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Abstract

Objective—Ictal events occurring in temporal lobe epilepsy patients and in experimental models
mimicking this neurological disorder can be classified, based on their onset pattern, into low-
voltage, fast versus hypersynchronous onset seizures. It has been suggested that the low-voltage,
fast onset pattern is mainly contributed by interneuronal ()~aminobutyric acidergic) signaling,
whereas the hypersynchronous onset involves the activation of principal (glutamatergic) cells.

Methods—Here, we tested this hypothesis using the optogenetic control of parvalbumin-positive
or somatostatin-positive interneurons and of calmodulin-dependent, protein kinase—positive,
principal cells in the mouse entorhinal cortex in the in vitro 4-aminopyridine model of
epileptiform synchronization.

Results—We found that during 4-aminopyridine application, both spontaneous seizure-like
events and those induced by optogenetic activation of interneurons displayed low-voltage, fast
onset patterns that were associated with a higher occurrence of ripples than of fast ripples. In
contrast, seizures induced by the optogenetic activation of principal cells had a hypersynchronous
onset pattern with fast ripple rates that were higher than those of ripples.

Interpretation—Our results firmly establish that under a similar experimental condition (ie, bath
application of 4-aminopyridine), the initiation of low-voltage, fast and of hypersynchronous onset
seizures in the entorhinal cortex depends on the preponderant involvement of interneuronal and
principal cell networks, respectively.

Seizures in patients presenting with temporal lobe epilepsy (TLE) are mainly characterized
by 2 distinct electrographic onset patterns, defined as low-voltage, fast (LVVF) and

hypersynchronous (HYP).1:2 LVF seizures are characterized at onset by the occurrence of a
sentinel spike followed by low-amplitude, high-frequency activity, whereas the initiation of
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HYP seizures coincides with a series of focal (so-called preictal) spiking at a frequency of
approximately 2Hz.3 LVF and HYP seizures may mirror the activity of distinct limbic
structures.* Accordingly, Velasco et al? have reported that LVF seizures rest on the activity
of hippocampal and parahippocampal networks, whereas HYP seizures originate from local
circuits in the hippocampal formation. In addition, TLE patients presenting with HYP
seizures have histopathological patterns of atrophy that are consistent with hippocampal
sclerosis, whereas LVF seizures are linked to a more diffuse and bilateral distribution of
atrophy. Finally, in animal models of TLE, LVF seizures more often initiate in

parahippocampal structures, whereas HYP seizure onset may be limited to the hippocampus.
5,6

Recently, the analysis of high-frequency oscillations (HFOs; ripples: 80-200Hz, fast ripples:
250-500Hz) during spontaneous HYP and LVF seizures in the pilocarpine and kainic acid
model of TLE has suggested that these 2 seizure onset patterns may rely on distinct
mechanisms of initiation. L\VVF seizures were found to be mainly associated with HFOs in
the ripple frequency range, thus suggesting the predominant involvement of interneuronal
(inhibitory) networks; in contrast, HYP seizures were mostly accompanied by fast ripple
occurrence, thus highlighting the potential role of principal (glutamatergic) networks.5:”
Evidence obtained to date suggests that pathologic HFOs in the ripple band should represent
population inhibitory postsynaptic potentials generated by principal neurons entrained by
synchronously active interneuron networks, whereas those in the fast ripple band reflect the
synchronous firing of abnormally active principal cells, and thus are not dependent on
inhibitory processes.8-10

It has been demonstrated that 4-aminopyridine (4AP) application induces LVVF onset
discharges in several limbic and paralimbic structures maintained in vitro.11 In addition,
systemic injection of 4AP in vivo has been shown to induce LVF onset pattern seizures.12:13
Finally, we have found that optogenetic activation of parvalbumin (PV)-positive interneurons
of entorhinal cortex (EC) in a constitutive model of channelrhodopsin-2 (ChR2) expression
leads to the initiation of in vitro LVF seizures in the limbic system.1# Therefore, in this
study, we aimed to test the hypothesis that distinct (ie, LVF and HYP) patterns of seizure
onset rely on the activity of different neuronal networks in the in vitro 4AP model using the
optogenetic control of PV-positive and somatostatin (SOM)-positive interneurons as well as
of calmodulin-dependent protein kinase (CamKIl)-positive principal cells in the EC of mice
where an enhanced ChR2 opsin was transcranially, locally injected.

