005, ANOVA). Post hoc analysis
using the Tukey test shows that average minimum Vp, is reduced during LFS, but is the same before and after LFS
(LSD =5.37, P < 0.05 and 7.19, P < 0.01). Box plots represent data means 4 SD. **P < 0.01; ***P < 0.001.
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As a result, non-evoked spontaneous spiking activity
occurred during the ISI in these solutions (Fig. 7C and
D) with most prominence in solutions containing both
CGP-55845-HCland UCL-2077, which coincided with the
smallest LLH (Fig. 7E). The change in hyperpolarization
due to GABAp/sAHP antagonists was quantified as (1)

Mechanisms of deep brain stimulation for epilepsy
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change in hyperpolarization amplitude, measured as the
lowest voltage of the averaged signal in the ISI after
100 ms per slice minus the resting potential of that
cell (Fig. 7F); and (2) change in hyperpolarization area,
measured in each solution as the sum of the averaged
voltage potentials lower than the resting potential in the
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Figure 7. GABAg/sAHP antagonists decrease stimulus-induced long-lasting hyperpolarization in
non-epileptic slices

A, 1Hz LFS was applied to the VHC of bilateral hippocampi—VHC slices while recording intracellularly from
bilateral CA3/CA1 pyramidal cells in either (1) ACSF (n=7); (2) CGP-55845-HCI (1 um) in ACSF (n = 8); (3)
UCL-2077 (10 um) in ACSF (n = 7); or (4) both CGP-55845-HC| + UCL-2077 in ACSF (n = 6). B—E, a single trace
showing evoked as well as non-evoked activity that occurs in the inter-stimulus interval (ISI) during 1 Hz electrical
stimulation in each solution is shown in the left column. Traces are 1 s with stimulation marked by dots. For
each solution, averaged traces (continuous line) & SD (dotted line) with sample mean resting potentials (grey
line) are shown in the right column. F, peak hyperpolarization amplitudes in each solution are measured as the
lowest voltage of the averaged signal in the ISI after 100 ms per slice minus the resting potential of that cell.
The mean hyperpolarization amplitudes across slices per solution are: (1) 4.5+0.3mV,; (2) 29+ 1.1 mV, (3)
2.5+ 1.2mV; and (4) 1.0 £ 0.3 mV for (1) ACSF; (2) CGP-55845-HCI in ACSF; (3) UCL-2077 in ACSF; and (4)
both CGP-55845-HCI + UCL-2077 in ACSF, respectively, which are significantly different (P < 0.0001, ANOVA,
LSD (Tukey-Kramer) at P < 0.01 = 1.5 mV). G, hyperpolarization area is measured in each solution as the sum
of the averaged voltage potentials lower than the resting potential in the ISI minus the resting potential of that
cell. The mean hyperpolarization areas across slices per solution are: (1) 20.4 + 1.1 mVs; (2) 6.4 +2.6 mVs; (3)
8.6 £55mVs; and (4) 1.3 4+ 0.8 mV s for (1) ACSF; (2) CGP-55845-HC| in ACSF; (3) UCL-2077 in ACSF; and
(4) both CGP-55845-HC| + UCL-2077 in ACSF, respectively, which are significantly different (P < 0.0001 using
ANOVA, LSD (Tukey-Kramer) at P < 0.01 = 5.15 mV s). Bar graphs represent data means + SD. ***P < 0.0001.
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ISI minus the resting potential of that cell (Fig. 7G). Hyper-
polarization amplitude was diminished by GABA/sAHP
antagonists and differed significantly across groups
(P <0.0001 using ANOVA, LSD (Tukey-Kramer) at
P <0.01=1.5mV) such that there were significant
differences between ACSF control and all solutions
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containing GABA/sAHP antagonists (P < 0.01 compared
to a solution with a single GABAg or sAHP antagonist
and P < 0.0001 compared to a solution with both GABAy
and sAHP antagonists). Hyperpolarization amplitude
was also smaller in solutions containing both GABAg
and sAHP antagonists than in those with just one
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Figure 8. GABAg/sAHP antagonists decrease stimulus-induced long-lasting hyperpolarization in
epileptic slices

