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Abstract

Enhancing the brain’s endogenous inhibitory mechanisms represents an important
strategy for suppressing epileptic discharges. Indeed, drugs that boost synaptic
inhibition can disrupt epileptic seizure activity, although these drugs generate
complex effects due to the broad nature of their action. Recently developed
chemicogenetic techniques provide the opportunity to pharmacologically enhance
endogenous inhibitory mechanisms in a more selective manner. Here we use
chemicogenetics to assess the anti-epileptic potential of enhancing the synaptic
output from three major interneuron populations in the hippocampus: parvalbumin
(PV), somatostatin (SST) and vasoactive intestinal peptide (VIP) expressing
interneurons. Targeted pre- and post-synaptic whole cell recordings in an in vitro
hippocampal mouse model revealed that all three interneuron types increase their
firing rate and synaptic output following chemicogenetic activation. However, the
interneuron populations exhibited different anti-epileptic effects. Recruiting VIP
interneurons resulted in a mixture of pro-epileptic and anti-epileptic effects. In
contrast, recruiting SST or PV interneurons produced robust suppression of
epileptiform activity. PV interneurons exhibited the strongest effect per cell, eliciting
at least a five-fold greater reduction in epileptiform activity than the other cell types.
Consistent with this, we found that chemicogenetic recruitment of PV interneurons
was effective in an in vivo mouse model of hippocampal seizures. Following efficient
delivery of the chemicogenetic tool, pharmacological enhancement of the PV
interneuron population suppressed a range of seizure-related behaviours and
prevented generalized seizures. Our findings therefore support the idea that selective
chemicogenetic enhancement of synaptic inhibitory pathways offers potential as an

anti-epileptic strategy.


https://doi.org/10.1101/291179
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/291179; this version posted March 29, 2018. The copyright holder for this preprint (which was

64

65
66
67
68
69
70
71
72
73
74

75

not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

Significance statement

Drugs that enhance synaptic inhibition can be effective anticonvulsants but often
cause complex effects due to their widespread action. Here we examined the anti-
epileptic potential of recently developed chemicogenetic techniques, which offer a
way to selectively enhance the synaptic output of distinct types of inhibitory neurons.
A combination of in vitro and in vivo experimental models were used to investigate
seizure activity in the mouse hippocampus. We find that chemicogenetically
recruiting the parvalbumin-expressing population of inhibitory neurons produces
the strongest anti-epileptic effect per cell, and that recruiting this cell population can
suppress a range of epileptic behaviours in vivo. The data therefore support the idea
that targeted chemicogenetic enhancement of synaptic inhibition offers promise for

developing new treatments.
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- Introduction

77  The intrinsic inhibitory system of the brain is an important target for anti-epileptic
78  drugs, since abnormalities in GABAergic function often result in epilepsy (Treiman,
79 2001) and drugs that enhance GABA-mediated inhibition can be potent
80 anticonvulsants (Czapinski et al., 2005). However, because of their system-wide
81 actions, these drugs exhibit multiple deleterious side-effects (Snodgrass, 1992; Mula,
82  2011). Whilst GABAergic signalling can become altered in cells within the epileptic
83 focus (Cohen et al., 2002; Huberfeld et al., 2007; Pallud et al., 2014), inhibitory
84  mechanisms remain effective within the ‘penumbra’ surrounding the epileptic focus
85 and are able to oppose seizure spread (Trevelyan et al., 2006, 2007; Schevon et al.,
86 2012; Cammarota et al., 2013). Selectively enhancing these endogenous inhibitory
87 mechanisms therefore offers the potential to disrupt the propagation of epileptic
88 discharges.

89 The region of the brain that often contains the epileptic focus in patients — the
90 hippocampus — includes multiple subtypes of GABA-releasing interneurons, which
91 are thought to vary in terms of their inhibitory capacity (Klausberger et al., 2003;
92  Klausberger and Somogyi, 2008). For instance, because of their intrinsic properties
93 and the fact that they target the perisomatic compartment of multiple pyramidal
94 neurons, parvalbumin-expressing (PV) interneurons have been considered
95 particularly effective at inhibiting principal neurons (Cobb et al., 1995; Freund and
96  Buzsaki, 1996; Miles et al., 1996) and at restricting the propagation of network
97 activity (Trevelyan et al., 2006; Cammarota et al., 2013). Meanwhile, because of their
98 post-synaptic targeting, somatostatin-expressing (SST) interneurons have been
99 associated with the regulation of dendritic excitability (Miles et al., 1996; Paz and

100  Huguenard, 2015), which can then affect the spiking output of principal neurons
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101  (Lovett-Barron et al.,, 2012). Other interneuron subtypes, such as vasoactive
102 intestinal polypeptide-expressing (VIP) interneurons, can mediate disinhibitory
103 effects as well as inhibitory effects, virtue of the fact that many of their postsynaptic
104 targets are interneurons (Acsady et al., 1996; David et al., 2007; Pfeffer et al., 2013).
105 Consistent with these ideas, studies using optogenetic strategies to increase
106 interneuron activity have reported promising results in terms of reducing seizure
107  activity (Krook-Magnuson et al., 2013, 2014; Ledri et al., 2014), as well as supporting
108 the conclusion that interneuron subtypes can exert differential effects upon seizure
109 generation and progression (Cammarota et al., 2013; Krook-Magnuson et al., 2013;
110  Sessolo et al., 2015; Khoshkhoo et al., 2017). The temporally-synchronous nature of
111 optical activation can also generate counterintuitive effects, as the simultaneous
112 recruitment of interneurons can enhance network synchronization and actually
113  initiate epileptiform activity (Sessolo et al., 2015; Yekhlef et al., 2015; Chang et al.,
114 2018).