Materials and Methods

Animals

All procedures were performed according to protocols and guidelines of the Canadian
Council on Animal Care (http://www.ccac.ca/en_/standards/guidelines) and were approved
by the McGill University Animal Care Committee. PV-Cre (Jackson Laboratory, Bar Harbor,
ME; B6;129P2- Pvalbimicre]Arbr) stock number 008069), SOM-Cre (Jackson Laboratory,
Ssttm2. 1[cre]ZfAl), stock number 013044), and CamKII-Cre (Jackson Laboratory, B6.Cg-
Tg[Camk2a-cre]T29-1Stl/J, stock number 005359) homozygote mouse colonies were bred
and maintained in-house to generate pups that were used in this study.
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Stereotaxic Virus Injections

Four PV-Cre, 7 SOM-Cre, and 8 CamKII-Cre male or female pups were anesthetized at
postnatal day (P) 15 using isoflurane and positioned in a stereotaxic frame (Stoelting, Wood
Dale, IL). AAVdj-ChETA-eYFP virus (UNC Vector Core, Chapel Hill, NC) was delivered in
the EC (0.6 ul at a rate of 0.06 pul/min). Injection coordinates were: anteroposterior,
-4.00mm from bregma; lateral, +3.60mm; dorsoventral, —4.00mm. The transverse sinus was
used as a point of reference, and the injection needle was inserted with a 2° anteroposterior
angle. After completion of the surgery, pups were returned to their home cage.

Slice Preparation

Mice were deeply anesthetized with inhaled isoflurane and decapitated at P30 to P40. Brains
were quickly removed and immersed in ice-cold slicing solution containing (in mM): 25.2
sucrose, 10 glucose, 26 NaHCO3, 2.5 KCl, 1.25 KH,PO4, 4 MgCl,, and 0.1 CaCl, (pH 7.3,
oxygenated with 95% O,/5% CO5). Horizontal brain sections (thickness=400 pum)
containing the EC were cut using a vibratome (VT1000S; Leica, Wetzlar, Germany) and
incubated for 1 hour or more in a slice saver filled with artificial cerebrospinal fluid (ACSF)
of the following composition (in mM): 125 NaCl, 25 glucose, 26 NaHCO3, 2 KCl, 1.25
NaH,PO4, 2 MgCl,, and 1.2 CaCl,.

Electrophysiological Recordings and Photostimulation

Slices were transferred to a submerged chamber, where they were continuously perfused
with oxygenated ACSF (KCI and CaCl, adjusted to 4.5 and 2mM, respectively; 30 °C, 10—
15ml/min). Field potentials were recorded using ACSF-filled microelectrodes (1-2MQ)
positioned in the EC in the presence of 4AP. Signals were recorded with a differential
alternating current amplifier (A-M Systems, Sequim, WA), filtered online (0.1-500Hz),
digitized with a Digidata 1440a (Molecular Devices, Sunnyvale, CA), and sampled at 5kHz
using pClamp software (Molecular Devices). In a subset of experiments, whole-cell patch-
clamp recordings were performed on visually identified neurons from EC slices. Patch
electrodes (2-3MQ) were filled with a solution containing the following (in mM): 144 K-
gluconate, 3 MgCls,, 10 N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid, 0.2
ethyleneglycoltetraacetic acid, 2 Na,ATP, and 0.3 guanosine triphosphate, pH7.3 (285-
295mOsm). Signals were amplified using a Multiclamp 700B patch-clamp amplifier
(Molecular Devices), sampled at 20kHz, and filtered at 10kHz.

