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In vivo evaluation of the dentate gate theory in epilepsy

Esther Krook-Magnuson, Caren Armstrong, Anh Bui, Sean Lew, Mikko Oijala and Ivan Soltesz

Department of Anatomy and Neurobiology, University of California, Irvine, USA

Key points

e A key mechanistic concept in epilepsy is the dentate gate hypothesis, which argues that the
dentate gyrus protects hippocampal circuits from overexcitation and that a breakdown of this
gate leads to epilepsy.

e Direct in vivo evidence for the dentate gate hypothesis is lacking and it is therefore unclear
whether interventions selectively targeting the dentate gyrus would inhibit seizures.

e We demonstrate that on-demand optogenetic restoration of the dentate gate through selective
inhibition of granule cells is sufficient to inhibit spontaneous seizures in a mouse model of
temporal lobe epilepsy.

¢ By contrast, activation of granule cells worsens spontaneous seizures and can even induce acute
seizures in non-epileptic animals.

e These data provide direct evidence for the dentate gate hypothesis, indicate that the dentate
gyrus is indeed a critical node in temporal lobe seizure circuitry, and illustrate that the dentate
gyrus can be an effective target for seizure inhibition.

Abstract The dentate gyrus is a region subject to intense study in epilepsy because of its posited
role as a ‘gate’, acting to inhibit overexcitation in the hippocampal circuitry through its unique
synaptic, cellular and network properties that result in relatively low excitability. Numerous
changes predicted to produce dentate hyperexcitability are seen in epileptic patients and animal
models. However, recent findings question whether changes are causative or reactive, as well as
the pathophysiological relevance of the dentate in epilepsy. Critically, direct in vivo modulation of
dentate ‘gate’ function during spontaneous seizure activity has not been explored. Therefore, using
a mouse model of temporal lobe epilepsy with hippocampal sclerosis, a closed-loop system and
selective optogenetic manipulation of granule cells during seizures, we directly tested the dentate
‘gate’ hypothesis in vivo. Consistent with the dentate gate theory, optogenetic gate restoration
through granule cell hyperpolarization efficiently stopped spontaneous seizures. By contrast,
optogenetic activation of granule cells exacerbated spontaneous seizures. Furthermore, activating
granule cells in non-epileptic animals evoked acute seizures of increasing severity. These data
indicate that the dentate gyrus is a critical node in the temporal lobe seizure network, and provide
the first in vivo support for the dentate ‘gate’ hypothesis.
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Introduction

Epilepsy manifests with recurrent bursts of hyper-
synchronous neuronal activity that can arise from a
number of brain regions. The most commonly affected
regions are areas where recurrent excitatory networks
pre-exist and can serve as a substrate for this type
of activity, such as the temporal lobe, where recurrent
excitatory connections of the hippocampus are required
for normal spatial navigation, learning and memory
(Eichenbaum & Cohen, 2014; Hartley et al. 2014). Thus,
the dentate gyrus (DG), classically considered as the first
stop in the trisynaptic loop of entorhinal-hippocampal
circuitry within the temporal lobe (van Strien et al.
2009), has been extensively studied in both healthy and
pathological circumstances. Both the microcircuitry of
the DG and unique features of granule cells (GCs; the
main principal cell type of the DG) make them less easily
excitable than other types of principal cells: in healthy
tissue, GCs not only have extensive feedforward and feed-
back inhibition, but also intrinsic properties, such as a
particularly hyperpolarized resting membrane potential,
low input resistance and a relatively high threshold for
firing (Heinemann et al. 1992; Lothman et al. 1992; Mody
et al. 1992; Heinemann et al. 1993; Acsady et al. 1998;
Coulter, 1999; Henze et al. 2002; Lysetskiy et al. 2005;
Coulter & Carlson, 2007; Leutgeb et al. 2007; Morgan
et al. 2007; de Almeida et al. 2009; Armstrong et al.
2011; Armstrong et al. 2012; Yu et al. 2013). Therefore,
although substantial barrages of excitatory input may
arrive at the DG, there is normally only sparse activation
of GCs, limiting the input to downstream regions of the
hippocampus, where pyramidal cells can generate action
potentials more easily and where there are abundant
intrinsic recurrent excitatory connections. The limited
activation of GCs is important for pattern separation
functions during normal brain activity (Leutgeb e al.
2007; de Almeida et al. 2009) but, in addition, this may
help protect the vulnerable downstream hippocampal
formation and prevent seizure activity. Thelatter ideais the
basis of the dentate ‘gate’ theory of temporal lobe epilepsy
(TLE), which posits that seizures occur when the gate
function of the DG is disrupted such that excess excitation
emerges from or passes through the DG to downstream
regions (Heinemann et al. 1992; Lothman et al. 1992).
The dentate gate hypothesis has been a major and
frequently cited mechanistic concept in epilepsy for over
20 years (Heinemann ef al. 1992; Lothman ef al. 1992)
and, further illustrating the importance of this concept,
the National Institutes of Health has invested millions of
dollars in projects related to the DG and epilepsy in this
fiscal year alone (http://projectreporter.nih.gov). A wealth
of evidence in support of the theory has been found in
the numerous changes in this region in TLE that are pre-
dicted to cause hyperexcitability. These changes include,
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amongst many others, mossy fibre sprouting (such that
GCs form aberrant recurrent synapses onto other GCs,
a feature not observed in healthy tissue; Nadler et al.
1980; Zhang et al. 2012), altered intrinsic properties and
receptor expression (Coulter, 1999; Stegen et al. 2012)
and reduced GABAergic inhibition (Acsady et al. 1998;
Bouilleret et al. 2000; Kobayashi & Buckmaster, 2003;
Coulter & Carlson, 2007). A recent study found that
dysregulation in GCs of molecular pathways known to be
important in epileptogenesis can result in epilepsy (Pun
et al. 2012) and correlations have been reported between
seizure frequency and changes seen in the DG, including
mossy fibre sprouting (Marucci et al. 2010; Hester &
Danzer, 2013).