115 A novel alternative strategy is afforded by chemicogenetic tools such as
116  Designer Receptors Exclusively Activated by Designer Drugs (DREADDs), which use
117  pharmacological agents to enhance or inhibit the activity of defined cell populations
118 (Alexander et al., 2009; Roth, 2016; Smith et al., 2016). DREADDs are mutated
119  human muscarinic receptors that can be expressed under the control of a cell-specific
120 promoter and are not activated by endogenous ligands, but are activated by drugs
121 such as clozapine N-oxide (CNO). Activating excitatory DREADDs, such as the
122  human type-3 muscarinic designer receptor coupled with the Gq protein (hM3Dq
123 receptor), is thought to enhance neuronal excitability by downregulating ion
124  channels that hyperpolarise the membrane (Alexander et al., 2009).

125 Excitatory hM3;Dq DREADDs have been used to activate interneurons in

126  several brain regions (Hamm and Yuste, 2016; Chen et al., 2017; Funk et al., 2017;
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127  Wang et al., 2017). However, it remains unclear to what extent different subtypes of
128 GABAergic interneurons can be modulated via DREADDs, and whether
129  chemicogenetic control of different interneurons is a viable strategy for reducing
130 epileptic activity. Here we demonstrate that three of the major interneuron subtypes
131  in the hippocampus (PV-, SST- and VIP-expressing interneurons) can be successfully
132 recruited with excitatory DREADDs. The subtypes differ however, in their capacity to
133 increase post-synaptic inhibition in principal neurons and in their ability to reduce
134  epileptiform network activity. Our study suggests that chemicogenetically enhancing

135  specific interneuron populations may offer an effective anticonvulsant strategy.
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136 Materials and Methods

137 Preparation and viral transduction of organotypic

138 hippocampal brain slices

139  All animal work relating to in vitro preparations was carried out in accordance with
140 the Animals (Scientific Procedures) Act, 1986 (UK) and under project and personal
141 licenses approved by the Home Office (UK). Mouse organotypic hippocampal brain
142  slice cultures were prepared from 5-to-7-day-old heterozygous or homozygous, male
143  or female PV-Cre mice (B6;129P2-Pvalbtmi(cre)arbr/J The Jackson Laboratory), SST-
144 IRES-Cre mice (Ssttm21i(cre)zh/J The Jackson Laboratory), or VIP-IRES-Cre mice
145  (Viptmuere)Zih/J The Jackson Laboratory), as described by Stoppini et al., 1991. All
146  reagents were purchased from Sigma-Aldrich, unless stated otherwise. The brains
147 were extracted and transferred into cold (4°C) dissection media containing Earle's
148 Balanced Salt Solution + CaCl> + MgSO,4 (Thermo Fisher Scientific), supplemented
149  with 25.5 mM HEPES, 36.5 mM D-glucose and 5 mM NaOH. The hemispheres were
150  separated, and the individual hippocampi were dissected and immediately sectioned
151 into 400-um-thick slices on a Mcllwain tissue chopper (Mickle, UK). Slices were
152  then rinsed in cooled dissection media, placed in 6-well plates onto sterile, porous
153 Millicell-CM membranes, and maintained for 2-to-8 weeks in culture media
154 containing 78.8% (vol/vol) Minimum Essential Media + GlutaMAX-I (Thermo
155 Fisher Scientific), 20% (vol/vol) heat-inactivated horse serum (Thermo Fisher
156  Scientific), 1% (vol/vol) B27 (Thermo Fisher Scientific), 30 mM HEPES, 26 mM D-
157  Glucose, 5.8 mM NaHCOj3, 1 mM CaCl., 2 mM MgSO,4-7H-0, and incubated at 35.5-

158 t0-36°Cin a 5% CO- humidified incubator.


https://doi.org/10.1101/291179
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/291179; this version posted March 29, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

159 After 3-to-5 days in culture, organotypic hippocampal slices were transduced
160 with adeno-associated virus (AAV, serotype 8) containing loxP-flanked, inverted
161 DNA sequences under the control of the human Synapsin 1 promoter (University of
162  North Carolina Gene Therapy Center Vector Core and Addgene, USA). Viral DNA
163  contained the double-floxed sequence for hM3;Dg-mCherry (Addgene #44361), which
164  was used to target the excitatory DREADDs to specific cre-expressing populations. In
165 control experiments and to determine interneuron expression profiles, viral DNA
166  contained the double-floxed sequence for EGFP (Addgene #50457). Transduction
167 was achieved by injecting viral particles (mixed with 1% wt/vol fast-green for
168  visualization) into 5-to-10 locations along the pyramidal cell layer of the
169  hippocampal slices. Injection pipettes were pulled from glass capillaries (1.2 mm
170  outer diameter, 0.69 mm inner diameter; Warner Instruments) using a horizontal
171 puller (Sutter P-97), mounted on a manual manipulator (Narishige, Japan) and
172  monitored under a microscope (Leica S6E) coupled with an external fibre optic light
173  source (Photonic Leica CLS 100X). A Picospritzer II system (General Valve)
174  delivered controlled pressure pulses (5-to-10 psi for 1 s) to facilitate gradual diffusion
175 of the viral solution into the tissue. Typical titers were ~10'2 IU/ml and injection
176  volumes were ~250 nL per slice. Feeding media was supplemented with 1% (vol/vol)
177  antibiotic and antimycotic solution (with 10,000 units penicillin, 10 mg streptomycin
178 and 25 pug amphotericin B per mL) for up to two feeding sessions after injection and

179  slices were allowed at least two weeks for expression before being used.