For ChR2 excitation, blue light (473nm, intensity=35mW) was delivered through a custom-
made light-emitting diode (LED) system, where the LED (Luxeon Star LEDs, Brantford,
Ontario, Canada) was coupled to a 3mm- or Imm-wide fiber-optic for field or whole-cell
recording experiments, respectively (Edmund Optics, Barrington, NJ), and was placed above
the recording region. For optogenetic activation of PV- and SOM-positive interneurons, light
pulses (1-second duration) were delivered at 0.2Hz for 30 seconds with a 150-second
interval between trains. For optogenetic activation of CamKIlI-positive principal cells, light
pulses (20-millisecond duration) were delivered at 2Hz for 30 seconds with a 150-second
interval between trains. All reagents were obtained from Sigma-Aldrich (St Louis, MO) and
were bath applied.
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Analysis of HFOs

Results

Field potentials were first low-pass filtered at 500Hz and then downsampled to 2,000Hz. For
each ictal discharge, raw field potential signals were band-pass filtered in the 80 to 200Hz
and in the 250 to 500Hz frequency ranges for identification of ripples and fast ripples,
respectively; a more thorough description of this procedure is provided in Salami et al.13
Rates of ripples and fast ripples were computed using average values obtained from 10 ictal
discharges per plot. The ictal period was arbitrarily divided into 3 equal parts, and rates of
ripples and fast ripples in each part were compared using nonparametric Wilcoxon rank sum
tests followed by Bonferroni-Holm corrections for multiple comparisons. This allowed us to
evaluate whether ripples or fast ripples predominated at specific moments of the ictal period.
Statistical tests were performed in MATLAB 7.11.0 (MathWorks, Natick, MA) using the
Statistics Toolbox. The level of significance was set to p<0.05.

Optogenetic Activation of PV-Positive Interneurons Leads to LVF Onset Seizures

We analyzed a total of 182 ictal events recorded from the EC of PV-Cre mice transcranially
injected with the enhanced ChR2 opsin, ChETA (n=6 slices). Of these events, 142 occurred
spontaneously and 40 were triggered using a 30-second train of 1-second light pulses at
0.2Hz. Representative examples of spontaneous and light-triggered events are shown in
Figure 1. When the onset of a spontaneous ictal-like event was expanded, an LVF onset
pattern consistently initiated by an isolated spike became evident. A similar LVF onset
pattern was observed when the ictal events were triggered by optogenetic activation of PV
interneurons. Spontaneously occurring events lasted 47.74+1.34 seconds, a duration that was
similar to what was found for the optogenetically induced events (ie, 45.57+2.23 seconds).
However, spontaneous ictal discharges occurred every 156.61+9.81 seconds, while during
optogenetic PV-cell stimulation we could reduce their interval of occurrence to 138.13+4.89
seconds (,0<0.05).

As shown in Figure 2, we also performed patch-clamp recordings of fast-spiking, PV-
positive interneurons in the whole-cell mode (n=3). First, we characterized the patched cell
by injecting intracellular depolarizing current pulses to reveal the typical firing activity of a
fast-spiking PV-positive interneuron.® These interneurons reliably responded to optogenetic
stimulation over time. Moreover, as illustrated in Figure 2C (see also expanded trace), fast-
spiking PV-positive interneurons generated a barrage of action potentials (delay of initial
depolarization=5.43+0.51 milliseconds; average spike frequency=155.68+10.99Hz; average
duration of barrage=0.83+0.06 seconds) in response to the optogenetic stimulus as well as in
coincidence with the initial spike; then, they depolarized progressively, undergoing a “firing
depolarizing block” during the initial part of the LVF ictal discharge (n=11 events). Later,
during the subsequent “tonic” electrographic phase of the ictal discharge, these interneurons
could resume action potential firing that occurred synchronously with each “clonic” field
potential transient.

To ensure that the responses evoked by optogenetic stimuli were dependent on the release of
y-aminobutyric acid (GABA) subsequent to interneuron discharge, we simultaneously
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blocked GABA and GABAg receptors using picrotoxin (50 uM) and CGP55845 (4 pM),
respectively. Under these pharmacological conditions, all spontaneous and stimulated ictal-
like events as well as light-induced interictal events were abolished (n=3 slices; data not
shown, but see Shiri et al#.