However, other work has demonstrated that, unex-
pectedly, it is possible to suppress certain changes con-
sidered to lead to hyperexcitability, such as mossy fibre
sprouting, without also suppressing seizures, questioning
the causality of the morphological changes observed in the
dentate in TLE (Buckmaster & Lew, 2011). Additionally,
calcium imaging of hippocampal slices suggests only an
initial, transient breakdown in the dentate gate prior to the
emergence of spontaneous seizures in a rat model of TLE,
with the temporoammonic pathway to the CAl region
instead showing the greatest dysregulation at a time when
the first spontaneous seizures appear (Wozny et al. 2005;
Ang et al. 2006; Pathak et al. 2007; Coulter et al. 2011).
These data raise the possibility that there is a primary
alternate pathway by which seizures spread that bypasses
the DG altogether. If this were the case, therapeutic inter-
ventions targeting the DG in an attempt to restore the
dentate gate in TLE would be ineffective at controlling
seizures. Importantly, direct in vivo evidence supporting
the dentate gate hypothesis in TLE has been conspicuously
lacking.

For the dentate gate hypothesis to be demonstrated
in vivo, inhibition of GCs during spontaneous temporal
lobe seizures to restore gate function should prevent over-
excitation of the rest of the hippocampal formation and
effectively stop seizure activity. If, however, an alternate
pathway bypassing the DG is the critical pathway involved
in TLE, targeting GCs would be ineffective at inhibiting
ongoing seizure activity. Similarly, overexcitation of GCs
to mimic a breakdown of the gate might be expected to
cause seizures. Optogenetics is a powerful tool that can
be harnessed to study epilepsy (Krook-Magnuson et al.
2014a) and has been successfully applied in animal models
of focal cortical epilepsy (Wykes ef al. 2012), cortical
stroke-induced thalamocortical epilepsy (Paz ef al. 2011)
and TLE (Krook-Magnuson et al. 2013), as well as to
inhibit acute seizures in vivo (Sukhotinsky et al. 2013;
Berglind et al. 2014; Chiang et al. 2014) and epileptiform
activity in vitro (Tonnesen et al. 2009; Berglind et al.
2014; Ledri et al. 2014). Importantly, by allowing direct
and selective manipulation of GCs in vivo, on-demand
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optogenetic techniques (Armstrong et al. 2013) provide
a straightforward way of directly testing the dentate gate
hypothesis.

Methods
Ethical approval

All procedures were approved by the UC Irvine Animal
Care and Use Committee and were carried out in
accordance with the Guide for the Care and Use of
Laboratory Animals of the National Research Council.