LFS (1 Hz) was applied to the VHC of bilateral hippocampi—VHC slices while recording intracellularly from bilateral
CA3/CA1 pyramidal cells as shown in Fig. 7A in either (1) 4-AP (n = 4); (2) CGP-55845-HCI (1 uM) in 4-AP (n = 3);
(3) UCL-2077 (10 M) in 4-AP (n = 3); or (4) both CGP-55845-HC| + UCL-2077 in 4-AP (n = 3). A-D, a single trace
showing evoked as well as non-evoked activity that occurs in the inter-stimulus interval (ISI) during 1 Hz electrical
stimulation in each solution is shown in the left column. Traces are 1 s with stimulation marked by dots. Activity in
the ISI'is averaged across slices for each solution. The average (continuous line) £ SD (dotted line) is shown in the
right column with the sample mean resting potential in grey. £, peak hyperpolarization amplitudes in each solution
are measured as the lowest voltage of the averaged signal in the ISI after 100 ms per slice minus the resting
potential of that cell. The mean hyperpolarization amplitudes across slices per solution are: (1) 7.1 £ 0.3 mV; (2)
46+03mV; (3)4.7+0.7mV; and (4) 2.9 &+ 0.7 mV for (1) 4-AP (n = 4); (2) CGP-55845-HC| in 4-AP (n = 3);
(3) UCL-2077 in 4-AP (n = 3); and (4) both CGP-55845-HC| + UCL-2077 in 4-AP (n = 3), respectively. Hyper-
polarization amplitude differs across groups (P < 0.0001, ANOVA, LSD (Tukey-Kramer) at P < 0.01 = 0.79 mV).
F, hyperpolarization area is measured per solution as the sum of the averaged voltage potentials lower than
the resting potential in the ISI minus the resting potential of that cell. The mean hyperpolarization areas across
slices per solution are: (1) 63.8 + 1.7 mVs; (2) 37.3+£87mVs; (3) 12.1 £11.0mVs; and (4) 11.3 £ 8.7 mVs
for (1) 4-AP; (2) CGP-55845-HCI in 4-AP; (3) UCL-2077 in 4-AP; and (4) CGP-55845-HC| + UCL-2077 in 4-AP,
respectively. There are significant differences in hyperpolarization area between groups (P < 0.0001, ANOVA,
LSD (Tukey-Kramer) at P < 0.01 =9.35 mV s). Bar graphs represent data means £ SD. *P < 0.05; **P < 0.01;
P < 0.001; ***P < 0.0001.
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(P < 0.05). There were significant differences in hyper-
polarization area between groups (P < 0.0001 using
ANOVA, LSD (Tukey-Kramer) at P <0.01 =5.15mVs).
Notably, there were very significant differences in
hyperpolarization area between ACSF control and all
solutions containing any LLH reducers (P < 0.0001).
Hyperpolarization area was also smaller in solutions
containing both types of LLH reducers than in those
with just one (P <0.05). This analysis was repeated
with 2-OH-saclofen (500 um) and clotrimazole (10 M)
to antagonize the GABAy IPSP and medium and slow
afterhyperpolarizations (m- and sAHPs) for validation
of the results with very similar findings (Supplemental
Fig. S1). Therefore, inhibition of the GABAy IPSP or
the SAHP decreased stimulus-induced hyperpolarization
throughout bilateral hippocampi in non-epileptic slices
and combined inhibition of both further reduced the
stimulation-induced hyperpolarization.

LLH reduction with GABAg/sAHP antagonists globally
decreases stimulus-induced hyperpolarization during
LFS in epileptic slices

We next analysed the effects of LLH reduction on
bilateral stimulus-induced hyperpolarization in 4-AP
(Fig. 8). The same experimental procedure and solutions
were used with the addition of 4-AP (100 uM) to all
solutions: (1) 4-AP (n=4); (2) CGP-55845-HCI in
4-AP (n=23); (3) UCL-2077 in 4-AP (n=3); and (4)
both CGP-55845-HCI and UCL-2077 in 4-AP (n=3).
While the effects of GABAp/sAHP antagonists on hyper-
polarization amplitude and area were similar in 4-AP
relative to ACSE, they had to be interpreted differently
as each stimulus elicited many action potentials (7 £ 2.7
compared to 2.4 & 1.2 in ACSF, as shown in Fig. 2), with
a resultant large hyperpolarization (—7.05+0.31 mV in
4-AP compared to -4.49 £ 0.25 mV in ACSF), as described
previously for other seizure models (Alger & Nicoll,
19804, b). Action potentials occurred atop a paroxysmal
depolarizing shift lasting 300-500 ms, which can be seen
for each example in Fig. 8A-D. Stimulus-induced hyper-
polarization did not begin until half of the ISI had
elapsed and, as a result, did not fully recover to base-
line resting potential during 1 Hz LFS in 4-AP. In contrast,
when CGP-55845-HCI, UCL-2077, or both were added
to 4-AP, the resting potential fully recovered before
every subsequent pulse. Hyperpolarization amplitude
differed across groups (P < 0.0001 using ANOVA, LSD
(Tukey-Kramer) at P < 0.01 =0.79 mV), with significant
differences between 4-AP control and all solutions
containing GABAg/sAHP antagonists (P < 0.01 compared
to a solution with a single GABAg or sAHP antagonist
and P < 0.0001 compared to a solution with both GABAg
and sAHP antagonists). Hyperpolarization amplitude
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was also smaller in solutions containing both types of
LLH reducers than in those with just one, as seen in
ACSF (P < 0.05). There were again significant differences
in hyperpolarization area between groups (P < 0.0001,
ANOVA, LSD (Tukey-Kramer) at P < 0.01 =9.35mV s)
with very significant differences in hyperpolarization area
between ACSF control and all solutions containing any
LLH reducers (P < 0.0001). Therefore, inhibition of the
GABAg IPSP and/or sAHP decreased stimulus-induced
hyperpolarization throughout bilateral hippocampi in a
4-AP epilepsy model. Knowing this effect, any changes
in LFS efficacy with the addition of LLH reducers to
the 4-AP epilepsy model can be interpreted in this
context.