Optogenetic Activation of SOM-Positive Interneurons Leads to LVF Onset Seizures

Next, we established whether the ability of interneuron activation to drive ictal discharges is
linked exclusively to fast-spiking interneurons, or whether ictal discharges could also be
triggered by activating regular-spiking SOM-positive interneurons. We analyzed a total of
224 ictal discharges recorded from the EC of SOM-Cre mice that had been transcranially
injected with ChETA (n=11 slices). Of these events, 170 occurred spontaneously and 54
were stimulated by a 30-second train of 1-second light pulses at 0.2Hz; this protocol was
similar to that employed in the PV-positive interneuron experiments. As illustrated in Figure
3 (A, arrow), the onset of an expanded spontaneous ictal-like event was characterized, in
these experiments as well, by the occurrence of an isolated spike leading to an LVF onset
pattern. Interestingly, the same pattern of field activity occurred at the onset of ictal events
when they were triggered by activation of SOM interneurons. In these experiments,
spontaneous ictal discharges lasted 64.39+1.86 seconds and optogenetically induced events
had durations of 60.52+2.30 seconds. Spontaneous ictal discharges occurred regularly (every
130.3146.35 seconds) but could be driven at a more frequent rate during optogenetic
stimulation of SOM cells, that is, every 105.42+5.51 seconds (p<0.05). In these experiments
as well, concomitant application of GABAA and GABAGR receptor antagonists abolished all
spontaneous and induced ictal-like events (n=3 slices). Under these conditions, presumptive
glutamatergic field bursts occurred for the entire length of the recording but did not appear
to follow the stimulation pattern (see expanded region in Fig 3E).

Optogenetic Activation of CamKII-Positive Principal Cells Leads to HYP Onset Seizures

In this set of experiments, we analyzed a total of 293 ictal events that were recorded from
the EC of brain slices expressing ChETA in CamKIlI-positive principal cells (h=14 slices).
Of these ictal discharges, 141 occurred spontaneously whereas 152 events were triggered by
a 30-second train of 20-milliseconds light pulses at 2Hz. Representative examples of
spontaneous and light-triggered events are shown in Figure 4. When the onset of a
spontaneous ictal event was expanded, an LVF onset—which was preceded by a typical
isolated spike—could be identified. In contrast, the onset of ictal discharges triggered by
principal cell activation was characterized by repeated spiking and thus resembled a HYP
onset pattern. We found that spontaneous ictal discharges lasted 44.95+1.82 seconds,
whereas those induced by light pulses were significantly shorter (37.07+0.72 seconds;
p<0.01). During 4AP application, ictal discharges occurred spontaneously every
121.16+6.49 seconds but were driven at higher frequency by light stimulation (ie,
111.23+1.70 seconds; p<0.05).

CamKII-positive cells were also recorded in the whole-cell mode (n=5) to analyze their
electrophysiological properties, their responses to light stimuli, and their activity during ictal
discharges. As illustrated in Figure 5A, these neurons responded to injection of depolarizing
current pulses by generating repetitive action potential firing with some degree of
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adaptation, as reported for regular-spiking, principal cells in the EC15 and in several cortical
structures.1718 We also found that these recorded neurons reliably responded to optogenetic
stimulation with a short burst of action potentials when tested at different time points during
the experiment (delay of initial depolarization=6.37+0.14 milliseconds). In the absence of
optogenetic stimulation, spontaneous, 4AP-induced ictal events with LVF onset patterns in
the field recording were characterized intracellularly by a period of action potential
quiescence at ictal onset, whereas firing resumed during the late tonic phase of the discharge
(n=12 events). In contrast, as illustrated in Figure 5D, principal cell firing occurred in
coincidence with the preictal spikes that were characteristic of optogenetically induced HYP
onset ictal discharges (duration of bursts=0.27 seconds; n=15 events; see expanded onset).

To further establish the contribution of principal glutamatergic cells to the evoked
discharges, we simultaneously blocked the N-methyl-D-aspartate (NMDA) and non-NMDA
receptors using 3-([ A]-2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP; 5 uM) and
6-cyano-7-nitroguinoxaline-2,3-dione (CNQX; 5 pM) in experiments in which we
stimulated interneurons (n=3; Fig 6A) or principal cells (n=3; see Fig 6B). Under these
conditions, all spontaneous and stimulated ictal events were abolished; however, interneuron
stimulation continued to evoke presumably GABAergic discharges, whereas principal cell
stimulation failed to induce such events. In the latter case, spontaneous GABAergic
discharges could be recorded independently of the stimulation.