Animals

The molecular Cre-lox system permitted the selective
introduction of the inhibitory halorhodopsin (HR) or
the excitatory channelrhodopsin (ChR2) into specific
cell populations. Mice were generated by crossing
Cre lines expressing Cre either in DG GCs selectively
[B6.FVB-Tg(Pomc-cre)1Stl/]; stock 010714; Jackson
Laboratories, Bar Harbor, ME, USA] (McHugh et al. 2007)
or in principal cells broadly (including CAl pyramidal
cells: CamK-Cre; B6.Cg-Tg(Camk2a-cre)T29-1Stl/];
stock 005359; Jackson Laboratories) (Tsien et al
1996) with either floxed-STOP HR mice [Ai39;
B6;129S-Gt(ROSA)26Sortm39(CAGHOP/EYFP)Hze/J;

generated by Hongkui Zeng; stock 014539; Jackson
Laboratories] (Madisen et al. 2012) or floxed-STOP ChR
mice (Ai32; Rosa-CAG-LSLChR2H134R-EYFP-deltaNeo
generated by Hongkui Zeng; stock 012569; obtained
from the Allen Institute, Seattle, WA, USA; now
available from Jackson Laboratories) (Madisen et al.
2012). Ai39 and Ai32 lines were maintained by
crossing with C57BL/6 J mice (stock 000664; Jackson
Laboratories). For visualization, the GC-Cre line
was also crossed with a line expressing the red
fluorescent protein tdTomato in a Cre-dependent fashion
[B6;129S6-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J;

stock 007905; Jackson Laboratories] (Madisen et al. 2012).
Although Cre is transiently expressed in developing GCs
in the B6.FVB-Tg(Pomc-cre)1Stl/J line, recombination
leads to permanent opsin or tdTomato expression in
GCs with this approach. Images of expression were
acquired using either an Axioskop 2 plus (Carl Zeiss,
Oberkochen, Germany) and post-acquisition colouring,
or the confocal facility of the Optical Biology Shared
Resource centre at the University of California, Irvine.
GC-ChR2, GC-HR and GC-Tomato mice demonstrated
occasional scattered cortical cells with expression. The
location of these varied between animals and was not
within the path of light. However, in a subset of GC-ChR2,
GC-HR and GC-Tom animals, we found widespread
non-specific expression (potentially a result of transient
Cre expression during early development of the animal).
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Therefore, the expression in all GC mice was examined
post hoc, and animals with such non-selective expression
were not included in the analysis. This resulted in the
exclusion of 10 animals. Negative littermates were used
for opsin-negative controls. Animals were housed under
a 12:12 h light/dark cycle with access to food and water
available ad libitum. Male and female mice were used. At
the end of experiments, animals were deeply anaesthetized
with isoflurane, followed by rapid decapitation.

Epilepsy induction and monitoring

The procedures employed are similar to those described
in Krook-Magnuson et al. (2013) and a detailed protocol
is provided in Armstrong et al. (2013). We used
the unilateral intrahippocampal kainate model of TLE
(Cavalheiro et al. 1982), which best mimics unilateral
hippocampal sclerosis. Kainic acid (KA; 50-100 nL,
20 mMm in saline; Tocris Bioscience, St Louis, MO,
USA) was stereotaxically injected directly into the left
dorsal hippocampal formation (posterior 2.0 mm, lateral
1.25 mm, ventral 1.6 mm with respect to bregma) of
mice under isoflurane anaesthesia on or after postnatal
day 46. After at least 2 weeks, allowing for the emergence
of spontaneous recurrent seizures, optical fibres and
twisted wire bipolar electrodes were implanted into the
dorsal hippocampal formation (posterior 2.6 mm, lateral
1.75 mm, ventral 1.4 mm with respect to bregma). Light
was delivered ipsilaterally or contralaterally to the site of
previous kainate injection, as noted in the Results. Based
on previous estimates of the volume of light delivery
(Krook-Magnuson et al. 2013) and volume of the GC layer
(Peirce et al. 2003), in healthy tissue, this fibre location
would result in less than 5% of GCs being illuminated.
Seizures were detected and recorded from electrodes
located in the hippocampal formation ipsilateral to pre-
vious kainate injection; direct information about the
source or spatial profile of seizures was not obtained in
our experiments. The selection of our electrode placement
was based on previous studies indicating that, in this
model of epilepsy, spontaneous seizures typically arise
ipsilateral, and slightly posterior, to the site of previous
kainate injection (Cavalheiro et al. 1982; Bragin et al. 1999;
Haussler et al. 2012), such that the light stimulation was
directed at seizure activity in an area of the DG where
gate function was expected to be most compromised.
The extent of hippocampal sclerosis is variable between
animals; an example of the extent of sclerosis is provided
by Krook-Magnuson et al. (2013), who illustrate GC
dispersion and CA1 cell loss; note that the optical fibre was
not placed in the area of maximal hippocampal sclerosis
but rather where sclerotic and non-sclerotic tissue tended
to interface. In separate experiments, animals not pre-
viously injected with kainate (non-epileptic, kainate-naive
animals), were similarly implanted with optical fibres and
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bipolar depth electrodes. Data for some of the Cam-HR
mice used for comparison with the effects seen in GC-HR
mice were reported previously (in six animals). These
animals had optrodes targeted to above the CAl region
(ventral 1.25 mm with respect to bregma), with light
reaching an estimated depth of at least 0.55 mm from
the tip of the fibre, and thus also reaching the DG
(Krook-Magnuson et al. 2013). In two additional Cam-HR
animals, the placement of the optical fibre was lowered
to match that of GC-HR animals. The results obtained
at this location were not substantially different, and the
results from all Cam-HR animals were combined. After
recovery, 24 h video and EEG monitoring for seizures
and subsequent closed-loop seizure detection and/or light
delivery were initiated. On average, KA-injected animals
were implanted 15.9 £ 2.3 weeks after KA injection and
the effect of light on seizures was examined 19.9 £ 2.6
weeks after KA injection. There was no correlation between
seizure duration reduction and time subsequent to kainate
injection (P = 0.34, Spearman test).