LES induced hyperpolarization for the duration of
its application in 4-AP (Fig.6). We next assessed
whether the reduction in long-lasting hyperpolarization
by CGP-55845-HCI and UCL-2077 persisted throughout
the 15 min LES protocol (Fig.9). Twenty bilateral slices
were bathed in either 1 uMm CGP-55845-HCI (10 slices)
or 10 uMm UCL-2077 (10 slices). Trains of 15min 1Hz
LFS were applied after recording baseline epileptic activity
for at least 15 min in each of the solutions. Samples of
60 s of representative activity recorded intracellularly from
CAl in CGP-55845-HCI before (left), during (middle)
and after (right) LFS are shown for CGP-55845-HCI in
Fig. 9A. This procedure was repeated with UCL-2077
with similar results (not shown). During LFS with LLH
reduction, cells did not reach more negative voltages
than at baseline, unlike in 4-AP alone. In fact, the
minimum V, for 1s time windows before, during and
after LFS (15min each) for each sample was similar
across the entire 45 min experiment period, as shown
for one example with CGP-55845-HCl in Fig.9B. To
quantify this, the mean + SD of minimum V,, per 3 min
before, during and after LFS (15 min each) was determined
per slice and averaged across slices for each solution
(Fig.9C). There were no significant differences in the
average minimum V., before, during and after LFS
when LLH was antagonized by either CGP-55845-HCI
or UCL-2077 (P > 0.1, ANOVA). Therefore, diminishing
LLH by CGP-55845-HCI and UCL-2077 removed the
nearly 10mV stimulus-induced hyperpolarization that
occurred in 4-AP (Fig.6) for the duration of the LFS
protocol. These data suggest that the shift in lowest-voltage
during stimulation trains is indeed caused by LLH. The
effect of removing stimulus-induced LLH on seizure
reduction by LFS was examined next.

LLH reduction with GABAg/sAHP antagonists
decreases LFS efficacy

So far, we have shown that LFS induces LLH through
GABAjg signalling and sAHP. However, it is still not
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clear that LLH is necessary for seizure reduction by LFS.
In order to address this question, we recorded seizures
(extracellular recordings) from bilateral hippocampal
slices before, during and after LFS with and without
LLH reducers (Fig. 10). Baseline seizure characteristics
were obtained from left and right extracellular CA3/CA1
recordings after recording stable seizures for at least
30 min in each solution (n=32; 16; 16; and 12 for:
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4-AP only; CGP-55845-HCI + 4-AP; UCL-2077 + 4-AP;
and CGP-55845-HCl + UCL-2077 + 4-AP, respectively).
Seizures occurred 13 == 5% of the time in CGP-55845-HCl
and 15+ 8% of the time in UCL-2077, which was
less than in 4-AP where baseline seizures occurred
19 +5% of the time (P < 0.05, Student’s ttest). After
obtaining baseline recordings for at least 15 min, LFS
was applied for 15 min, followed by at least 15 min of
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Figure 9. LFS-induced long-lasting hyperpolarization is diminished by GABAg/sAHP antagonists

Trains of 15 min 1 Hz LFS were applied to bilateral hippocampi-VHC slices after recording baseline epileptic activity
for at least 15 min as shown in Fig. 1B in (1) CGP-55845-HCI (1 M) or (2) UCL-2077 (10 uwm), followed by at least
15 min of recovery from LFS. A, 60 s of representative activity recorded intracellularly from CA1 in CGP-55845-HC]|
before (left), during (middle) and after (right) LFS are shown. This procedure was repeated with UCL-2077 with
similar results (not shown). During LFS, cells do not appear to reach more negative voltages than at baseline in
these conditions. B, the minimum Vi, per second was determined before, during and after LFS (15 min each) for
each sample (n = 10 per solution) and is shown across the entire 45 min experiment period for 1 slice washed in
CGP-55845-HCI. C, the mean =+ SD of minimum V, before, during and after LFS (15 min each) was determined
per slice every 3 min and averaged across slices for each solution. There are no significant differences in mean
lowest voltage at any time point between slices bathed in CGP-55845-HCI or UCL-2077 (P > 0.05, Student’s
t test). There are no significant differences in the average minimum Vy, before, during or after LFS in solutions
containing either CGP-55845-HCI or UCL-2077(P > 0.1 using ANOVA).
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recording the after-effects. Left and right hippocampal
activity was nearly identical and was therefore pooled
for comparative analysis between groups, as tested and
described previously (Toprani & Durand, 2013). There
were significant differences in average percentage seizure
reduction during LFS between groups (P < 0.0001 using
ANOVA). CGP-55845-HCl and UCL-2077, as well as their
combination, reduced LFS efficacy relative to that in
4-AP alone (P < 0.001, Tukey-Kramer post hoc analysis).
With the addition of CGP-55845-HCI, only 23 4 18% of
total seizures were prevented during LFS in comparison
to 97 +3% in 4-AP alone. Similarly, only 16 +5% of
seizures were prevented by LFS in UCL-2077 + 4-AP,
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Figure 10. LLH reduction with GABAg/sAHP antagonists
reduces LFS efficacy

Trains of 15 min 1 Hz LFS trains were applied to the VHC of bilateral
hippocampi-VHC slices after recording baseline epileptic activity
extracellularly from CA3/CA1 bilaterally for at least 15 min as shown
in Fig. 1B in either (1) 4-AP only (100 um); (2) CGP-55845-HC|

(1 uM) + 4-AP; (3) UCL-2077 (10 M) + 4-AP; or (4)
CGP-55845-HC| + UCL-2077 + 4-AP. The average percentage of
seizure reduction during LFS was quantified for left and right
hippocampi in each solution (n = 32, 16, 16 and 12 for: 4-AP only;
CGP55854 + 4-AP; UCL-2077 + 4-AP; and

