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Abstract

Background: Electrical high frequency stimulation (HFS) has been shown to suppress seizures.
However, the mechanisms of seizure suppression remain unclear and techniques for blocking
specific neuronal populations are required.

Objective: The goal is to study the optical HFS protocol on seizures as well as the underlying
mechanisms relevant to the HFS-mediated seizure suppression by using optogenetic methodology.

Methods: Thy1-ChR2 transgenic mice were used in both vivo and in vitro experiments. Optical
stimulation with pulse trains at 20 and 50 Hz was applied on the focus to determine its effects on
in vivo seizure activity induced by 4-AP and recorded in the bilateral and ipsilateral-temporal
hippocampal CA3 regions. In vitro methodology was then used to study the mechanisms of the in
Vivo suppression.

Results: Optical HFS was able to generate 82.4 % seizure suppression at 50 Hz with light power
of 6.1 mW and 80.2 % seizure suppression at 20 Hz with light power of 2.0 mW. The suppression
percentage increased by increasing the light power and saturated when the power reached above-
mentioned values. In vitro experimental results indicate that seizure suppression was mediated by
activation of GABA receptors. Seizure suppression effect decreased with continued application
but the suppression effect could be restored by intermittent stimulation.

Conclusions: This study shows that optical stimulation at high frequency targeting an excitatory
opsin has potential therapeutic application for fast control of an epileptic focus. Furthermore,
electrophysiological observations of extracellular and intracellular signals reveled that GABAergic
neurotransmission activated by optical stimulation was responsible for the suppression.
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Introduction

Approximately 60 percent of epilepsy disorders are classified as partial epilepsy, of which
temporal lobe epilepsy involving the hippocampus is the most common (1, 2). Temporal
lobe epilepsy is also among the most difficult to treat medically, often necessitating surgical
resection of an epileptic focus. Electrical high frequency stimulation (HFS) is an alternative
treatment for seizure disorders. Previous studies have shown that high frequency electrical
stimulation can suppress seizures in animal models of epilepsy (3-5) and reduce seizure
frequency in patients (6-8). However, the mechanisms of seizure suppression remain
unclear, and multiple mechanisms are most likely involved (9-12).

Optogenetics provides a possible alternative treatment for epilepsy by allowing for the
reversible excitation and inhibition of neurons with millisecond time resolution using light-
activated ion channels and pumps expressed in target cell populations. Cell activation can be
achieved using channelrhodopsin-2 (ChR2), a light-gated cation channel isolated from the
algae Chlamydomonas reinhardtii that has been successfully expressed in mammalian
neurons (13). After illumination with blue light, ChR2 opens to allow the passive movement
of Na*, H*, Ca2* and K* ions, causing depolarization of the cell membrane (14). The light-
activated chloride pump, halorhodopsin (NpHR), that is naturally expressed by the
halobacterium Natronomonas pharaonis (15), can cause membrane hyperpolarization and
inhibition of action potential firing in neurons after exposure to yellow light (16). Given that
seizure disorders result from excessive neuronal activity, common optogenetic strategies
currently being investigated for the treatment of epilepsy are to inhibit excitatory neurons
using NpHR or to excite inhibitory neurons using ChR2 that is selectively expressed in these
cells (17). Previously, NpHR expression in the hippocampal formation was shown to
provide sufficient inhibition to curtail excessive hyper-excitability induced by an electrical
stimulus burst in organotypic slice cultures (18). Similarly, optical activation of NpHR in
neurons at the site of an epileptic focus transduced using lentiviral gene delivery can
attenuate electrographic seizures in a rodent model of focal neocortical epilepsy using open-
loop optical stimulation paradigms (19). Closed-loop control using seizure detection
algorithms to apply optical stimulation only at seizure onset has also been shown to be
effective to suppress seizures either by temporarily inhibiting pyramidal neurons (20) or
through the activation of a sub-population of GABAergic interneurons (21). These studies
indicate that seizures can be aborted and hyper-excitability suppressed by optical stimulation
that could induce either neural activation or inhibition.