180 Electrophysiological recordings in vitro

181  The organotypic hippocampal slices were transferred to a recording chamber, where
182 they were maintained at 28°C and continuously superfused with artificial

183  cerebrospinal fluid (aCSF) containing (in mM): NaCl (120), KCI (3), MgCl- (0.5-to-

9
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184 1.5), CaCl: (2-to-3), NaH-PO, (1.2), NaHCO; (23), D-Glucose (11) and ascorbic acid
185 (0.2). Osmolarity was adjusted to 2900 mOsm and pH was adjusted to 7.36 with
186 NaOH. Oxygen and pH levels were stabilised by bubbling the aCSF with 95% O- and
187 5% CO-. Neurons within the hippocampal formation were visualised with 10x and
188  60x water-immersion microscope objectives (Olympus BX51WI) and targeted for
189  single or dual-patch whole-cell recordings. Patch pipettes of 4-to-9 MQ tip resistance
190 were pulled from filamental borosilicate glass capillaries with an outer diameter of
191 1.2 mm and an inner diameter of 0.69 mm (Warner Instruments), using a horizontal
192  puller (Sutter P-97). For current clamp recordings, pipettes were filled with a
193 potassium-gluconate internal solution (134 mM K-gluconate, 2 mM NaCl, 10 mM
194 HEPES, 2 mM Na-ATP, 0.3 mM NaGTP, 2 mM MgATP), which had been set to a pH
195 of 7.36 using KOH, and an osmolarity of 2900 mOsm. For recording post-synaptic
196  inhibitory currents in voltage clamp, pipettes were filled with a caesium-gluconate
197 internal solution (120 mM Cs-gluconate, 4 mM NaCl, 40 mM HEPES, 2 mM MgATP,
198 0.3 mM NaGTP and 0.2 mM QX-314). Before use, internal solutions were filtered
199 with a 0.22 pm syringe filter (Merck Millipore). Pipettes were mounted to a
200 headstage (CV-7b, Molecular Devices, USA) and controlled via a Multiclamp 700B
201 amplifier (Axon CNS, Molecular Devices). Following entry into whole cell
202 configuration, access resistance (Ra) was monitored every 2 minutes and
203 experiments were only included if Ra remained stable and below 25 MQ. Recordings
204 were low-pass filtered online at 2 kHz (8-pole Bessel), acquired using Clampex
205 software (pClamp 10, Molecular Devices), and exported into Matlab (R2017a,
206  Mathworks) for off-line analysis using custom-made scripts.

207 To examine the direct effects of activating excitatory DREADDs upon
208 interneuron excitability, current clamp recordings were conducted in aCSF

209 containing kynurenic acid (3 mM) and hM3;Dq receptors were activated by bath

10
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210 application of CNO (10-20 uM, Tocris, Bio-Techne). The spontaneous action
211  potential firing rate of each interneuron was compared for a 5-minute period before
212 and after CNO application, having allowed 3 minutes for the CNO to reach the
213 chamber. To measure the post-synaptic GABAergic currents induced by activating
214  hMj3Dq receptors in a specific interneuron population, voltage-clamp recordings were
215 conducted by clamping CA1 and CA3 pyramidal neurons at the reversal potential for
216  glutamatergic current (EcLur) in the presence of kynurenic acid. Once recordings had
217  stabilised, the amplitude of post-synaptic inhibitory conductances were compared
218  across two-minute periods recorded under baseline conditions, after bath application

219  of CNO and then after co-administration of CNO and tetrodotoxin (TTX, 1-2 uM).

220 Quantification of seizure-like events in vitro

221 A semi-automated detection algorithm was used to identify the start and end of
222  individual spontaneous seizure-like events (SLEs) in vitro. Current-clamp traces
223  were down-sampled to 1 kHz and then band-pass filtered (typically 0.05-t0-0.2 Hz)
224  using a Bessel filter (274 order). The signal was corrected for the rise time of the filter
225 and subsequently rectified, thresholded and binarised, merging events that were
226 close in time (typically under 1 minute apart), and ignoring events shorter than 5
227  seconds. Experiments to test the effects of a drug (e.g. CNO) comprised a 15-minute
228  baseline, followed by a 3 minute period to allow the drug to reach the recording
229 chamber, and a further 15-minute period in which the slice was continuously
230 superfused with drug-containing aCSF. The 15-minute time periods (‘baseline’ and
231 ‘drug’) were assessed using the same SLE detection settings. Total SLE activity was
232  defined as the sum of time that the slice displayed SLE activity during a 15-minute

233  period. SLE frequency was calculated from the number of SLEs that initiated during

11
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234 a 15-minute period and SLE length was the mean duration of individual SLEs that

235 were completely contained within a 15-minute period.

236 Viral transduction of hippocampal interneurons in vivo

237  All animal procedures relating to in vivo experiments were carried out with the
238 approval of the local ethics committee for animal research in Bucharest and in
239 accordance with European Union Directive 2010/63/EU on the protection of
240 animals used for scientific purposes. For viral injections, adult animals of either sex
241  were anaesthetised with isoflurane (maintained at 1.5-2%, 0.4 L/min) and mounted
242  on a stereotaxic instrument (Kopf, RWD Life Science). The level of anaesthesia was
243  continuously monitored, eye drops (Corneregel, Bausch & Lomb) were applied to
244  avoid corneal desiccation and a heat pad system (DC Temperature Controller, FHC)
245 was used to maintain the body temperature in the physiological range. Wiretrol 11
246  glass capillaries (Drummond Scientific) were pulled using a vertical puller (Narishige
247  PC-10, Japan) and connected to the Hamilton syringe via compression fittings (RN 1
248 mm, Hamilton, USA). Small craniotomies were generated with a precision drill (FBS
249 240/E, Proxxon Micromot) and hippocampal bilateral injections were performed
250 both dorsally (-2.18 anteroposterior (AP), 2.3 mediolateral (ML), 2.4-1.85
251 dorsoventral (DV), relative to Bregma) and ventrally (-2.7 AP, 2.9 ML, 3.1-2.25 DV,
252  relative to Bregma) at a rate of 1.66 nL/s, slowly retreating the injection pipette (0.91
253 um/s) to maximise delivery throughout the hippocampus. The injection was
254  controlled via a micromanipulator (NeuroCraft MCM, FHC) attached to a syringe
255 (705RN, 50 uL, Hamilton, USA). Each of four injection tracks was infused with 1350
256  nL of virus (Addgene, USA), of which 170 nL were delivered at each end of the track.
257  After infusing the target volume of viral solution, a time window of 5 minutes