HFOs Associated with LVF and HYP Onset Seizures

Finally, we quantified the rate and pattern of HFO occurrence throughout the ictal discharges
recorded in the EC (Fig 7). This analysis showed that ripple rates were higher than fast
ripple rates (p<0.01) at the onset of all spontaneous LVF onset ictal events as reported for
LVF seizures recorded in vivo in the pilocarpine model of TLES and in the acute 4AP model.
13 A similar pattern of HFO distribution was associated with LVF onset seizures triggered by
the activation of PV- and SOM-positive interneurons and interestingly, this pattern was still
observed in 4AP-induced spontaneous LVF seizures in CamKII-Cre pups. These results
therefore suggest that activation of interneuronal networks can trigger seizure like events
resembling human LVF seizures. In contrast, ictal discharges triggered by the activation of
principal cells revealed higher fast ripple rates at seizure onset (p<0.01) as reported to occur
in HYP onset seizures occurring in vivo.6:13

Discussion

The main findings of our study can be summarized as follows: (1) spontaneous ictal events
recorded in vitro from the EC during 4AP application are characterized by an LVF onset
pattern; (2) similar LVF onset ictal discharges can be triggered by optical activation of PV-
and SOM-positive interneurons; (3) in contrast, ictal discharges triggered by CamKII-
pyramidal cell stimulation are associated with an HYP onset pattern; and (4) specific HFO
patterns characterized these 2 types of seizure onset as ripples predominated at the onset of
LVF seizures, whereas fast ripple rates were higher at the onset of HYP seizures.
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Activation of the Inhibitory or Excitatory Network Can Lead to Ictal Discharges

It is well established that 4AP blocks Kv1 channels thus increasing action potential duration
in both excitatory and inhibitory neurons,1® which leads to epileptiform activity.20 We have
shown here that the EC networks under 4AP treatment can be activated by opsin stimulation
in either interneurons or principal cells. However, we also discovered that activation of each
specific cell population leads to ictal discharges with a different onset pattern. Namely,
seizure like events with an LVF onset pattern can be triggered by interneuronal network
activity, whereas triggering discharges with an HYP onset pattern requires synchronous
activation of glutamatergic principal cells, as previously suggested by in vivo studies.6.7
These results have not been reported in other in vitro models.

Several studies performed in the 1970s and 1980s have proposed that the initiation of focal
seizures depends on weakening or failure of inhibition, a process that should lead to an
uncontrolled increase in glutamatergic excitation.2:22 However, subsequent in vitro and in
vivo experiments have shown that GABAergic interneurons are not simply responsible for
providing inhibitory control of brain networks23; rather, GABAergic inhibitory signals can,
paradoxically, favor seizure initiation.24-28 Strong recruitment of interneurons, and the
consequent activation of postsynaptic GABAA receptors, can lead to epileptiform
synchronization and ictogenesis via several mechanisms that result from intracellular CI~
accumulation and include: (1) a positive shift in CI~ reversal potential that makes GABAA
receptor signaling excitatory??; and (2) an increase in extracellular [K*] that is caused by the
activity of potassium chloride cotransporter-2, which extrudes both CI~ and K* from the
intraneuronal compartments.30 In addition, it has been reported that excessive interneuron
firing can result in depolarization block3! and perhaps synchronize neuronal populations
through rebound excitation. 25:32 Therefore, excessive activation of interneurons can very
well be sufficient to disrupt the excitation/inhibition balance within the neuronal network,
thus triggering ictal-like discharges.

Optogenetic Activation of PV- and SOM-Positive Interneurons Triggers LVF Onset Seizures

We have recently reported that PV interneuron activation in a constitutive model of ChR2
expression triggered LVF onset ictal discharges.14 Here, we have confirmed the contribution
of PV interneurons to LVVF discharges using a novel strain with a PV-Cre background in
which we provided the enhanced ChR2 opsin, ChETA, using a stereotaxic virus injection
procedure. In addition, as recently reported by Yekhlef et al, 33 we found that the optogenetic
activation of SOM interneurons in EC is also sufficient to trigger LVF onset events.