In the present study, the effects of optical HFS protocol on seizures as well as the underlying
mechanisms relevant to the HFS-mediated seizure suppression were evaluated. ChR2
expression driven by the Thy-1 promoter is present both in excitatory and inhibitory neurons
(22) and is well suited for studying the mechanism of seizure suppression as compared with
electrical HFS that activates both excitatory and inhibitory neurons.
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Materials and methods

Animals

Thy1-ChR2-YFP transgenic mice were used in this study. In the in vitro experiments, mice
were used at the age of approximately postnatal day 14 (P14, range P11 to P16). In the in
vivo experiments, adult mice were used at age P90 to P110. All experimental protocols were
reviewed and approved by the Institution Animal Care and Use Committee at Case Western
Reserve University.

In vitro preparation for hippocampal recordings

Transgenic and wildtype mice were anesthetized by isoflurane inhalation and decapitated.
350um transverse hippocampal slices were prepared in a bath recording chamber containing
normal-aCSF (n-aCSF) solution with (in mM): NaCl, 125; KCI, 2.5; NaH2PO4, 1.25; D-
glucose, 25; NaHCO3, 25; MgCl2, 4; CaCl2, 1 and superfused with bubbled n-aCSF heated
to 32°C. Borosilicate glass recording electrodes were pulled to a resistance of 5 MQ2 to
measure field potentials (150mM NaCl pipette filling solution) or 90-120 M2 for
intracellular recording electrodes (4M K-Acetate filling solution). Recordings were
amplified using the Axopatch 200B Patch Clamp Amplifier (gain = 100, Molecular Devices)
and IE-210 Intracellular Electrometer high impedance amplifiers (gain = 10, Warner
Instruments) and low-pass filtered at 2 kHz. Signals were then digitized at 10 kHz (Digidata
1440A, Molecular Devices) and stored for off-line analysis.

In vivo preparation for hippocampal recordings

Transgenic mice were anesthetized for the duration of the experiment. Anesthesia was
induced by delivering 4% isoflurane in a carbogen gas mixture (95% O, / 5% CO,) via a
mask as mice and maintained at 2% of isoflurane before seizure was induced. Two tungsten
electrodes (A-M systems) were inserted into CA3 of the hippocampus bilaterally (bregma
—-1.7mm, lateral £2.0mm, depth 2.1mm). Screw electrodes (E363/20, Plastics One) were
fixed in the parietal area as the reference electrode and the frontal area as the ground. In
some experiments, one additional tungsten electrode was inserted in the CA3 area of the
ventral hippocampus (bregma —3.1mm, lateral —2.5mm, depth 4.1mm) to monitor activity
along longitudinal pathways. Neural activity was recorded and amplified by 1000 times by a
4-channel amplifier (Model 1700, A-M systems) at a bandwidth of 1 Hz to 5 kHz. Signal
were digitized with a sampling rate of 20 kHz by the ML795 PowerLab/16SP data
acquisition system (AD Instruments Inc.) and stored for the offline analysis.

Seizure induction in animal models

For in vitro experiments, hippocampal slices were immersed in aCSF with 100 2IM 4-
aminopyridine (4-AP) to induce epileptiform activity. In addition, 100 uM picrotoxin
(PCTXN, Sigma) was also included in a subset of experiments to block the effects of
GABA, in the suppression of activity from optical stimulation.

In the in vivo experiments, seizure activity was induced by bolus injection of 4-AP in order
to clearly define the seizure focus. A 1 uL volume of 40 mM 4-AP was injected directly into
the left CA3 area (bregma —1.8mm, lateral —2.0mm, depth 2.1mm), near the ipsilateral
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recording electrode. Additional injections were administered every 10 minutes until seizures
propagated throughout the hippocampus and became continuous. The average dose was
3.2£1.1 2L in ten transgenic mice.

Optical stimulation parameters

Histology

In the in vitro experiments, optical pulse trains at 20 Hz with 10ms pulse width were
delivered by using a fiber-coupled 473 nm laser (100 mW DPSS, OEM laser Systems). A
cleaved optical fiber with 200 um diameter was placed directly over the hippocampal slice,
and the position of the stimulus area was visually adjusted using the microscope and camera
to obtain optimal coverage of the CA3 area. Pulse trains were applied for either 15 s to
observe acute effects of optical stimulation.

In the in vivo experiments, the optical fiber was inserted into the brain at a location
immediately above the area of 4-AP injection. Optical stimulation was applied with 5 ms
pulses at 20 Hz and 50 Hz frequencies. In addition to varying the frequency, 5 different
power levels were investigated (15%, 35%, 60%, 80%, and 100% of the maximum laser
power) to study the effect of stimulus intensity. Optical stimulation duration was either 5
seconds or 20 seconds for single stimulus trials, and 5 seconds for intermittent stimulation
experiments. The interrupted time between 5 sec stimulus bursts was varied from 1 second
to 5 seconds with 1 sec increment.