Closed-loop seizure detection and light delivery

Closed-loop seizure detection and light delivery was
performed in a manner similar to that described by
Krook-Magnuson et al. (2013) and in more detail
by Armstrong et al (2013). For experiments using
on-demand light delivery, the hippocampal EEG signal
was analysed in real-time by a PC running a custom
MATLAB (http://www.mathworks.com) seizure detection
algorithm. A version of this software is available for down-
load from Armstrong et al. (2013). Once the presence
of spontaneous recurrent seizures in individual animals
was established, an experimenter identified features of the
early ictal electrographic signal to be used in triggering
the real-time closed-loop seizure detection software. The
recording software has been modified slightly and inter-
faces with a custom-built trigger control box for a more
accurate timing of light pulses. A fibre-coupled diode laser
(Shanghai Laser & Optics Century Co., Ltd, Shanghai,
China) of an appropriate wavelength to activate the opsin
expressed (473 nm for ChR2, 589 nm for HR) was used.
Steady state power measured post hoc from the tip of the
optical fibres was 9.3 + 0.6 mW. When a seizure was
detected, it was flagged for later review and, for a preset
percentage of events (in a random sequence), light delivery
(30 s of 50 ms on, 100 ms off for 473 nm; 30 s of 2000 ms
on, 50 ms off for 589 nm) was immediately triggered.
This allowed for each animal to serve as its own control,
in addition to opsin-negative controls. In non-epileptic
animals, triggering was instead performed in a scheduled
manner, with triggers occurring every 15 min and light
being delivered for 50% of triggers.
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Slice electrophysiology

Whole-cell patch-clamp recordings were made at 36°C
from coronal slices using artificial cerebrospinal fluid
(aCSF) containing (in mm) 2.5 KCl, 10 glucose, 126 NaCl,
1.25 NaH,PO,, 2 MgCl,, 2 CaCl, 26 NaHCOs. The
intracellular solution contained (in mm): 90 potassium
gluconate, 27.4 KCl, 1.8 NaCl, 1.7 MgCl,, 0.05 EGTA,
10 Hepes, 2 Mg-ATP, 0.4 Na,-GTP, 10 phosphocreatine,
8 biocytin; pH 7.2; 270-290 mosmol I!; pipette resistance:
3-4.5 MQ. Recordings were made a using a Multiclamp
700B, Digidata 1322A (Axon Instruments, Foster City,
CA, USA), a 4-10 kHz low pass filter and a sampling
rate of 10-50 kHz. Light was delivered through the
epifluorescence port of a Eclipse FN-1 (Nikon, Tokyo,
Japan), using a Lambda DG-4 with smart shutter and
Lambda SC controller (Sutter Instruments, Novato, CA,
USA) and TTL input from a Digidata 1322A (Axon
Instruments). Where noted in the text, 1 uM of TTX was
added to the aCSE

Scoring of behavioural seizures

The extended Racine scale of Pinel and Rovner (1978),
which also captures more severe behavioural seizures,
was modified to include additional phenotypes observed
(Racine, 1971; Pinel & Rovner, 1978; Luttjohann et al.
2009): stage 1: a change in behavioural state (sudden
behavioural arrest or sudden motion); stage 2: head
nodding; stage 3: forelimb clonus; stage 4: rearing,
or clonus when on belly, or strong hindlimb clonus
(bucking); stage 5: falling, or clonus when on side; stage 6:
multiple sequences of rearing and falling, or brief jumps;
stage 7: violent jumping; and stage 8: class seven, followed
by a period of tonus lasting longer than 5 s.