Because previous studies have shown that GABA application to the dendrites induces
depolarizing responses, whereas its application to the soma results in hyperpolarization,34-37
we anticipated differences in the ability of somatic-targeting PV and dendritic-targeting
SOM interneurons to trigger ictal discharges in the EC network. In addition, PV
interneurons innervate twice as many principal cells as other interneurons and receive more
local excitatory input38; therefore, we expected these cells to play more preponderant roles
compared to other interneuron types in triggering of ictal discharges. However, we found
that activation of either fast-spiking PV cells or non—fast-spiking SOM cells are equally
effective in triggering ictal discharges with an LVF onset pattern. This may be partially
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explained by the finding that SOM interneurons are extensively coupled via gap junctions
and fire more readily in response to convulsive agents like 4AP.3° Also, CI- accumulation is
greater and faster in smaller dendritic compartments in comparison to larger somas, thus
allowing GABAergic activity to become depolarizing.*? Finally, activation of both PV and
SOM interneurons leads to the release of GABA, which has been shown to result in an
increase in extracellular [K*] regardless of target compartments.1

Optogenetic Activation of CamKIll-Positive Neurons Triggers HYP Onset Seizures

It has been proposed that LVF and HYP seizures depend on the activity of distinct neural
networks.#842 Accordingly, we have recently reported that systemic injection of the
GABA receptor antagonist picrotoxin in vivo induces seizures characterized by an HYP
onset pattern, whereas seizures induced by 4AP in these experiments are most often
characterized by an LV/F seizure onset pattern. 13 This evidence is in line with in vitro work
performed on human tissue, where it was shown that pyramidal cell firing and therefore,
glutamatergic mechanisms herald the onset of HYP seizures.#3 We have shown here that
repetitive optogenetic activation of CamKIlI-positive principal cells in the EC is sufficient to
switch the 4AP-induced LVF onset discharges to HYP onset discharges.

In line with the in vivo observations reported® in the pilocarpine TLE model, we found that
LVF onset discharges lasted longer than HYP onset discharges. The cellular and
pharmacological mechanisms responsible for such different duration remain to be
elucidated; however, it has been proposed that this could result from HYP onset discharges
often arising from the hippocampal region, whereas LVF onset discharges often start in
parahippocampal regions including the EC.2442 Qur data, obtained from the same structure,
suggest that the involvement of glutamatergic signaling results in shorter periods of
epileptiform synchronization. Further studies are, however, needed to confirm this
hypothesis.

It is worthy to note that LVF and HYP are not the only 2 seizure onset patterns identified in
TLE.344-46 \We also recorded spontaneous ictal events that did not clearly fall in either of
these 2 categories; these ictal discharges were, however, rare and were thus excluded from
our analysis, as we were interested in the mechanisms underlying LVF and HYP seizure
onset patterns.

High-Frequency Oscillations Associated with LVF and HYP Onset Seizures

Evidence obtained from in vitro#” and in vivo®7 animal models as well as from epileptic
patients*8 indicates that HFO rate of occurrence increases shortly before the appearance of
ictal activity and remains high throughout. Ripples occur when inhibitory interneurons
entrain pyramidal cells and other interneurons into a rhythmic pattern of firing.1% We found
that optogenetic stimulation of interneurons that triggered LVF onset discharges were
associated with higher ripple rates at onset. Fast ripples, conversely, are thought to rely on
population spikes arising from hypersynchronous firing of small groups of principal
neurons.4® As expected, we found higher fast ripple rates at the onset of ictal discharges with
an HYP pattern triggered by optogenetic activation of CamKII-positive principal cells in the
EC. Our results therefore suggest that HFOs in different frequency bands during distinct
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seizure onset patterns reflect dynamic processes that may rest on the functional organization
of specific types of neuronal clusters.>6:8 However, further investigation is required to
confirm these presumptions, because oscillatory frequency alone is not sufficient to
distinguish between different pathological HFOs.%0