For both in vitro and in vivo experiments, the maximum laser power was used for all
stimulation protocols. The average power out of the fiber was measured by a optical power
meter (PM100D, Thorlabs) at approximately 80 mW/mm? during 20 Hz optical pulse trains
and 245 mW/mm? during 50 Hz pulse trains.

After performing thein vitro recording, brain slices were fixed in 4% paraformaldehyde
(PFA) overnight and transferred to glass slides using a mounting media (VECTASHIELD,
Vector Lab, Burlingame, CA) for confocal observation. Z-stacked images were captured on
a Zeiss LSM 510 META laser scanning microscope. YFP-expressing cells were counted
within a 500um x 500um fixed area in the CA3 hippocampus and categorized as either
pyramidal (PYR) or interneuron (GABA) based on cell location and morphology. Cell
numbers were calculated based on area x Z depth. To confirm YFP expression in GABA
ergic cells, transgenic mice of same age were perfused with ice-cold 4% paraformaldehyde
(PFA) under anesthesia. Brains were then removed, post-fixed in 4% PFA at 4°C overnight,
and cryoprotected in 30% sucrose in phosphate-buffered saline (PBS) for 2 days before
being flash-frozen in 2-methylbutane on dry ice and stored at —80°C. Brains were then
sectioned (40um) and slices stained for GAD-67 (rabbit, Santa Cruz, 1:1000 dilution) at 4°C
overnight. After PBS washing, sections were then incubated with secondary antibodies
conjugated to Cy3 (donkey a-rabbit 1:700, Jackson ImmunoResearch, West Grove, PA)
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Data analysis and statistical analysis

Results

To quantify the seizure suppression in the in vivo experiments, the seizure suppression ratio
(SR) was defined the percentage reduction of neural activity power during stimulation as
compared to before stimulation as follows:

SR=100 x (Pbaseline - -Pstim) /Pbaseline

where Ppaseline and Pstim Were the neural activity power before stimulation and during
stimulation, respectively. Therefore, SR of 100 indicates a reduction of activity power to
zero during stimulation. The power was calculated by the following equation:

1 N )
ower=-— E x|k
p Nk:o [#]

where x[K] is the signal and N is the length of the activity.

To quantify the effects of optical stimulation on in vitro slices, spontaneous burst frequency
(number of events/second) was used instead of signal power. The spontaneous burst
frequencies before, during, and after optical stimulation were calculated to compare.

One-way ANOVA test was used to compare seizure suppression by optical stimulation with
different laser power levels, and the Duncan post-hoc test was used to compare the effect of
optical pulse trains on epileptiform activity. A p-value of less than 0.05 was considered
statistically significant. All data were represented as mean+SEM.

Optically-evoked potentials in the hippocampus

To understand the optical response in the normal condition, the laser light was first applied
on wild type and Thy1-ChR2 mice without seizure induction. Optical stimulation in-vivo in
wild type mice did not induce any activity (Figure1lA). However, stimulation in Thyl-ChR2
mice could elicit a hippocampal evoked potentials in the in vivo preparation for stimulation
for 1, 20, and 50 Hz trains (Figure 1B, C, D). The field potential responses to optical
stimulation were biphasic, with a steep negative evoked potential corresponding to the 1 Hz
optical pulse followed by a delayed positive potential after stimulation. 20 Hz and 50 Hz
optical stimulation resulted in a quasi-sinusoidal waveform. While the initial optical pulse
elicited a large negative evoked potential at the onset of each pulse train, the amplitude of
the tissue response would rapidly decrease with subsequent pulses (Figure 1C,D), stabilizing
into a regular and optically-dependent pattern with lower amplitudes. Figure 1E shows the
amplitude of optically-evoked potential increased with increasing laser power but no
saturation was observed within the power available for the laser.