CGP-55845-HCI 4+ UCL-2077 + 4-AP, respectively.) There are
significant differences in average percentage seizure reduction
during LFS between groups (P < 0.0001 using ANOVA).
CGP-55845-HCI and UCL-2077, as well as their combination, reduce
LFS efficacy relative to that in 4-AP alone. Furthermore, the addition
of both CGP-55845-HCI and UCL-2077 to 4-AP reduces LFS efficacy
significantly more than either one alone as determined using
Tukey-Kramer post hoc analysis. Bar graphs represent data

means % SD. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.
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while there was nearly no effect of LES (04 7% seizure
reduction) when CGP-55845-HCIl and UCL-2077 were
added in combination to 4-AP. Furthermore, the addition
of both CGP-55845-HCl and UCL-2077 to 4-AP reduced
LES efficacy significantly more than either one alone
(P <0.01 when compared to CGP-55845-HCI + 4-AP
only and P < 0.05 when compared to UCL-2077 + 4-AP
only, Tukey-Kramer post hoc analysis).

These experiments were repeated using alternative
GABAp/sAHP antagonists to verify the results
(Supplemental Fig. S2). 2-OH-saclofen (500 um)
and clotrimazole (10 M) were used to inhibit the GABAg
IPSP and the m/sAHP, respectively. Baseline seizure
characteristics were similar to those with CGP-55845-HCl
and UCL-2077. Seizures occurred for 11 +4% of the
time in 2-OH-saclofen and 21+ 11% of the time in
clotrimazole prior to LEFS. Seizure reduction during
electrical stimulation was distributed across groups as
follows (n=14, 20 and 13, respectively): 97 £4% in
4-AP; 41 £11.5% in 2-OH-saclofen; and 14 +8% in
clotrimazole. There were significant differences in seizure
reduction between groups (P < 0.0001, ANOVA). Post
hoc analyses using the Scheffe criterion (P < 0.0001)
showed that GABAy antagonism with 2-OH-saclofen and
m/sAHP antagonism with clotrimazole diminished LES
efficacy, as found with CGP-55845-HCI and UCL-2077.
In combination, these data suggest that intact GABAg
signalling and the m/sAHP are necessary for seizure
reduction by this LFS protocol.

Inter-stimulus activity increases when LLH is reduced
with GABAg/sAHP antagonists

To understand how decreased LLH led to increased
epilepticactivity during LFS, we examined the distribution
of action potentials during the ISI with CGP-55845-HCI;
UCL-2077; and CGP-55845-HCI + UCL-2077; compared
to ACSF control (n=7, 8, 7; and 6, respectively) as well
as 4-AP control (n=4, 3, 3 and 3, respectively). For this
analysis, 15 min 1 Hz LFS trains were applied to the VHC
of bilateral hippocampi—VHC slices while recording intra-
cellularly from CA3/CAl. The mean number of action
potentials (peaks with magnitude greater than 40 mV that
reached a voltage higher than —20 mV) that occurred (1)
100-325 ms post stimuli; (2) 325-550 ms post stimuli;
(3) 550-775ms post stimuli; or (4) 775-1000 ms post
stimuli during LFS trials was determined for each solution
(Table 1). The first 100 ms of the ISI were omitted as
most evoked responses occurred in this timeframe and
would overshadow any non-evoked activity during the
ISI. Since there was a long-lasting paroxysmal depolarizing
shift (300-500 ms) in 4-AP-based solutions, some residual
evoked activity was captured by this analysis. In ACSF-only
control, very few action potentials occurred during any
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Table 1. GABAB/sAHP antagonists increase the number of peaks (mean = SD) per time interval of the ISl during 1 Hz LFS

Time 4-AP in

interval ACSF + CGP- ACSF + CGP- 4-AP in 4-AP in
(ms) ACSF 55845-HCI ACSF + UCL-2077 ACSF + both 4-AP in ACSF 55845-HCI ACSF + UCL-2077 ACSF + both
100-325 15 +£ 20 247 + 138 743 + 1,099 743 + 1,056 1689 + 146 1481 + 175 1610 + 562 1793 + 824
325-550 17 £ 20 355 + 201 181 £+ 399 1,93 £ 1,940 12 £ 13 640 + 342 771 + 226 1953 £+ 1,009
550-775 131 + 90 757 + 446 577 + 1,030 2001 + 2,339 0+0 307 + 252 590 + 145 1985 + 853
775-1000 348 + 123 840 + 334 1005 + 1.441 1936 + 1.940 0+1 250 + 197 574 + 158 1835 + 668

15 min 1 Hz LFS trains were applied to the VHC of bilateral hippocampi-VHC slices while recording extracellularly from CA3/CA1
bilaterally in either (1) ACSF or 4-aminopyridine-only (4-AP, 100 um); (2) 1 um CGP-55845-HCI + either ACSF or 4-AP in ACSF; (3) 10 um
UCL-2077 + either ACSF or 4-AP; or (4) both CGP-55845-HCI + UCL-2077 in either ACSF or 4-AP. The mean number of action potentials
(peaks with magnitude greater than 40 mV that reach a voltage higher than —20 mV) that occur (1) 100-325 ms post stimuli; (2)
325-550 ms post stimuli; (3) 550-775 ms post stimuli; or (4) 775-1000 ms post stimuli during LFS trials is shown in ACSF + GABAB/sAHP

antagonists and 4-AP + GABAB/sAHP antagonists.