258 allowed the virus solution to spread through the hippocampal tissue before the

12
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259 injection pipette was completely retracted. After allowing 2 to 6 months for
260 expression, and at least three days before commencing seizure experiments, mice
261 were anaesthetised and implanted with an infusion cannula (C315GS-5 guide
262 cannula, Plastics One, USA) directly over the viral injection site in the right dorsal
263  hippocampus. The cannula was secured to the skull via bone cement (Refobacin R40,

264 Biomet UK).

265 Quantification of epileptic behaviour in vivo

266  For each seizure experiment, mice were briefly anaesthetised with isoflurane to allow
267 insertion of the infusion cannula into the guide cannula, such that the tip of the
268 infusion cannula was located within the hippocampus at -2.18 AP, 2.3 ML, 2.2 DV,
269 relative to Bregma. At this point, an intraperitoneal (i.p.) bolus of solution containing
270 CNO (4 mg/kg with 4% dimethyl sulfoxide (DMSO) in saline) or vehicle (4% DMSO
271 in saline) was administered and the mouse was allowed to fully recover from
272  anaesthesia for 15 minutes before starting experiments. To monitor behaviour, the
273  mouse was placed in a square arena (400 mm x 400 mm) in which it was able to
274  move freely virtue of a connector assembly (C313C, Plastics One, USA) and swivel
275  system (375/22PS blue, 22ga, Instech, USA), which connected the infusion tubing to
276 a1 pL syringe (7101, Hamilton, USA) controlled by an infusion pump (IVAC P6000,
277  Cardinal Health). Following a 20 minute baseline period, 4-aminopyridine (4-AP)
278  was infused directly into the hippocampus according to a spaced delivery protocol
279  (three 4-AP infusions, each separated by 12 minutes and consisting of a 200 nL
280 injection of 2 mM 4-AP over 2 minutes). Infusions were terminated immediately if
281 the mouse reached the stage of generalised motor convulsions. Throughout each
282  experiment video recordings were performed using two high speed, high definition

283 cameras located at a right angle from each other (Hero 3+ Silver, GoPro, USA) at 60

13
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284 frames per second, 1920x1080 pixels per frame. Polarised filters were used to reduce
285 glare from the arena walls. A third camera captured the animals’ movements directly
286 from above, allowing to track the location and locomotor activity of the mouse at any
287  given time point. The epileptic behaviour was blindly scored using the Racine scale.
288 Individual behaviours were considered as binary point events across time at a
289 sampling frequency of 1 Hz. Events were then weighted according to the Racine
290 classification of that behaviour: 1. orofacial clonic activity (Racine 1); 2. head
291 nodding (Racine 2); 3. limb clonic activity (Racine 3); 4. retreating/rearing with
292  orofacial clonic activity (Racine 4); 5. rearing and falling and/or jumping (Racine 5 -
293  generalised motor convulsions). Rearing and falling was considered as the ‘threshold

294  seizure’ behaviour.

295 Immunohistochemistry and quantification of interneuron

296 distribution

297  For in vitro studies, organotypic hippocampal slices expressing hM3;Dg-mCherry or
298 EGFP in specific interneuron populations were fixed overnight at 4°C in 4%
299 paraformaldehyde with 4% sucrose, in 0.01 M phosphate buffer solution (PBS), pH
300  7.4. The slices used for immunofluorescence were washed and embedded in 3% agar,
301 and re-sectioned at 50 um on a vibrating microtome (Microm HM 650V, Thermo
302 Fisher Scientific). For in vivo studies, mice expressing hMs;Dq-mCherry were
303 transcardially perfused and the brains sectioned at 50 um. PV expression was
304 visualised by incubating sections in 1:500 guinea pig primary antibody (cat. no. 195
305 004, Synaptic Systems) in PBS with 0.3% Triton-X (PBST) with 1% normal goat
306 serum (NGS, Thermo Fisher Scientific) overnight at 4°C, followed by 1:500 Alexa
307 488 goat anti-guinea pig secondary antibody (Thermo Fisher Scientific) in PBST with
308 1% NGS overnight at 4°C. For SST immunolabeling, the tissue was processed with a

14
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309 Dbasic antigen retrieval kit at 95°C for 10 minutes (R&D Systems). All sections were
310 pre-incubated in 10% NGS in PBST for at least 2 h at room temperature. SST
311  expression was visualised by incubating sections in 1:250 rat primary antibody (MAB
312 354, Millipore) in PBST with 1% NGS for 11 days at 4°C, followed by 1:500 Alexa 488
313  goat anti-rat secondary antibody (Thermo Fisher Scientific) in PBST with 1% NGS for
314 2 days at 4°C. VIP expression was visualised by incubating sections in 1:5000 rabbit
315 primary antibody (donation from Professor Peter P. Somogyi) in PBST with 1% NGS
316  for 2 days at 4°C, followed by 1:500 Alexa 488 goat anti-rabbit secondary antibody
317 (Thermo Fisher Scientific) in PBST with 1% NGS overnight at 4°C. Finally, all
318 sections were mounted in Vectashield (Vector Laboratories) and images were
319 captured with an LSM 880 confocal microscope equipped with 488 nm and 561 nm
320 lasers, a 20x water-immersion objective (W Plan-Apochromat, NA 1.0) and
321  controlled via the ZEN black software (Zeiss).