Optical HFS can suppress in vivo seizures

Six mice (18 stimulation trials in each stimulation parameters) were used to study the
relationship between laser power and seizure suppression. Figure 2A shows an example of
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50 Hz optical stimulation suppressing 4-AP induced electrographic seizure activity. To
clearly identify the effects of optical stimulation, the optically evoked potentials were
removed by means of a filter since the evoked potentials induced by 20 and 50 Hz
stimulation were quasi-sinusoidal waveforms. Seizure activity was suppressed bilaterally
during the 5-second stimulation trial. A similar phenomenon was observed with 20 Hz
optical stimulation (Figure 2B). Five different levels of applied laser power were studied to
search for the optimal parameter for seizure suppression. Figure 2C shows the relationship
between suppression percentage and laser power during 50 Hz stimulation. The suppression
percentage in the ipsilateral site increased with power level but reached a maximum when
laser power was 80% of maximum value (p<0.01, one-way ANOVA, n=6). The suppression
percentages on the contralateral side were consistently smaller than those in the ipsilateral
CA3 but also reached maximum suppression at 80% of the maximum laser power (p<0.05,
one way ANOVA, n=6). The maximum suppression percentages from 50 Hz stimulation
were 82.4+14.8% in the ipsilateral CA3 and 66.7+22.0% in the contralateral CA3.
Suppression from 20 Hz optical stimulation (Figure 2D) showed the similar trend and was
maximal at the same applied power levels on the ipsilateral side (p<0.05, one-way ANOVA,
n=6), but differences between power levels on the contralateral side were not statistically
significant. The maximum suppression percentages for 20 Hz stimulation were 80.2+10.9%
in the ipsilateral CA3 and 61.2+22.4% in the contralateral CA3.

Suppression by optical HFS occurs bilaterally and longitudinal

To determine the spatial extents of the effects of optical high frequency stimulation, 4 mice
(8 trials) were stimulated for 5s at 50 Hz at maximum power while simultaneously recording
in the ipsilateral temporal CA3 area in addition to the bilaterally septal CA3 areas (Figure
3A). Before stimulation, synchronized seizure activity was present in all three recording
sites. Seizure suppression from optical stimulation occurred in all three areas. In addition to
the suppression at the seizure focus, stimulation could suppress hyper-activity in the
contralateral site and the ipsilateral-longitudinal site, indicating the spatial extent of the
optical stimulus was sufficient to prevent the propagation of epileptiform activity. The signal
power in all three sites was significantly reduced (Figure 3B, p<0.01, paired t-test).
Furthermore, the suppression percentage at the focus was 74.6+4.5%, which was the highest
among the three recording sites (suppression percentage was 55.1+10.2% and 49.1+7.6%
from the contralateral and ipsilateral-longitudinal sites, respectively). These results show
that optical stimulation applied at a single location can affect distal sites both ipsi- and
contra-laterally.

Effects of long-duration HFS on seizures

To study the long-term effects of optical HFS, the stimulation was applied for 20 seconds in
six mice (18 trials). There were three typical effects on seizures, depicted in Figure 4A-C.
Optical stimulation would always initially cause seizure suppression, which could continue
throughout the entire stimulus period (Figure 4A). Often, though breakthrough activity
occurred in the latter portion of stimulation period, causing the suppression percentage to
decrease (Figure 4B). In some instances, the breakthrough activity was low amplitude but
high frequency, causing an increase in the measured signal power compared to baseline that
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led to the calculation of a negative suppression percentage (Figure 4C). These phenomena
were observed with both 50 Hz stimulation and 20 Hz stimulation.

The effect of prolonged stimulation as a function of stimulation power was also investigated
(Figure 4D, E). Stimulation at 50 Hz with low power (15% of maximum power) caused
approximately 40% suppression that could be sustained throughout the stimulus period.
However, stimulation with medium power or high power (60% and 100%) lead to greater
seizure suppression (73%), but decreased within 11 seconds and remained low for the
duration of the stimulus period (p<0.05, one-way ANOVA). Similarly, 20 Hz stimulation
with medium and high power could not sustain suppression for 20 seconds, with suppression
rates decreasing with time (p<0.05, one-way ANOVA).