Statistical analysis

Electrographic seizure durations after the time of the
trigger and the time to next seizure were analysed offline
by reviewers who were blinded to the light condition
and genotype of the animal, and behavioural seizures
were confirmed by video and EEG analysis. Post-detection
seizure durations for light and no light conditions in
GC-HR animals were compared in each animal using a
two-sample Kolmogorov—Smirnov test and a two-tailed
Mann—Whitney test (93 &£ 5 seizure events per animal were
analysed to assess the effect of ipsilateral light delivery;
102 &£ 2 seizure events per animal were analysed to assess
the effect of contralateral light delivery). Group level
statistics for duration reduction and time to next seizure
used a Wilcoxon signed ranks test (light vs. no light) and a
Mann—Whitney test (opsin-expressing vs. opsin-negatives;
GC-HR vs. Cam-HR). Comparisons for the frequency

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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of events progressing to behavioural seizures in epileptic
GC-ChR2 animals with and without light delivery was
made using chi-squared tests (137 % 44 events per animal
were examined to assess the effect of ipsilateral light
delivery; 75 &£ 22 events per animal for contralateral light
delivery). In kainate-naive animals, a correlation between
the number of light deliveries (for light deliveries one to
eleven) and seizure duration or behavioural seizure score
was tested using Spearman’s correlation coefficient. Note
that this is a non-parametric test and does not assume a
linear relationship. Values presented are the mean + SEM.
P < 0.05 was considered statistically significant. Statistical
analysis was conducted using Excel 2007 and 2013 (Micro-
soft, Redmond, WA, USA), OriginPro 8 and 9 (OriginLab
Corp., Northampton, MA, USA) and Google documents
(https://docs.google.com).

Results
On-demand inhibition of dentate GCs

To gain selective optogenetic inhibition of GCs, we
generated chronically epileptic mice expressing the
inhibitory opsin HR in DG GCs (GC-HR) (Fig. 1) utilizing
a model of TLE with unilateral hippocampal sclerosis as
described in the Methods. GC-HR mice were injected
with KA in the left dorsal hippocampus, and the effect of
inhibition of GCs on spontaneous seizures was examined
during the chronic phase of the disorder. Expression of HR
selectively in GCs remained after chronic, spontaneous
seizures emerged (specificity of expression was confirmed
post hoc for all animals included in the present study).
Light delivery produced robust inhibitory currents, hyper-
polarizing GCs (Fig. 1D and E).

During closed-loop spontaneous seizure detection
and intervention in vivo, amber light was immediately
delivered upon seizure detection above the DG (reaching
a depth of ~0.55 mm from the tip of the optical fibre;
Krook-Magnuson et al. 2013; thus reaching both blades
of the DG) for 50% of detected events in a random
fashion, allowing each animal to serve as its own inter-
nal control. As noted above, seizures in this model
typically arise ipsilateral to the site of prior kainate
injection (Bragin et al. 1999), and thus the region of
the hippocampal formation with the greatest probablility
of having a compromised dentate gate was the region
both recorded from and targeted with light. Supporting
the dentate gate hypothesis, we found that ipsilateral
on-demand light delivery in GC-HR mice dramatically
truncated seizures (75 £ 7% stopping within 5 s of
light delivery; post-detection seizure duration, light vs. no
light, P < 0.05 Wilcoxon test; six animals) (Fig. 1F-H).
On average, there was a 66 + 4% duration reduction
(P < 0.01, opsin-positive vs. opsin-negative controls,
Mann—Whitney). There was no effect on time to next
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seizure, indicating a lack of any rebound effect (P = 0.2).
These data illustrate that selective inhibition of dentate
GCs is able to inhibit temporal lobe seizure activity arising
from regions of the hippocampus where there is probably
most deficient DG function.
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Figure 1. On-demand restoration of the dentate gate inhibits
spontaneous temporal lobe seizures