322 To determine the number and distribution of soma and processes associated
323 with each interneuron subtype, we performed quantitative image analysis on
324 organotypic hippocampal slices from PV-cre, SST-cre and VIP-cre mice that had
325 been injected with floxed AAVs. Slices were subjected to confocal microscopy and, in
326 the resulting images, the CA areas were linearized along the pyramidal layer and the
327 soma of fluorescent neurons were automatically detected via a custom-made, two-
328 pass algorithm extracting maximally stable extremal region features using Matlab
329 (Matas et al., 2004; Nistér and Stewénius, 2008). The number of virally-transduced
330 interneurons was derived directly from the number of fluorescent soma per optical
331 section. Meanwhile, to describe the distribution of processes associated with each
332 interneuron subtype, soma were digitally removed from the linearized images to

333 generate a transverse expression profile of fluorescent processes relative to the
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334 pyramidal cell layer. To compare across multiple interneuron populations, these

335 expression profiles were normalised by the area under each curve.

336 Data analysis

337 Digital signal processing and presentation were performed using custom-made
338 programs in the Matlab environment (R2017b, Mathworks). Figures were built using
339 vector-based graphic design in CorelDraw (X6, Corel Corporation) and the statistical
340 software GraphPad Prism (v6.01, GraphPad Software). Video data processing for
341 tracking locomotor activity of animals was performed using the open-source software
342 Bonsai v2.3 (Lopes et al., 2015). Data are presented as mean + standard error of
343 mean (SEM) and the statistical tests are reported at the relevant points in the text
344 (GraphPad Prism; Matlab). Non-parametric tests were used when a normal
345 distribution of data could not be ascertained. Appropriate post-hoc tests were used

346  when ANOVA tests confirmed a statistically significant effect.
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347 Results

348 The activity of distinct hippocampal GABA-releasing
349 interneuron populations can be enhanced with excitatory

350 DREADDs

351 To examine the potential of chemicogenetically enhancing the synaptic output of
352 hippocampal interneurons, we used mouse organotypic hippocampal brain slices.
353 This system enabled us to perform targeted patch clamp recordings to determine the
354 pre-synaptic and post-synaptic efficacy of DREADDs, as well as the opportunity to
355 examine the impact of interneuron recruitment upon spontaneously generated
356 epileptiform activity. As in previous work (Trevelyan et al., 2006; Fujiwara-
357 Tsukamoto et al.,, 2007; Sessolo et al., 2015), our recordings from excitatory
358 pyramidal neurons within the Cornu Ammonis (CA) areas revealed that organotypic
359 hippocampal brain slices exhibit reproducible spontaneous SLEs that can be
360 quantified and exhibit a sustained duration (mean duration was 48.3+8 s) and stable
361 frequency (Fig. 14,B; Dyhrfjeld-Johnsen et al., 2010; Berdichevsky et al., 2012; Lillis
362 et al., 2015; Liu et al., 2017). Consistent with epileptiform activity in many systems
363 (Trevelyan et al., 2006; Fujiwara-Tsukamoto et al., 2007; Sessolo et al., 2015), these
364 spontaneous SLEs recruited both excitatory and inhibitory neurons within the
365 hippocampal network. Paired recordings revealed that during each SLE, both
366 excitatory and inhibitory neurons are recruited within the CA areas (Fig. 1C), which
367 results in intense barrages of glutamatergic and GABAergic post-synaptic currents
368 converging upon pyramidal neurons (Fig. 1D). By combining promoter-specific cre-

369 recombinase mice with floxed chemicogenetic constructs, we were then able to
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370 investigate the cellular and network effects of delivering DREADDs to specific
371  interneuron populations.

372 PV interneurons are a principal GABAergic population of the hippocampus,
373  which reside primarily within the pyramidal layer of all CA areas (Pawelzik et al.,
374 2002; Klausberger and Somogyi, 2008), and whose axons target the somatic
375 compartment of pyramidal neurons (Pawelzik et al., 2002; Bartos and Elgueta, 2012;
376  Hu et al., 2014). Consistent with this, injection of AAV containing floxed constructs
377 into organotypic hippocampal slices from PV-cre mice resulted in somatic and
378  process expression that was restricted to the pyramidal cell layer (Fig. 1E,F). This is
379  consistent with previous observations that organotypic slices retain fundamental
380 features of the intact circuit, including the subcellular targeting of perisomatic and
381  dendritic domains of pyramidal neurons by distinct interneuron populations (Streit
382 et al., 1989; De Simoni et al., 2003; Cristo et al., 2004). Our immunohistochemical
383 experiments confirmed that the PV interneurons could be efficiently and specifically
384 targeted with a floxed excitatory DREADD construct, which resulted in the
385 expression of the human type-3 muscarinic designer receptors coupled with the Gq
386 protein (hM3Dq receptor). Two-to-four weeks after viral transduction with AAVs-
387  hSyn-DIO-hM3;Dg-mCherry, the majority of expressing neurons were shown to be
388 immunopositive for PV (95.2+1.5% ‘specificity’) and the majority of all PV
389 immunopositive neurons were expressing hM3;Dg-mCherry (90.5+1.4% ‘efficiency’;
390 Fig. 1G). To assess whether the hM3Dq receptors could be activated and increase the
391 output of the PV interneuron population, current clamp recordings were targeted to
392 hM3Dg-mCherry positive neurons. The addition of the hM3Dq ligand, CNO, led to a
393 significant increase in the firing rate of PV interneurons, from 0.5+0.3 Hz during