Effects of intermittent HFS on seizures

Given that seizure suppression efficacy was initially high but decreased after 5 s of
continuous stimulation, we used an intermittent stimulation paradigm to determine the
necessary recovery time to achieve consistently high suppression. Four mice were
stimulated with a series of three 5-second bursts at 50 Hz and the interrupted time between
bursts was varied (Figure 5A). In contrast to continuous optical stimulation, the suppressive
effects in the second and third stimulation periods were increased by the intermittent
stimulation (p<0.05, one-way ANOVA). The suppressive effect in second stimulation period
was significantly higher with intermittent stimulation compared to continuous stimulation
when the interrupted time was at least 5 s in Figure 5B (p<0.05, Duncan test). Similarly,
suppressive effects in third stimulation could be improved significantly by intermittent
stimulation when the interrupted time was larger than 3 s in Figure 5C (p<0.05, Duncan
test).

ChR2-YFP expression in the Thyl-ChR2 transgenic mouse

To understand the mechanisms of the effects of optical stimulation in the hippocampus, we
sought to determine which cell type were expressing ChR2 in Thy1-ChR2 mouse brains.
Low magnification imaging of the endogenous fluorescence from the ChR2-YFP conjugated
protein in a transverse hippocampal section revealed that ChR2-YFP expression was high in
the subiculum but low in the CA1 and CA3 pyramidal cell soma and dendritic areas (Figure
6A). Further, we observed no expression in the dentate gyrus at this age. Closer inspection
of ChR2-YFP expressing cells in the CA3 region indicated that while some cells appeared to
be pyramidal, the majority of YFP-positive cells morphologically appeared to be
hippocampal interneurons (Figure 6C, D).

Using cell position and morphology to classify YFP-expressing cells as either pyramidal
cells (PYR) or interneurons (GABA), we used confocal microscopy to analyze 350 um
hippocampal slices from Thy1-ChR-YFP transgenic mice used in in vitro slice experiments.
We counted cells and estimated the density of each cell type in the CA3 region (Figure 6B).
YFP-positive cells that morphologically appeared to be principal cells were low in number
at the earlier ages tested (755492 cells/mms3 from P10-12, n=5) but roughly doubled only a
few days later (1257191 cells/mm?3 from P13-15, n=6). This represented about 23 % at
P10-12 and 33 % at P13-15 of the YFP positive total cell numbers. Conversely, the number
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of YFP positive cells that morphologically appeared to be interneurons was always greater
than pyramidal cells (2601+349 cells/mm3 from P10-12, 2669+321 cells/mm3 from
P13-15). This represented about 77 % at P10-12 and 67% at P13-15 of the total YFP
positive cell numbers. A pattern of expression as the one for P13-15 was observed in older
animals (P90-110), indicating that ChR2-YFP was never highly expressed in hippocampal
pyramidal cells (data not shown). These data suggest that the suppression effect was
dominantly generated by optical stimulation of inhibitory interneurons. This level of
expression of YFP by GABA inter-neurons was confirmed using GAD-67 antibodies in
hippocampal slices from ChR2-YFP transgenic mice. In these staining, neurons that
expressed GABA without expressing YFP was very small (about 5%).

Effects of optical stimulation on cellular integrity of CA3 neurons

During the cell counting procedure, the tissue in the area of stimulation by the optic fiber
was examined and found no evidence of cellular damage or reduction of cell number in this
area. Similarly, careful observations of the brain slices obtained after the in vivo optical
stimulation in 5 animals, showed no signs of cellular damage, inflammation or cell loss
around the optic fiber.

Reduction of in vitro epileptiform activity by optical HFS

We then used in vitro hippocampal slices to study the effect of optical stimulation in the
Thy1-ChR2 hippocampus in more details, since we could better control the location of the
optical stimulus and simultaneously monitor the CA3 and CA1 regions. 20 Hz optical
stimulation could reduce the spontaneous spike frequency of in vitro epileptiform activity
caused by bath application of 100uM 4-AP (Figure 7A). Blue light was applied to the CA3
area for 15 seconds. The field potential recordings in CA3 show that 20 Hz stimulation
initially caused small amplitude, high frequency activity in the baseline but suppression
afterwards. Epileptiform activity was simultaneously suppressed in CA1 without the
increase in baseline activity. The suppression effect in CA3 and CA1 persisted after
stimulation ended. Considering spontaneous burst frequency as the index of suppression,
epileptiform activity was significantly suppressed (p<0.01, one-way ANOVA, n=24 trials in
8 mice) during the stimulation compared to before stimulation (p<0.01, post-hoc Tukey
HSD) and remained suppressed until 15 seconds after stimulation (p<0.05, post-hoc Tukey
HSD). The burst frequency resumed to baseline levels within 45 seconds after stimulation.