point of the ISI while LFS was applied. Spontaneous
action potentials that did occur in ACSF happened at the
end of the ISI (mainly in the 775-1000 ms time block).
When LLH was blocked with either CGP-55845-HCI or
UCL-2077 in ACSE, an increase in spontaneous action
potentials was observed, especially during the latter
half of the ISI. When LLH was dually blocked with
CGP-55845 and UCL-2077, action potentials were pre-
valent throughout the ISI. In 4-AP-only control, evoked
responses were prolonged, as can be seen by the high
number of action potentials still occurring in the first time
block (100-325 ms). As in ACSF, LLH reducers increased
the number of action potentials across the ISI with the
highest number and most uniform distribution when
both GABAj and sAHP antagonists were added together.
The differences in the total number of non-evoked action
potentials that occurred during LFS between solutions are
quantified in Fig. 11. There were significant differences
in the number of action potentials during LFS between
groups in ACSF as well as in 4-AP (P < 0.0001 using
ANOVA). Differences between pairs of groups were
determined using Tukey-Kramer post hoc analysis and
were significant for ACSF or 4-AP controls compared
to either or both LLH reducers (P < 0.01) as well as
for both LLH reducers compared to just one in either
ACSF or 4-AP (P <0.0001). This analysis showed that
decreasing LLH mediated by the GABAg IPSP or the sSAHP
during the ISI of LFS significantly increased non-evoked
spontaneous cellular activity during LFS. This increase
in non-evoked activity correlated with the decrease in
LES efficacy that was observed with the addition of
GABAg/sAHP antagonists (Fig. 10).

Higher stimulation frequencies can rescue LFS efficacy
when LLH is reduced with GABAg/sAHP antagonists

Ifindeed LFS sculpted the pattern of inter-stimulus activity
by maximizing cell hyperpolarization in between pulses
via mechanisms of LLH, then one could predict that
the impaired seizure suppression that occurred when

LLH was decreased in duration and/or peak amplitude
could be rescued by increased frequency of stimulation.
This hypothesis was tested by applying higher-frequency
electrical stimulation to slices where the mechanisms of
LLH have been antagonized in an effort to re-couple the ISI
duration to the length of the effective hyperpolarization.
As shown in Fig. 12, the average percentage of seizure
reduction was quantified for left and right hippocampi
after applying 15min of 1; 3; and 10 Hz LFS trains to
the VHC of bilateral hippocampi—VHC slices following at
least 15 min of extracellularly recorded bilateral epileptic
activity in either (1) CGP-55845-HCI (1 um) + 4-AP; (2)
UCL-2077 (10 uM) + 4-AP; or (3) both CGP-55845-HCI
+ UCL-2077 + 4-AP (n=>5 for each condition). Left
and right results were similar and were therefore pooled
for comparisons. LFS at 1 Hz prevented far less than
half of all seizures in all solutions containing LLH
antagonists, with only 4 & 12% seizure reduction by 1 Hz
LES in slices with both CGP-55845-HCI and UCL-2077.
Increasing the stimulation frequency to 3 Hz provided
somewhat improved seizure reduction, while applying
10 Hz stimulation even to slices with GABAy/sAHP
antagonism rescued LFS efficacy completely. At 1 Hz, but
not at 3 and 10 Hz, there were significant differences in
average percentage seizure reduction during LFS between
groups of different LLH reducers + 4-AP (P < 0.05 using
ANOVA). There were significant differences in average
seizure reduction during LFS with different stimulation
frequencies in solutions of GABAp/sAHP antagonists
(P < 0.0001 using ANOVA).

To understand this effect, the distribution of epileptic
activity during the ISI was assessed as in Figs 4 and
5. The distribution of extracellular peaks of activity,
detected as described previously, over the 1s ISI during
1Hz LES is shown in Fig.12C for CGP-55845-HCI
and UCL-2077. There was evoked activity following
the stimuli as seen in prior examples where LFS was
effective. However, in each solution where LLH was
reduced with GABAg/sAHP antagonists, spontaneous
non-evoked activity also occurred during the second half
of the ISI that was not seen in seizure models in which

© 2013 The Authors. The Journal of Physiology © 2013 The Physiological Society
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1 Hz LFS was effective. This analysis was repeated for
the distribution of extracellular peaks over the 0.1s ISI
during 10 Hz LFS with CGP-55845-HCI and UCL-2077
(Fig. 12D). With this shortened ISI duration, only evoked
activity occurred even in the presence of GABAy/sAHP
antagonists. The suppression of spontaneous activity
during the IST with higher frequency stimulation probably
explains the improved efficacy of higher frequency
stimulation in these seizure models. Even though LLH
was reduced, this interval was short enough that methods
of short-hyperpolarization (GABA, IPSPs and fast AHP)
may be able to ‘protect’ the ISI.