394 baseline, to 1.9+1.1 Hz in the presence of CNO (Fig. 1H).
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395 To examine the potential to chemicogenetically enhance the output of two
396 other major hippocampal interneuron subtypes, we used organotypic hippocampal
397 slices generated from SST-cre mice and VIP-cre mice, in order to target hM3Dq
398 receptors to SST and VIP interneurons, respectively (Fig. 2). Consistent with
399 previous evidence that SST interneurons target the dendritic compartments of
400  hippocampal principal neurons (Katona et al., 1999; Lovett-Barron et al., 2012), we
401 confirmed that the soma and processes of SST interneurons are located within
402  stratum oriens and lacunosum-moleculare, and tend to avoid the pyramidal cell
403 layers of the CA regions (Fig. 24,B). Immunohistochemistry confirmed that the SST
404 interneurons could be efficiently and specifically targeted with hM3;Dq receptors in
405  SST-cre slices. Two-to-four weeks after viral transduction with AAVs-hSyn-DIO-
406  hM3Dg-mCherry, the majority of expressing neurons were immunopositive for SST
407  (94.1£1.6 specificity) and the majority of all SST immunopositive neurons were
408  expressing hM3;Dg-mCherry (89.6+1.5% efficiency; Fig. 2C). Finally, to assess
409  whether the hM3Dq receptors could be activated and increase the output of the SST
410 interneuron population, current clamp recordings were targeted to hM3Dg-mCherry
411 positive neurons. The addition of CNO was shown to cause a significant increase in
412  the firing rate of SST interneurons, from 1.1+0.5 Hz during baseline, to 3.7+1.3 Hz in
413  the presence of CNO (Fig. 2D).

414 We next assessed the potential to chemicogenetically target the VIP
415 interneuron population (Fig. 2E). Consistent with previous evidence showing that
416  distinct VIP interneuron subtypes target O-LM interneurons and the perisomatic
417  regions or proximal dendrites of pyramidal neurons (Léranth et al., 1984; Acsady et
418 al., 1996; Chamberland and Topolnik, 2012), we confirmed that the soma and
419 processes of virally-transduced VIP interneurons were located within stratum

420 radiatum/lacunosum-moleculare, pyramidale and oriens in slices from the VIP-cre
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421 mice (Kohler, 1982; Taniguchi et al., 2011; Botcher et al.,, 2014) (Fig. 2F).
422 Immunohistochemistry confirmed that the VIP interneurons could be efficiently and
423 specifically targeted with floxed constructs delivered by AAV. Two-to-four weeks
424  after transduction, the majority of expressing neurons were immunopositive for VIP
425  (81.2+2.4% specificity) and the majority of VIP immunopositive neurons expressed
426 the floxed construct (81.6+4.4% efficiency; Fig. 2G). Finally, activating hM3Dq
427 receptors targeted to VIP interneurons by CNO increased the firing rate from
428  0.01+0.01 Hz during baseline, to 0.1+0.1 Hz in the presence of CNO (Fig. 2H).

429 A summary plot for the three interneuron populations confirmed that the
430  expression profiles of PV, SST and VIP interneurons were significantly different from
431 one another (Fig. 2I) and were consistent with data from acute preparations of
432 mouse hippocampus (Taniguchi et al., 2011; Lovett-Barron et al., 2012). Meanwhile,
433 CNO-mediated activation of hM3Dq receptors resulted in comparable fold-increases
434 in spiking activity across the three interneuron populations: PV interneurons showed
435 a 4.1x2.4 fold increase in their firing rate, SST interneurons showed a 3.4+1.2 fold

436 increase and VIP interneurons showed a 7.9+4.4 fold increase (Fig. 2.J).

437 Chemicogenetic enhancement of specific GABAergic
438 interneuron populations can attenuate hippocampal
439 epileptiform activity in vitro

440 To investigate the potential anti-epileptic effects of chemicogenetically enhancing the
441  output of interneuron populations, excitatory DREADDs were targeted to one of the
442 interneuron subtypes in organotypic hippocampal slices from PV-cre, SST-cre or

443  VIP-cre mice. After 2-to-4 weeks to allow for viral-mediated expression of the hM3Dq

444  receptors, spontaneous SLEs were recorded from CA1 or CA3 pyramidal neurons
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445 before and after CNO-mediated activation of the relevant interneuron population.
446  Automated detection of the spontaneous SLEs (see Materials and Methods) provided
447 quantification of the total SLE activity and then a breakdown in terms of the effects
448 upon SLE frequency and individual SLE duration. In PV-targeted slices (Fig. 34),
449 CNO-mediated activation of hM3Dq receptors significantly reduced the total SLE
450  activity (from 247.5+47.8 s during baseline to 116.5+47.4 s during CNO), which
451 resulted from a significant decrease in SLE frequency (from 17.6+5.3 SLEs/h during
452  baseline to 8.4+3.3 SLEs/h during CNO), without affecting the duration of individual
453 SLEs (65.8+15.7 s during baseline and 77.5+27.4 s during CNO) (Fig. 3B). In SST-
454  targeted slices (Fig. 3C), CNO-mediated activation of hM3Dq receptors also
455  significantly reduced total SLE activity (from 263.2+41.4 s during baseline to
456  133.3+40.2 s during CNO), which involved a decrease in SLE frequency (from
457 26+6.8 SLEs/h during baseline to 13.3+3.5 SLEs/h during CNO), without
458  significantly affecting individual SLE length (72+21.7 s during baseline and
459  47.6x14.5 s during CNO) (Fig. 3D). In VIP-targeted slices (Fig. 3E), CNO-mediated
460 activation of hM3Dq receptors did not decrease the total SLE activity (234.3+40.6 s
461  during baseline and 256.3+62.7 s during CNO). Whilst enhancing VIP interneuron
462  output led to a decrease in SLE frequency (from 21.7+4.3 SLEs/h during baseline to
463  17.3+4 SLEs/h during CNO), there was a simultaneous significant increase in the
464  duration of individual SLEs (from 43.5+10.3 s during baseline to 69.4+19.6 s during
465 CNO) (Fig. 3F). Finally, to assess potential off-target effects of CNO, the drug was
466  bath-applied during the recording of spontaneous SLEs in control slices that were
467 not expressing excitatory DREADDs (Fig. 3G). In these experiments, no changes
468  were detected for total SLE activity (329.9+63.8 s during baseline and 332.8+82.3 s

469  during CNO), SLE frequency (23.2+5.8 SLEs/h during baseline and 20+5.1 SLEs/h
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470  during CNO), or individual SLE length (56.5+12.4 s during baseline and 46.2+12.2 s
471  during CNO) (Fig. 3H).