Suppression of activity is mediated by GABAA receptors

Since ChR2-YFP appeared to be predominantly expressed in hippocampal interneurons and
not pyramidal cells, it is likely that interneuron-mediated mechanisms were responsible for
the observed optical suppression effect. We inhibited GABA signaling to determine if this
receptor was involved. Hippocampal slices were superfused with aCSF containing 4-AP and
100uM picrotoxin (PCTXN) to block GABA channels, producing a spontaneous
epileptiform activity that typically had a reduced frequency and longer bursting compared to
4-AP alone. We found that 20 Hz optical stimulation applied to the CA3 region for 5
minutes under these conditions was unable to suppress this epileptiform activity. Spike
frequency was calculated before, during, and after optical stimulation, and there were no
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significant differences between these three intervals (Figure 8, p=0.95, one-way ANOVA,
n=8).

Discussion

Epilepsy has been thought to result from hyper excitability spreading to an increasing
number of neurons in the neural network (23). Therefore, optogenetic strategies are
commonly aimed at inhibiting the excitatory neurons using a NpHR contruct or at activating
inhibitory neurons by means of ChR2 expression. Previous studies have supported these
strategies and showed effective seizure suppression in different parts of the brain (18-21).
However, a different optogenetic strategy for seizure suppression that mimics electrical HFS
protocols by activating neurons can also effective. Electrical HFS has been thought to
suppress seizures by generating a depolarization block related to the inactivation of sodium
channels (10, 11) or driving GABA release during stimulation (24, 25). In the present study,
histological analyses show that mostly interneurons express ChR2 in the Thy1-ChR2 mice
and thus GABA release could be enhanced by optical stimulation together with the
activation of some pyramidal cells. Therefore, seizure suppression could be due to the
recovery of the balance between excitatory and inhibitory circuits known to exist during
seizures (26). In addition, it has been estimated that a single GABAergic cell may affect
more than a thousand pyramidal cells (27, 28). Therefore, activation of GABAergic neurons
may become predominant. This possible outcome is supported by the fact that picrotoxin
could abolish seizure suppression caused by high frequency optical stimulation (Figure 8).
Therefore, activation of only GABAergic cells could provide an efficient way to suppress
seizure activity by the pulse train stimulation. Global activation of various populations of
inhibitory interneurons could produce prolonged suppression of epileptiform activity during
light stimulation (29). Direct hyperpolarization of the principal cells through chloride
channel could be responsible for the suppressive effects (30). However, similar to a previous
study (30), longer duration of light exposure for global activation of interneurons reduced
the suppressive effects

The present study shows that optical stimulation applied into a discrete area (hippocampus
CA3) could affect distal sites both ipsi- and contra-laterally. Because the majority of
activated neurons were GABAergic, a possible explanation for distal suppression could be a
GABA-mediated propagation block. Excess GABA could reduce excitatory synaptic
transmission by decreasing excitatory postsynaptic potentials and glutamate release (31) and
even block action potential propagation (32). Suppression of distal seizure could be due to
the elimination of activity at the focus preventing from recruitment of new neurons. This
could also explain why the suppression index was higher at the focus than other sites (Figure
3B). Another possibility is the existence of long range projection of GABAergic
interneurons that could account for distal contralateral inhibition (33) and longitudinal
inhibition (34).

Seizure suppression by high frequency optical stimulation (20 or 50 Hz) was not sustained
and decreased within 11 seconds and in some case even generate hyperactivity (Figure 4).
Since our results suggest that suppression was mediated by GABA receptors, one possible
explanation for the overtime reduction of effect may be that GABA activation does not
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result in pyramidal cell inhibition when stimulation was longer than 11 seconds. GABAA
receptors mediate synaptic inhibition or activation by shunting the membrane potential to
the chloride reversal potential (Ecj). Therefore, stimulating GABA, receptors could cause
hyperpolarization or depolarization depending on the membrane potential relative to the
chloride reversal potential (35). Intense activation of GABAA, receptors could induce a shift
of E¢; and the function of receptors thereby changing from hyperpolarization to
depolarization (36-38). This effect has been documented with 10-100 Hz electrical
stimulation trains that produce a depolarizing shift in E¢j of neurons in the hippocampal
CA3 region, due to intracellular chloride accumulation (39). A similar phenomenon was
found when the chloride pump NpHR was used to silence neurons. GABA receptor
currents could change from outward currents to strong inward currents following 15-second
laser light activation of chloride pump channel (NpHR) (40). On the other hand, GABA
depletion might be relevant to ictal onset as it has been suggested that ictal discharge is
preceded by exhausted presynaptic GABA release in the hippocampal CA3 region (41) and
interneurons would enter long-lasting depolarization block during ictal discharge in the
hippocampal CA1 (42). Another possibility is that GABAergic inhibition could be converted
into depolarization of principal cells by a change in the reversal potential for chloride
thereby reducing the suppressive effects (30, 43). This effect could also explain the evoked
potentials generated in response to a single optical pulse.