In order to validate these findings, we repeated
these trials using alternative methods of GABAg/sAHP
antagonism: 2-OH-saclofen (500 uM) and clotrimazole
(10 uM) (Supplementary Fig. 3). The LFS protocol was
tested as described in each of these solutions using
LES frequencies of 1; 3; and 10Hz (n=38, 3 and
3, respectively) to see if efficacy could be rescued.
Mean £ SD percentage of seizure reduction is presented
for each frequency. One-way ANOVA showed significant
differences between groups of frequencies (P < 0.0001),
which suggests LFS efficacy could be rescued by utilizing
high stimulation frequencies in the presence of LLH
reduction with GABAp/sAHP antagonists. Epileptiform
activity recurred between stimuli when GABAg IPSPs
or m/sAHPs were reduced concurrent with decreased
LES efficacy under those conditions. The finding that
inter-stimulus epileptiform activity could be prevented

A Total non-evoked action potentials
in ACSF solutions
® ok | |
_‘—é 8000
8 6000
[=
[« wkk |
E 4000 | | |
® 2000 +
ks
@
-E ACSF CGP-55845 UCL-2077 Both
= -HCl in ACSF in ACSF in ACSF

Bath solution

Mechanisms of deep brain stimulation for epilepsy

5783

in solutions containing GABAp/sAHP antagonists by
increasing stimulation frequency, which also rescued
protocol efficacy, is supportive of the hypothesized
mechanism of LFS.

Discussion

In this study, we utilize a bilateral hippocampal slice
preparation to test the hypothesis that low frequency
electrical stimulation of the VHC axonal tract induces
long-lasting hyperpolarization in hippocampal pyramidal
cells bilaterally and that LLH is necessary for seizure
reduction by LES. LFS-induced LLH occurs through two
major mechanisms: (1) the GABAg IPSP and (2) the
sAHP. During the application of LFS, the pattern of
inter-stimulus activity is sculpted in a predictable pattern
when LFS is effectively reducing seizures such that a
hyperactive bursting response to stimulation is followed
by minimized activity during the second half of the
ISI. It is our hypothesis that stimulus-induced hyper-
polarization is responsible for the inhibitory effect. We
have shown that LFS induces hyperpolarization on a
1-2 s scale mediated by the GABAg IPSP and sAHP and
antagonists of these mechanisms significantly diminish
this LFS-induced hyperpolarization along with the seizure
reduction efficacy of LFS (Figs 7-9). In the case when
both mechanisms are blocked, seizure reduction by LFS is
abolished (Fig. 10).
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Figure 11. GABAg/sAHP antagonists increase inter-stimulus activity

Trains of 15 min 1 Hz LFS were applied to the VHC of bilateral hippocampi—VVHC slices while recording extracellularly
from CA3/CA1 bilaterally as shown in Fig. 7A in either (1) ACSF or 4-AP (100 uwm); (2) CGP-55845-HCI
(1 um) + either ACSF only or 4-AP in ACSF; (3) UCL-2077 (10 um) and either ACSF or 4-AP; or (4) both
CGP-55845-HCI 4+ UCL-2077 in either ACSF or 4-AP. The total number of non-evoked action potentials (peaks
with magnitude greater than 40 mV that reach a voltage higher than -20 mV) that occur during the LFS train is
averaged across slices in all solutions in ACSF (n =7, 8, 7 and 6, respectively; A) as well as 4-AP (n =4, 3, 3 and
3, respectively; B). There are significant differences in number of action potentials during LFS between groups
in ACSF as well as 4-AP (P < 0.0001 using ANOVA). Differences between pairs of groups are determined using
Tukey-Kramer post hoc analysis. Bar graphs represent data means + SD. *P < 0.05; **P < 0.01; **P < 0.001;

P < 0.0001.
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Figure 12. Higher stimulation frequencies can rescue LFS efficacy with LLH reduction with GABAg/sAHP
antagonists
A, 15min 1; 3; and 10 Hz LFS trains were applied to the VHC of bilateral hippocampi—VHC slices after recording
baseline epileptic activity extracellularly from CA3/CA1 bilaterally for at least 15 min as shown in Fig. 1Bin either (1)
CGP-55845-HCI (1 uMm) + 4-AP; (2) UCL-2077 (10 M) + 4-AP; or (3) both CGP-55845-HCI + UCL-2077 + 4-AP.
B, the average percentage of seizure reduction during LFS was quantified for left and right hippocampi in each
solution during 1; 3; and 10 Hz LFS trials (n = 5 for each condition). Left and right results were pooled for
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The anti-epileptic potential of GABAg receptors is
underscored by the presence of spontaneous generalized
seizures in GABAp receptor knock-out mice (Prosser
et al. 2001; Schuler et al. 2001) as well as the induction
of partial and convulsive seizures by GABAjy receptor
antagonists (Vergnes et al. 1997; Leung et al. 2005).
In the hippocampus, GABA release from single inter-
neurons has been shown to modulate sodium spike
frequency (Miles & Wong, 1984; Miles et al. 1996), to
inhibit dendritic calcium spikes (Miles & Wong, 1984),
to synchronize pyramidal cells and to set the pace of
oscillations (Cobb et al. 1995; Scanziani, 2000). It has
been shown that GABAg receptors are up-regulated during
LES resulting in decreased hippocampal seizures caused by
amygdala kindling (Wu et al. 2013). Other groups have also
speculated that an increase in after-discharge threshold
following LFS may be responsible as well (Goodman et al.
2005).