472 Comparisons across the different interneuron populations confirmed subtype-
473  specific effects. Total SLE activity was reduced by more than half following activation
474  of either PV interneurons (down 58.2+10.3%) or of SST interneurons (down
475 50.8410.5%), and both of these reductions were significantly greater than the change
476  in total SLE activity induced by recruiting VIP interneurons (up 12.7+15.4%) (Fig.
477  3I). Each of the interneuron populations was able to decrease SLE frequency: PV
478  interneurons by 55.4+10.1%, SST interneurons by 36.7+13% and VIP interneurons by
479  26.3+10.4% (Fig. 3J). Meanwhile, only the VIP population increased individual SLE
480 length by 57.5+28.4%, as compared to the effect upon SLE length of activating SST (-
481 16.1£10.6%) or PV interneurons (4.4+14.7%) (Fig. 3K). These observations are
482  consistent with previous evidence that VIP interneurons can actually promote
483  ongoing epileptiform activity, perhaps because they mediate disinhibitory effects as a
484 result of preferentially innervating other GABAergic interneurons (Pi et al., 2013;
485 Karnani et al., 2016; Khoshkhoo et al., 2017; Ye and Kaszuba, 2017). In summary
486  therefore, chemicogenetically enhancing the output of interneuron populations can
487 generate effective anti-epileptic effects, but the effectiveness of this approach

488  depends upon the interneuron subtype.

489 Chemicogenetically-enhanced interneuron subtypes differ in

490 their post-synaptic inhibition of pyramidal neurons

491 To examine the cellular basis of these anti-epileptic effects, we performed voltage
492 clamp recordings to compare how chemicogenetic recruitment affects the post-
493  synaptic inhibition that converges upon pyramidal neurons. CA1 and CA3 pyramidal

494 neurons were recorded with a caesium-based internal solution containing QX-314,
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495 and held at EcLur to isolate inhibitory post-synaptic currents (Fig. 4A4,C,E). For each
496  of the three interneuron populations (PV, SST and VIP), CNO-activation of hM3Dq
497 receptors resulted in a significant increase in post-synaptic inhibitory input (Fig.
498 4A,C,E). Furthermore, for each interneuron population, the CNO-induced increases
499 in post-synaptic inhibition were abolished by bath application of the voltage-gated
500 Na+ blocker, TTX (1-2 uM; Fig. 4A,C,E). This confirmed that in each case, the post-
501 synaptic inhibition was the result of CNO-mediated increases in action potential-
502 evoked GABA release from the interneurons. Following recruitment of PV
503 interneurons, the total inhibitory post-synaptic input to pyramidal neurons increased
504 from 11+4.2 pA/ms to 34+6.1 pA/ms and was abolished by TTX (-0.5+0.1 pA/ms;
505 Fig. 4B). Following recruitment of SST interneurons, the total inhibitory post-
506  synaptic input to pyramidal neurons increased from 9.3+2.6 pA/ms to 126.6+14.6
507 pA/ms, and was abolished by TTX (0.3+0.5 pA/ms; Fig. 4D). Following recruitment
508 of VIP interneurons, the total inhibitory post-synaptic input to pyramidal neurons
509 increased from 5.7+1.1 pA/ms to 16.2+2.4 pA/ms, and was abolished by TTX
510 (0.4+0.7 pA/ms; Fig. 4F). At the population level, the overall increase in post-
511  synaptic inhibitory input resulting from CNO-mediated activation of hM3Dq
512 receptors was highest for the SST interneuron population (increase of 116.7+15.5
513 pA/ms), then the PV interneuron population (increase of 22.6+5.7 pA/ms), and then
514  the VIP interneuron population (increase of 10.3+2.3 pA/ms).

515 To compare across the different subtypes, we expressed our measurements of
516 inhibitory efficacy in terms of individual interneurons. First, the CNO-induced
517  increase in post-synaptic inhibitory input was normalised by the number of hM3Dg-
518  expressing cells, as determined from stereological cell counts in the hippocampal
519  slices (Fig. 5A; see Materials and Methods). The amount of inhibitory post-synaptic
520 input elicited by CNO activation was found to be similar for an individual PV
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521 interneuron (1.0 + 0.3 fold, relative to a PV interneuron) and an SST interneuron (1.1
522  + 0.1 fold, relative to a PV interneuron), both of which were five times greater than
523 for an individual VIP interneuron (0.2 + 0.1 fold, relative to a PV interneuron; Fig.
524  5B). Second, to relate this to anti-epileptic efficacy, we normalised the effects upon
525 total SLE activity by the number of hM3;Dq-expressing cells. These data indicated that
526 individual PV interneurons had the greatest anti-epileptic effect (1.0 + 0.2 fold,
527 relative to a PV interneuron), which was at least five times more than the anti-
528 epileptic effect associated with an individual SST interneuron (0.2+0.04 fold, relative
529 to a PV interneuron) or VIP interneuron (-0.1+0.1 fold, relative to a PV interneuron;
530 Fig. 5C). These observations are consistent with the idea that, as a result of their
531 peri-somatic targeting of pyramidal neurons and their extensive axonal arbors, the
532 recruitment of an individual PV interneuron can mediate particularly effective
533 inhibition of pyramidal neurons (Freund and Buzsaki, 1996; Miles et al., 1996;