As the shift of E¢) associated with chloride accumulation previously reported was transient
with a time constant in the order of seconds for the recovery of chloride concentration to
normal level (44), we tested the hypothesis that intermittent stimulation could improve the
loss of seizure suppression. With laser pulse train set at 50 Hz and duration of 5 seconds,
stimulation needed to be turned off for at least 4 seconds in order to restore the suppressive
effect (Figure 7B). However, other researchers have found different time constant for
recovery to the baseline after over electrical stimulation or over NpHR activation (39, 40).
The variability of recovery time could be due to the levels of chloride accumulation.
Similarly, any factor affecting the rate of chloride accumulation would determine how
rapidly suppression would be lost. Therefore, intermittent stimulation could improve
suppressive effects but the duty cycle must be determined for each experimental condition.

Isoflurane has been shown to depress the excitatory postsynaptic potentials in rats (45) and
general anesthesia with 2.5% isoflurane can effectively suppress seizure in high K* and low
MgZ* models (46). However, 4-AP induced electrographic seizure in our experiment
reached a non-stop seizures or status epilepticus stage and, in general, the seizure would be
only suppressed during the short period of stimulation to come back quickly after optical
pulse trains ended. Status epilepticus was induced by injecting 4-AP until the seizure
became continuous. Therefore, under these conditions, anesthesia did not seem to
significantly affect the results of suppression.

The light power density associated with 50 Hz stimulation in this study seems high since a
previous study showed that there was significant tissue damage around the fiber tip when the
sustained stimulation (> 500 ms duration) was at level over 100 mW/mm? (47). However,
the same study also suggests that tissue damage can be minimized using short light pulses
rather than continuous illumination (47). The present study used short pulse train with 10 ms
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duration and tissue damage could be minimized. On the other hand, the light density in this
study would attenuate to less than 100 mW/mm?2 within 0.1 mm according to Kubelka-Munk
model (48). This procedure greatly reduces the likelihood of compromising the integrity of
the neural tissue. In support of this idea, careful histological observations of the tissue
around the optical fiber from ChR2-YFP transgenic animals that were subject to optical
stimulation revealed no signs of inflammation, cell damage or cell loss. In any case, since
our results show that the level of seizure suppression at 20 Hz and at 50 Hz were similar, the
20 Hz stimulation frequency could be a better strategy to prevent any potential tissue
damage in the procedure.

Conclusion

In this study, HFS was applied through an optogenic construct to suppress epileptiform
activity in vivo and in vitro reaching maximum suppression ratios of 70 and 82.4 %,
respectively. The local suppressive effect in CA3 spreads contralaterally and longitudinally
across the whole hippocampus from a single site of excitation. Histological and
electrophysiological experiments show that this suppression was mediated through GABAA
receptors. Furthermore, we show that on/off intermittent stimulation could improve the
suppression by optical HFS during longer time periods. Overall, these experiments show
that optogenetic stimulation is a promising therapeutic technique for fast suppression of
seizures and a powerful tool for mechanistic studies associated with epilepsy.
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Figure 1.
Optical response to 473 nm blue laser in wildtype and thy1-ChR2 transgenic mice. A. In