Crossing a mouse line expressing Cre in DG GCs (visualized in A and
B, by crossing with a tdTomato reporter line; red in the online
version) with a mouse line expressing the inhibitory opsin HR in a
Cre-dependent fashion, produced mice with HR expressed selectively
in DG GCs (GC-HR). Selectivity of opsin expression was maintained
in epileptic animals (C, yellow fluorescent protein tagged HR; green
in the online version). The edge of the slice and the border between
CA1 and the alveus are drawn in A for reference. D and £, whole-cell
patch-clamp recordings from epileptic brain slices revealed robust
light-induced inhibition of GCs of opsin-expressing but not
opsin-negative animals. (Peak, peak-induced currents; End, current
measured at the end of 10 s of pulsed light delivery; Neg,
opsin-negative controls. The number of cells recorded is indicated in
each bar. D, summary voltage clamp data. £, example current clamp
recording). F-G, in vivo online detection of spontaneous seizures
allowed on-demand light delivery, which rapidly truncated seizures
when delivered to the hippocampus ipsilateral to prior KA injection
(example animal: vertical blue lines indicate seizure detection; amber
bars indicate light delivery; hashed bars indicate events not receiving
light; G, inset: expansion of the first 5 s after light delivery; 100
seizures; colour is shown in the online version). H, the inhibition of
seizure duration achieved with selective inhibition of GCs is
comparable to that achieved with broader inhibition of excitatory
cells including CA1 pyramidal cells (Cam-HR; shown for reference in
H; each dot represents one animal). Scale bars: A, 200 um; B and C,
left 200 wm, right 30 um; £, 5mV, 1s; F, 0.2 mV, 5.
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We previously demonstrated significant seizure control
with on-demand light delivery to the hippocampal
formation in mice broadly expressing HR in excitatory
cells, including CAl pyramidal cells (Cam-HR mice;
Krook-Magnuson et al. 2013). We therefore also directly
compared the seizure control obtained with this broader
inhibition with the seizure control obtained with selective
inhibition of GCs. Selectively inhibiting GCs produced
comparable seizure control (Cam-HR 72 £ 6% duration
reduction; eight animals; GC-HR 66 + 4% duration
reduction, as discussed above; Cam-HR vs. GC-HR:
P = 0.33, Mann—Whitney) (Fig. 1H), indicating that, by
identifying a key component of the network, improved
intervention specificity can be achieved without sacrificing
efficacy, and that the DG is a necessary participant in
ongoing seizure activity.

We additionally tested the efficacy of light delivered
contralateral to the site of previous kainate injection
and recording electrode in GC-HR mice and found that
it did not affect seizure duration (light vs. no light,
GC-HR: P = 1.0, Wilcoxon). Therefore, inhibition of GCs
ipsilaterally (and not contralaterally) inhibits seizures.
Given that seizures in this model typically arise ipsilateral
and in relatively close proximity to the site of prior kainate
injection (Bragin et al. 1999; Haussler et al. 2012), and that
GCs do not have contralateral projections, in the context
of the dentate gate hypothesis, these findings suggest that
inhibiting GCs can prevent seizure activity only where
changes indicative of dentate gate breakdown occur.

Direction of modulation is a critical factor

Recent work examining cerebellar directed intervention
for TLE unexpectedly found that the direction of
modulation of cerebellar neurons was not a critical
factor in achieving a reduction in seizure duration, with
optogenetic excitation or inhibition of cerebellar neurons
inhibiting seizures (Krook-Magnuson et al. 2014b). We
thus investigated whether the direction of modulation
is a critical factor in achieving seizure inhibition when
targeting DG GCs in the hippocampal formation, or
whether a disruption of on-going activity through
on-demand optogenetic activation rather than inhibition
of GCs could also inhibit seizures. To be able to selectively
excite GCs, we generated mice expressing the excitatory
opsin ChR2 selectively in GCs (GC-ChR2) and tested
the effect of on-demand optogenetic intervention in these
animals. Light delivery produced strong direct excitation
of GCs (Fig. 2A and B; light-induced action potentials in
6 of 6 GCs recorded in current clamp; on average, light
induced 820 &= 150 pA in 7 GCs recorded in voltage clamp),
which remained in the presence of TTX (Fig. 2B, inset;
90 =4 5% of induced current remained in TTX; 3 GCs), as
well as indirect excitation of downstream CA3 pyramidal
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cells, which was blocked in the presence of TTX (Fig. 2G;
average peak current in regular aCSF: 270 £ 110 pA;
abolished by TTX; 3 CA3 pyramidal cells).