Concluding Remarks

Our results demonstrate the contribution of 2 types of GABAergic interneurons to LVF onset
discharges. We also discovered the ability to switch 4AP-induced LVF onset discharges to
HYP discharges by optogenetic activation of a local pool of principal glutamatergic cells in
EC. These findings can provide insight for clinicians to delineate better therapeutic targets in
the treatment of TLE depending on seizure onset patterns and the associated HFOs.
Additional studies should investigate the effect of optogenetic inhibition of these
interneurons or principal cells in modulating ictal discharge progression.
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FIGURE 1.
Low-voltage, fast ictal discharges can occur spontaneously or be triggered by optogenetic

activation of parvalbumin interneurons. (A) Spontaneous ictal discharges occurring during
bath application of 4-aminopyridine (4AP); 1 event is further expanded to show the onset
pattern (asterisk). (B) Ictal discharges evoked by 1-second light pulses at 0.2Hz during bath
application of 4AP; 1 of these events is further expanded to compare the onset patterns
(asterisk). Note that in both A and B, the ictal discharge is preceded by 1 or 2 negative-going
interictal field potentials (arrows). (C, D) Quantification of the duration and interval of
occurrence of the spontaneous and stimulated ictal events recorded in these experiments (*p
< 0.05).
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FIGURE 2.
Optogenetic activation of parvalbumin (PV) interneurons in the whole-cell configuration

triggers low-voltage, fast (LVF) ictal discharges. (A) Electrophysiological characterization
of an entorhinal cortex fast-spiking PV interneuron during injection of hyperpolarizing and
depolarizing current pulses (membrane potential [peak velocity]=—70mV; parameters of the
intracellular current pulses=600 milliseconds, =200 and 160pA; membrane
resistance=121MQ; access resistance=36MQ). (B) Responses generated by the same cell as
in A to 1-second light pulses delivered at 3-minute intervals. Note that similar action
potential discharges are generated over time. (C) Optogenetic activation of this interneuron
(and of the concomitant LVF ictal discharge) by a train of 1-second light pulses at 0.2Hz.
The onset of the ictal event is expanded below to further reveal the LVF pattern.
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FIGURE 3.

Low-voltage, fast ictal discharges can also be triggered by optogenetic activation of
somatostatin interneurons. (A) Spontaneous ictal discharges occurring during bath
application of 4-aminopyridine (4AP); 1 of the events is further expanded to show the onset
pattern (asterisk). (B) Ictal discharges evoked by a 30-second train of 1-second light pulses
at 0.2Hz during bath application of 4AP; 1 of the events is further expanded to compare the
onset patterns (asterisk). Note that in both A and B, ictal discharges are preceded by 1 or 2
negative-going interictal field potentials (arrows). (C, D) Duration and interval of occurrence
of spontaneous and stimulated ictal events are quantified (*p < 0.05). Note that we were able
to trigger ictal discharges at higher frequencies than what occurs spontaneously. (E)
Example 4AP-induced interictal discharges and ictal discharge triggered by trains of 1-
second light pulses; bath application of 50 uM picrotoxin and 4 pM CGP55845 blocked all
ictal discharges and responses to stimuli (see expanded example).
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FIGURE 4.
Hypersynchronous (HYP) ictal discharges can be triggered by optogenetic activation of

calmodulin-dependent protein kinase principal neurons. (A) Spontaneous ictal discharges
occurring during bath application of 4-aminopyridine (4AP); 1 of the events is further
expanded to show the onset pattern (asterisk). (B) Ictal discharges evoked by 20-millisecond
light pulses at 2Hz during bath application of 4AP; 1 of these events is further expanded to
compare the onset pattern (asterisk). Note that in B, the ictal discharge is preceded by
repeated spiking that is characteristic of HYP seizure onset (1 of these spikes is indicated by
an arrow). (C, D) Plots of the duration and interval of occurrence of spontaneous and
stimulated ictal events. Note that the stimulated HYP onset discharges were shorter than the
spontaneous low-voltage, fast discharges (*p < 0.05, **p < 0.01).
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FIGURE 5.
Optogenetic activation of calmodulin-dependent protein kinase (CamKIl) principal cells in