Although the sAHP is also implicated as a player in
epilepsy, its precise role in cell excitability and central
nervous system function is minimally studied since (1)
the molecular identity of the channel underlying the
sAHP is unknown, although it has been shown to be a
small conductance potassium channel and (2) prior to
the introduction of UCL-2077, there were no specific
inhibitors of the SAHP (Shah et al. 2006). Nonetheless,
lack of a developed sAHP, especially in children, is
linked to childhood febrile seizures. The sAHP limits
firing to a sustained depolarizing input (Alger & Nicoll,
1980a; Hotson & Prince, 1980; Madison & Nicoll, 1984).
Furthermore, previous studies have shown that using
neurotransmitters to suppress the sAHP increase cell
excitability, measured as the number of spikes during
a depolarizing pulse (Storm, 1990; Sah & Faber, 2002).
Slow calcium-activated potassium currents responsible for
the sAHP help to terminate epileptic interictal bursts in
immature CA3 pyramidal neurons (Sipila et al. 2006). It
is plausible they play the same role when interictal bursts
are simulated electrically as in this LFS protocol.

Long term depression (LTD) has also been proposed
as a mechanism of antiepileptic DBS (Albensi et al. 2004;
Schiller & Bankirer, 2007). LTD may be responsible for
seizure control by LES because application of an NMDA
antagonist removed both LTD effects and seizure activity
during LFS (Albensi et al. 2004. However, that has been
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disputed on the basis that the effects of LFS remain,
even using a stimulus train whose duration is too short
to induce LTD (Goodman et al. 2005). Furthermore,
seizure reduction by LFS can be seen within 30s of
starting stimulation in our model, a time course that
is not consistent with an LTD-mediated mechanism. In
addition, LTD is not observed during this stimulation
protocol since the evoked potentials did not significantly
change in amplitude during LEFS nor did the number
of action potentials recruited per stimulus (Fig. 2). This
is corroborated by a similar VHC stimulation protocol
tested in vivo (Tang & Durand, 2012). However, we do
not discount that LTD may underlie the long term seizure
reduction by LFS. In addition, LTD could play a role in
enhancing efficacy of repeated duty cycles.

Another possible mechanism of LFS seizure reduction
is axonal block via potassium-mediated depolarization
(Jensen & Durand, 2007, 2009). This mechanism was
considered since a distinguishing feature of this LFS
protocol is stimulation of a white matter tract for bilateral
targeting. Intracellular recordings during stimulation in
epileptic slices do indicate the presence of paroxysmal
depolarization shift (PDS) following each stimulus, as
shown in Figs 2 and 7, during which the occurrence
of spontaneous spikes is severely limited. However, the
inter-stimulus interval during which seizures are inhibited
lasts longer than the duration of the PDS so that
cannot explain the effect in its entirety. Furthermore,
there is no evidence of depolarization block as cell
potentials return to baseline between stimuli and cells
respond reliably to stimuli. To the contrary, cells exhibit
marked hyperpolarization of nearly 10 mV relative to
baseline during LFS in 4-AP (Fig.6). In addition,
spontaneous firing occurs in cells during LES (Figs 7, 8
and 11). Finally, glial cells provide an indirect measure of
extracellular potassium changes and, while they exhibit
significant voltage shifts during seizures (Tian et al.
2005; Gomez-Gonzalo et al. 2010), they do not respond
appreciably to low frequency stimulation of the VHC
(Fig. 3).

Given their involvement in seizures as well as their
role in antiepileptic drugs, increased GABA,-mediated
inhibition or decreased glutamatergic excitation are also
natural candidates for the mechanism of seizure reduction
by LFS. However, we did not find any change in LFS

comparisons. At 1 Hz, but not at 3 and 10 Hz, there are significant differences in average percentage seizure
reduction during LFS between groups of different LLH antagonists + 4-AP (P < 0.05 using ANOVA). There are
significant differences in average seizure reduction during LFS with different stimulation frequencies in solutions
of LLH antagonists (P < 0.0001 using ANOVA). The distribution of extracellular peaks of activity, detected as
described previously, over the 1 s ISI during 1 Hz LFS is shown for (Ca) CGP-55845-HCI and (Cb) UCL-2077. There
is evoked activity as well as some spontaneous activity that occurs during the second half of the ISI. The distribution
of extracellular peaks of activity, detected as described previously, over the 0.1 s ISI during 10 Hz LFS is shown
for (Da) CGP-55845-HCI and (Db) UCL-2077. Only evoked activity occurs. Bar graphs represent data means =+ SD.

*P < 0.05; **P < 0.01; **P < 0.001; ***P < 0.0001.
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efficacy in the presence of BMI, as reported by Schiller &
Bankirer (2007)), so we conclude that GABA , inhibition is
not central to seizure reduction by this LFS protocol. The
LFS protocol is also equally effective under the condition
of enhanced glutamatergic signalling produced by the
magnesium-free seizure model, suggesting inhibition of
glutamatergic neurotransmission is not a key player.

There are several other potential mechanisms of seizure
reduction by LFS not tested in this study. The first
of these is the depolarization-activated hyperpolarizing
M-current (Marrion, 1997). While this current may be
involved in seizure reduction by LFS, it possesses the
unique characteristic of sustained activation. This is
inconsistent with peak LFS efficacy at 1 Hz or higher
frequencies (Toprani & Durand, 2013). This mechanism
should remain effective even at lower LFS frequencies.
Additionally, adenosine has been called the brain’s end-
ogenous anticonvulsant and is responsible for seizure
arrest and post-ictal refractoriness (Gouder et al. 2003;
Boison, 2006). Adenosine levels can be modulated by
electrical stimulation (Unekwe & Savage, 1991; Kakiuchi
et al. 2006). Similar to GABAg, adenosine can activate a
potassium current through G-protein coupling (Trussel
& Jackson, 1987). It can also inhibit calcium currents
and, subsequently, neurotransmitter release (Rocher et al.
1999). However, these adenosine responses are typically
seen at higher stimulation frequencies than used in this
study (Crosson & Gray, 1997). In conclusion, while a
number of other mechanisms may play a role in seizure
reduction by LFS, this study definitively demonstrates the
importance of long-lasting-hyperpolarization mediated
by the GABAg IPSP and sAHP as necessary for bilateral
hippocampal seizure reduction by LFS of the VHC axon
tract.