Rather than truncating spontaneous seizures, in
vivo on-demand light delivery to chronically epileptic
GC-ChR2 mice increased the probability of electrographic
seizures becoming large behavioural seizures (seizures
were 90 times more probable to become alarge behavioural
seizure with light delivery; light vs. no light, P < 0.001,
x%; behaviour included rearing with forelimb clonus,
falling and violent jumping; five animals; Fig. 2D). Light
delivery to the contralateral hippocampus also induced
behavioural seizures (Fig. 2E; light vs. no light, P < 0.001,
x?; four animals). These data indicate that increased
excitatory drive to GCs selectively is sufficient to push
the network to behavioural seizures in epileptic animals,
and that this occurs not only when excitatory drive is
increased in areas of expected dentate gate compromise,
but also in the contralateral hippocampus where dentate
gate restoration had no effect on ongoing seizure activity.

Seizure induction in kainate-naive animals

Given the finding that activation of GCs worsened, rather
than inhibited, seizures in epileptic animals, and that
this occurred even with contralateral activation (distant
from the site of dentate gate injury, in a location where
inhibition had no effect on seizure activity), we reasoned
that overexcitation of GCs, effectively selectively collapsing
or bypassing the dentate gate in the targeted region, may be
sufficient to induce seizures in kainate-naive non-epileptic
animals. To achieve this, we implanted optrodes in
non-epileptic (kainate-naive) GC-ChR2 animals and
repetitively stimulated DG GCs unilaterally for 30 s with
atleast 15 min between stimulation periods. This protocol
of 30 s of pulsed light delivery was chosen to mimic the
previous on-demand experiments performed in epileptic
animals and determine whether the DG is a sufficiently
powerful region to generate seizures in kainate-naive
animals. As such, the parameters do not represent an
attempt to mimic the overexcitation of GCs probably
occurring spontaneously in epileptic animals during end-
ogenously occurring seizure activity.

Light delivery to the DG in kainate-naive GC-ChR2
animals was capable of inducing seizures (Fig. 3) (in total,
30 of 47 light deliveries produced behavioural seizures
in three animals). The duration and severity of seizure
activity in response to light increased with repeated light
delivery, resembling a kindling effect seen with electrical
stimulation (Racine et al. 1973; Pinel & Rovner, 1978),
and seizure duration outlasted light delivery (Spearman’s
correlation coefficient for seizure duration: 0.50; P < 0.01;
Spearman’s correlation coefficient for behavioural seizure
score: 0.69; P < 0.001; Fig. 3). Light never produced a

© 2015 The Authors. The Journal of Physiology © 2015 The Physiological Society
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seizure in opsin-negative kainate-naive controls (367 light
deliveries in four animals). These findings indicate that
the selective excitation of GCs, mimicking a breakdown
of the dentate gate, is sufficient to induce seizures even in
non-epileptic animals.

Discussion

Using optogenetics to selectively manipulate GCs in
the DG, we demonstrate that (i) on-demand selective
inhibition of GCs ipsilateral to kainate injection effectively
stops spontaneous temporal lobe seizures; (ii) the
direction of modulation is a critical factor, such that
excitation of GCs worsens, rather than inhibits, seizures;
and (iii) selective optogenetic activation of GCs can induce
acute seizures in kainate-naive, non-epileptic animals.
These findings provide direct support for the dentate
gate hypothesis because inhibition of the DG in areas of

A

GC
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hippocampal sclerosis, and thus of predicted dentate gate
breakdown, inhibits spontaneous temporal lobe seizures
being propagated through the region. In addition, the
DG is a sufficiently powerful node in the circuit such
that driving GCs can generate seizures even in healthy,
non-sclerotic tissue.