the whole-cell configuration triggers hypersynchronous (HYP) ictal discharges. (A)
Electrophysiological characterization of an entorhinal cortex CamKII neuron during
injection of hyperpolarizing and depolarizing current pulses (peak velocity=-70mV;
characteristics of the intracellular current pulses=600 milliseconds, —200 and 160pA;
membrane resistance=87MQ; access resistance=26MQ). (B) Successive responses to 20-
millisecond light pulses recorded from the same cell at 3-minute intervals. Note that similar
action potential discharges are generated over time. (C) Firing pattern of a principal cell
during a 4-aminopyridine—induced spontaneous low-voltage, fast (LVF) onset ictal
discharge. Note that the principal cell is quiescent at the onset of the LVF discharge. (D)
Optogenetic activation of a CamKII-positive neuron (and of the concomitant HYP ictal
discharge) by a train of 20-millisecond light pulses at 2Hz. The onset of the ictal event is
expanded below to further reveal the HYP pattern.
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FIGURE 6.
Blockade of glutamatergic neurotransmission abolishes both spontaneously occurring and

optogenetically induced ictal events. (A) Example of an ictal discharge induced by a train of
1-second light pulses at 0.2Hz that activate parvalbumin-positive interneurons in the
entorhinal cortex (EC) during bath application of 4-aminopyridine (4AP); a light-induced
interictal discharge is expanded on the right (asterisk). Note that bath application of 54M 3-
([~A]-2-carboxypiperazin-4-yl)-propyl-1-phosphonic acid (CPP) and 54M 6-cyano-7-
nitroquinoxaline-2,3-dione (CNQX) block all ictal discharges, whereas light-driven
presumptive y-aminobutyric acidergic (GABAergic) interictal events could be still evoked.
(B) Example of an ictal discharge induced by a train of 20-millisecond light pulses at 1Hz
activating calmodulin-dependent protein kinase—positive principal cells in the EC during
bath application of 4AP; part of the trace is further expanded to show the direct responses to
stimuli (asterisk). In this experiment as well, bath application of 5;M CPP and 54M CNQX
abolishes spontaneous and light-induced ictal discharges; under these condition, spontaneous
GABAergic discharges could, however, be recorded (arrow). Note that the small deflections
in the field potential trace coinciding with stimuli are stimulation artifacts.

Ann Neurol. Author manuscript; available in PMC 2017 March 01.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duasnuel Joymny YHID

Shiri et al.

Page 18

Spontaneous Stimulated

Ripples —
0.35 06 Al —

R>FR R>FR astRipples
0S0 — —

0.25

<
s
g o020
w
&
s 015
&
0.01
0.05
0.00
SOM
0671 Rr>FR R>FR 061 R=FR R>FR
0.5 0.5 1
§ 047 047
%
o]
I 031 031
]
© 2 E
o 0.2 0.2
0.1 0.1
0.0 0.0
CamKIl
0.7, 1.8
R >”FR R >»FR R >“FR : FR>R
0.64 164 —
1.4
054
c 1.2
2
g 9% 1.0
I
o 031 0.8
3]
0.6
o2
0.4
0.1 0.2
0.0 0.0
0 100 0 50 100
Ictal Progression (%) Ictal Progression (%)
FIGURE 7.

Specific patterns of high-frequency oscillations (HFOs) characterize low-voltage, fast (LVF)
and hypersynchronous (HYP) onset ictal discharges. Average rate of ripples (R) and fast
ripples (FR) are plotted over time for spontaneous 4-aminopyridine—induced (left) and
optogenetically stimulated (right) ictal discharges in parvalbumin (PV), somatostatin (SOM),
and calmodulin-dependent protein kinase (CamKII) slices (n=10 events for each plot).
Wideband recordings of spontaneous and stimulated ictal discharges were filtered to detect
HFOs throughout the event from the onset (0% progression) to the end of the ictal discharge
(100% progression). Note that ripple rates predominate in the LVF onset discharges,
whereas fast ripple rates are higher at the onset of HYP discharges triggered by CamKIlI-cell
stimulation (*p < 0.01).
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