This study has several limitations. While an in vitro slice
preparation of bilaterally coupled hippocampi maintains
key network connections of hippocampal CA3 — VHC
— contralateral hippocampal CA1 in an environment that
can be highly controlled, conclusions cannot be directly
generalized. Seizure dynamics differ in other preparations
and species. Furthermore, chemical seizures are distinct
from physiological seizures, which are complex and
variable. Physiological interictal activity is not constant or
regular as in this model and a stimulation frequency that
correlates with clinical interictal activity may be harder to
extrapolate. Furthermore, this protocol may be of limited
value in cases where deficiencies in GABAg or sAHP
signalling underlie epileptogenicity.

In addition to generalizability, another limitation of
the in vitro model is that potential side effects of the
LES protocol cannot be assessed. The sAHP is prolonged
during ageing, which correlates with impairments in
learning and memory (Moyer et al. 1992; Disterhoft et al.
1996; Giese et al. 1998; Vergara et al. 1998; Weiss et al.
2000). In addition, recent studies have shown implications
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of interictal spiking activity on hippocampal cognitive
function (Kleen et al. 2010; Brown et al. 2012). In
particular, Kleen et al showed that interictal spikes slow
memory retrieval but do not affect memory encoding
or maintenance. So far, minimal memory deficiencies
have been reported from DBS (Theodore & Fisher, 2004;
Kakiuchi et al. 2006), including LFS in patients (Koubeissi
et al. 2012). However, in light of these concerns, we would
recommend utilizing LFS protocols during sleep or rest
and giving patients the ability to turn off stimulation at
any time they may need to maximize memory retrieval.
Changes in memory or task-learning should be monitored
while implementing DBS in vivo and in clinical trials.

Conclusions

DBS is a promising treatment for MTLE. Specifically,
low frequency electrical stimulation that mimics inter-
ictal bursts of white matter tracts, like the hippocampal
commissures that interconnect bilateral hippocampi, has
shown impressive seizure reduction in recent studies using
in vitro and in vivo models, as well as human patients
with MTLE. In this study, we utilized an in vitro slice
preparation containing both hippocampi connected by
the VHC to study the mechanisms of bilateral seizure
reduction by low frequency electrical stimulation of an
under-utilized white matter target, the VHC. Epileptic
activity spreads across the VHC and LFS of this single
target effectively reduces bilateral seizures in this model
without causing depolarization block, LTD, or requiring
GABA, receptors. Increasing glutamate signalling does
not affect LFS efficacy and glial cells do not exhibit voltage
changes during LFS. However, LFS does induce a bursting
response to stimulation followed by long-lasting hyper-
polarization on the order of 1-2s. Cell firing is limited
during the hyperpolarization which can be reduced by
pharmacologically inhibiting the GABAg IPSP or sAHP.
Along with reducing the LFS-induced hyperpolarization,
these antagonists significantly reduce LFS efficacy. These
findings about the behaviour of cells during low frequency
electrical stimulation of the hippocampal commissures
lend important mechanistic insights about DBS at low
frequencies for epilepsy that can facilitate implementation
and optimization of this non-invasive treatment solution
for MTLE patients.
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Deep brain electrical stimulation (DBS) is an emerging treatment for medically refractory mesial
temporal lobe epilepsy (MTLE). Using an in vitro brain slice preparation consisting of bilateral
hippocampi connected by a white matter tract, the ventral hippocampal commissure (VHC), we
investigated the mechanisms underlying bilateral hippocampal seizure reduction by low frequency
electrical stimulation (LES) of a single white matter stimulation target. Several potential mechanisms
of seizure reduction by LES have been tested, which can be broadly characterized as: (1) depression of
synaptic excitatory response; (2) potassium-mediated depolarization block; (3) glial-neuronal inter-
play; (4) decreased excitatory/increased inhibitory synaptic neurotransmission; and (5) reduction
in the excitability of neurons. In particular, decreased neuronal excitability by LFS induction of
long-lasting hyperpolarization (LLH) composed of (1) the GABAj slow inhibitory post-synaptic
potential (IPSP) and (2) the slow afterhyperpolarization (sSAHP) were found to be necessary for
seizure reduction by LES. These insights into the mechanisms of DBS, specifically LFS, promote
safer implementation and optimization of this promising therapy. Based on this study, optimization
of the timing of LFS and LFS-induced-LLH may lead to improved outcomes from DBS treatments
for human epilepsy. Furthermore, potential side-effects of treatment can be predicted and, therefore,
prevented. For example, given the role of the SAHP in memory retrieval, patients’ quality of life
can be maximized by applying LES during sleep or rest. Finally, understanding the physiological
effects of LES may guide novel therapeutic applications of DBS, which has the advantages that it is
minimally invasive, reversible and does not have systemic effects.
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