Our findings suggest that, although blocking some of
the changes in the dentate associated with TLE may not be
sufficient in isolation to stop the generation of seizures
(Buckmaster & Lew, 2011), and although alternative
pathways may exist (Wozny et al. 2005; Coulter et al. 2011),
the DG is a critical component of the seizure circuitry. The
numerous changes seen in hippocampal sclerosis that lead
to DG hyperexcitability are indeed probably pathogenic,
and the DG can be an effective target for the inhibition
of seizures. The fact that selective inhibition of GCs
produced a robust inhibition of seizures comparable to the
broad inhibition of excitatory neurons in the hippocampal
formation (including CA1 pyramidal cells) illustrates that,

B

D ipsilateral

D

epileptic
Figure 2. Excitation of GCs worsens
spontaneous seizures
A, light-induced excitation of a GC in a slice from
an epileptic GC-ChR2 animal. B, robust
light-induced currents in a GC, which remain in the
presence of TTX (inset). Grey traces: individual
sweeps; black traces: average. C, optogenetic
activation of GCs produces postsynaptic currents in
a downstream CA3 pyramidal cell (PC), which are
eliminated by the application of TTX (inset). D and
E, on-demand light delivery to the dentate gyrus in
mice expressing the excitatory opsin ChR2 in GCs
(GC-ChR2 mice) ipsilateral (D) or contralateral
(E) to previous kainate injection causes
electrographic seizures to progress to large
behavioural seizures. Right: each dot pair
represents one animal. *P < 0.001 (chi-squared).
Scale bars: A, 10 mV, 50 ms; B and C, 100 pA,
20 ms; D and £, 0.1 mV, 10 s. Boxes (coloured blue
in the online version) denote light delivery. Vertical
lines (coloured green in the online version) indicate
online seizure detection. Large amplitude signals
include a movement artefact and have been
truncated.

(f 'ﬁ)
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by identifying a key component in the network, increased
specificity of intervention can be achieved without greatly
sacrificing efficacy.

In considering these findings, it is important to
emphasize that, although dysfunction of the dentate
clearly allows the propagation of seizure activity through
the hippocampal formation in temporal lobe seizures,
our findings have limited spatial implications about the
propagation patterns, and certainly do not imply that
upstream regions such as the entorhinal cortex are not
involved in seizure initiation, nor do they indicate a
unique or privileged role of the dentate in stopping
seizure activity. Modulating any essential node within
the seizure circuitry, or even modulating other brain
regions that have strong influence on any of the essential
nodes, may effectively inhibit seizures as well. Indeed,
modulating the activity of certain extrahippocampal
regions is known to modulate temporal lobe seizures
(Fisher, 2013; Bertram, 2014; Krook-Magnuson et al.

A
(ﬁ‘ %) 2
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4 [{=]
S 80 5 g
5 6ol > 2
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s t 3
3 401 L3 &
. 2 8
201 [, °®
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1 3 5 7 9 N
# of light delivery

Figure 3. Excitation of GCs is sufficient to induce seizures in
kainate-naive animals
A, example responses to repeated light delivery in a kainate-naive
GC-ChR2 animal. Small grey numbers under traces indicate the
number of light delivery. Boxes (coloured blue in the online version)
denote 30 s of pulsed light delivery. Large amplitude signals include
a movement artefact and have been truncated. Scale bar: 0.1 mV,
20 s. B, seizure duration and severity increases with repeated light
delivery. Each symbol represents the seizure duration from a given
animal; shading (coloured blue in the online version) indicates the
duration of light delivery (left axis). The black line indicates the
average behavioural seizure score (right axis). Seizure scoring was
based on the extended Racine scale of Pinel & Rover (1978), as
detailed in the Methods.
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2014b), and changes seen in other brain regions, including
in the CAl and the temporoammonic pathway, may also
contribute to seizure propagation. Alternative potential
sites of intervention do not detract from the significance
of the dentate gate hypothesis, nor from the finding that
the DG is a critical node in the network and an effective
target for seizure inhibition. With the recent approval of
medical devices in human patients that are capable of
delivering closed-loop electrical interventions to specific
brain regions in response to seizure activity (Heck et al.
2014), understanding seizure circuitry becomes even more
beneficial because the findings may be more readily trans-
lated for clinical use. Future work examining other nodes
or modulatory regions will provide increasing insight into
the mechanisms and underlying architecture of seizures
and epilepsy, and will also identify new intervention
strategies.

Traditional medications, which have broad effects in
numerous brain areas, can have major negative side effects,
and restricted intervention strategies may reduce any
negative side effects. Although our understanding of the
exact changes that critically contribute to the breakdown
of the dentate gate is still incomplete, the findings obtained
from numerous studies of this region in epilepsy hint at a
number of unique changes that may make excellent targets
for interventions. The results of the present study clearly
demonstrate that the DG is an essential node in TLE with
hippocampal sclerosis, and indicate that an intervention
approach selectively targeting GCs or otherwise improving
dentate gate function may be an effective strategy for
inhibiting seizures and also reducing side-effects.
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