vivo neural activity trace in response to 1 Hz optical pulse train (black dot) in wildtype mice.
B. Optically evoked potential induced by 1 Hz optical pulse train (black dot) in thy1-ChR2
transgenic mice. C. Optical response to 20 Hz optical stimulation (black line). Magnification
shows the trace responding to the optical pulse (bold line). D. Optical response to 50 Hz
optical stimulation. E. Relationship optically evoked potential (relative amplitude) and laser
power density in 1 Hz stimulation.
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4-AP induced seizure suppressed by optical high frequency stimulation at 50 Hz (A) and 20
Hz (B). A. 50 Hz optical high frequency stimulation with 5-second duration causes bilateral
seizure suppression in CA3. B. 20 Hz optical high frequency stimulation with 5-second
duration causes bilateral seizure suppression in CA3. C. Suppression percentage versus
power level for 50 Hz stimulation. D. Suppression percentage versus power level for 20 Hz
stimulation. *, significant difference among power levels, P<0.05. **, p<0.01.
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Figure 3.
Spatial extent of the optically induced suppression. A. Example of neural activity recordings

in the focus, contralateral site, and ipsilateral-longitudinal site showing global suppression
by 50 Hz optical stimulation with duration of 5 s(black line). B. Suppression percentages at
the focus, contralateral site, and ipsilateral-longitudinal site. **, significant reduction of
signal power, p<0.01.
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Effects of high frequency stimulation with duration of 20 seconds. A. 50 Hz stimulation
causes similar suppression percentages along with time. B. Suppression percentage drops in
the latter portion of stimulation period. C. Suppression percentage drops and becomes
negative in the latter portion of stimulation because high frequency activity is induced. D
and E. Suppression percentages at 50 and 20 Hz stimulation with high and medium power
levels drop within 11 seconds and remain low. *, significant difference among different time

intervals, p<0.05.
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Figure 5.
Intermittent stimulation pattern. A. Example of seizure suppression by intermittent

stimulation with 50 Hz bursts. Three 50 Hz bursts with 5-second duration were applied to
study the effect of second and third burst periods compared to that of the first burst period
when the interrupted time increases. B. Suppression percentages calculated from the second
burst stimulation period compared to that from the first period with increase of interrupted
time. 100 % of compared suppression means that second stimulation induced suppression
percentage as the same level as the first stimulation. C. Suppression percentages calculated
from the third burst stimulation period. *Overall one way ANOVA, p<0.05. # compared to
the no-interruption group, Duncan test, p<0.05.
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Figure 6.
ChR2-YFP distribution in the hippocampus at age P14 in the Thy1-ChR2-YFP transgenic

mouse. A. Transverse hippocampal section showing high expression in the subiculum, lower
expression in the CA3/CAL regions, and lack of expression in the dentate gyrus. Higher
magnification of the areas indicated in A are shown in panels C and D. Arrowheads identify
YFP-expressing cells that appear to be interneurons, while arrows (D only) indicate a
minority of cells that appear to be YFP-positive pyramidal neurons. B. Comparison of the
number of YFP-positive cells and for the PYR and GABA cell types across the age range
used for in vitro studies. While the number of PYR cells expressing ChR2-YFP increased
with age, the numbers of YFP positive PYR cells was still smaller compared with that of
YFP positive GABA neurons. Similar expression pattern was found in mice even at age
P100 that were used for in vivo experiments (data not shown). Scale bar, 500um.
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Figure 7.
Suppression of epileptiform activity by blue laser in the in-vitro hippocampal slice. A.

Optical stimulation, indicated by blue bar, was applied at 20 Hz in the CA3 region of the
hippocampal slice and the epileptiform activity was suppressed both in the CAl and CA3
regions. B. The summary of spontaneous burst frequency in the CA3 region before, during,
and after optical stimulation. Optical stimulation could cause significant reduction during
and 15s after stimulation (p<0.05) and then the burst frequency gradually return to the
baseline level.

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



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Chiang et al.

Page 22

20 Hz optical stimulation

T w‘*u"t‘

0.03%

0.04
o022 —

0.0

L]
&
=
=
[
P
= 3
g2
o0
e
s ¥
=
P
L
o
[=1
ax
8
-]
o

0.00 4

Figure 8.

."1

5 min Bafore  During Stem 5 men After

A. Suppression of epileptiform activity by 5-minutes optical stimulation. 20 Hz optical

stimulation, indicated by blue bar,

could the reduction of burst frequency induced by 100

@M 4-AP solution. B. Optical stimulation had no effect on the spontaneous activity induce
by 4-AP plus 100 [2IM picrotoxin (PCTX). C. The summary of spontaneous activity
frequency before, during, and after stimulation. There was no significant change caused by
optical stimulation when the GABA receptors were blocked by picrotoxin solution.
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