534  Pouille et al., 2013).

535 Chemicogenetic recruitment of PV interneurons attenuates

536 seizure activity in vivo

537 To further assess the potential of this chemicogenetic strategy, we designed an in
538 vivo study to investigate the anti-epileptic effects of enhancing interneuron output.
539 Given our findings in vitro, the PV interneurons were selected as an effective cell
540 population to target with excitatory DREADDs in a temporal lobe model of in vivo
541  seizure activity. The hM3Dq receptor was delivered to PV hippocampal interneurons
542 by bilateral injections of AAVs-hSyn-DIO-hM3;Dg-mCherry in the hippocampus of 4-
543  to-14-month-old PV-cre mice (Fig. 6A). The virus was delivered at multiple depths
544 in the ventral and dorsal hippocampus, which resulted in extensive expression of the
545 hM;3Dgq receptor across the rostro-caudal axis (Fig. 6B,C). The majority of all virally-
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546  transduced neurons were immunopositive for PV (86.42 + 1.43% specificity) and the
547 majority of PV immunopositive neurons expressed hM3;Dg-mCherry (89.17+2.12%
548 efficiency; Fig. 6D).

549 To investigate the effect of activating PV interneurons on epileptiform activity
550 in vivo, acute seizures were triggered by intra-hippocampal infusion of 4-AP. From
551 2-months after viral-mediated delivery of the hM3Dq receptor, the PV-cre mice were
552 implanted with an intra-hippocampal infusion cannula. Animals underwent four
553  seizure experiments, each separated by three days. Animals were randomised to
554  receive an i.p. injection of either CNO or vehicle in their first experiment, and then
555 alternated between CNO and vehicle for subsequent experiments. Each i.p. injection
556  was delivered 15 minutes before the animal was placed in an arena and their freely
557 moving behaviour was monitored for a period of 80 minutes using high-speed, high-
558  definition cameras (Fig. 7A). Following a 20-minute baseline period, 4-AP was
559 infused directly into the hippocampus according to a spaced delivery protocol (three
560 4-AP infusions, each separated by 12 minutes; see Materials and Methods).

561 For our initial analysis, we scored the time of the first generalised motor
562  convulsion episode as the ‘generalised seizure threshold’ (i.e. reaching level 5 on the
563 Racine scoring, at which point 4-AP infusions were terminated). The probability of
564 reaching the generalised seizure threshold in the control experiments (i.e. vehicle
565 injections) was highest between the second and third 4-AP infusions, with a
566  probability of 0.43 + 0.13 (N=12 experiments in 7 animals, reaching seizure
567 threshold 12-24 minutes after the start of the 4-AP infusion protocol). In contrast,
568  this probability was dramatically reduced to 0.07 + 0.07 in animals that had received
569 CNO injections to enhance the activity of their hippocampal PV interneurons (N=14
570  experiments in 7 animals). These effects were evident across the monitoring period,
571 as shown by cumulative probability plots for generalised seizure threshold (Fig. 7B).
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572 To assess whether this reduction in generalized seizures was associated with non-
573  specific effects upon behaviour, we monitored the animals’ locomotor activity
574  throughout the experiment via a camera mounted above the behavioural arena.
575 These data revealed that the distribution of time spent throughout the arena was
576  indistinguishable between the vehicle and CNO-treated groups (Fig. 7C,D),
577  supporting the conclusion that the CNO-mediated reduction in generalised seizures
578  was not associated with a non-specific effect upon locomotor activity.

579 To provide a more detailed description of the epileptic seizure activity, each
580 animal’s behaviour was scored blindly using the five-point Racine scale, at a
581 sampling frequency of 1 Hz across at least 70 minutes per experiment (Fig. 8A; see
582  Materials and Methods). Racine categorization of epilepsy-related behaviour
583 included orofacial clonic activity (Racine 1), head nodding (Racine 2), limb clonic
584 activity (Racine 3), retreating/rearing with orofacial clonic activity (Racine 4) and
585 rearing and falling and/or jumping (Racine 5). These analyses revealed that CNO-
586 mediated recruitment of hippocampal PV interneurons caused a reduction in the
587 frequency of epileptic behaviours across the Racine categories (Fig. 8B). To
588 characterise the temporal aspects of these effects, the Racine scoring scale was used
589 to generate an integrated measure of epileptic-related behaviour that could be
590 tracked over time (see Materials and Methods). This integrated measure revealed
591 that CNO-mediated recruitment of hippocampal PV interneurons reduced the
592  occurrence of all epileptic behaviours by 85% compared to controls (Fig. 8C). In
593 summary therefore, these results are consistent with the conclusion that
594 chemicogenetic recruitment of PV interneurons is able to effectively supress seizure

595  activity in vivo.
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s06  Discussion

597 Here we demonstrate the potential to generate anti-epileptic effects through the
598 chemicogenetic enhancement of distinct populations of GABAergic interneurons.
599 Using cre-recombinase mouse technology and viral delivery of excitatory DREADDs
600 (Alexander et al., 2009; Roth, 2016; Smith et al., 2016), we demonstrate the efficacy
601 of chemicogenetic recruitment of the PV, SST and VIP interneuron populations.
602 Targeted whole cell recordings from both the pre-synaptic interneurons and post-
603 synaptic principal neurons revealed that all three interneuron types increased their
604 firing rate and synaptic output following CNO-mediated activation of hM;3Dq
605 DREADD receptors. Using the same in vitro system, we show that the interneuron
606 populations exert different effects upon epileptiform activity. Chemicogenetic
607 enhancement of either the PV or SST interneurons decreased spontaneous
608 epileptiform activity, through a reduction in the frequency of SLEs. In contrast,
609 enhancing VIP interneuron activity did not reduce total epileptiform activity. When
610 accounting for the relative density of cells, PV interneurons generated the strongest
611 anti-epileptic effect per cell. Finally, to confirm the potential of such an intervention
612  strategy, chemicogenetic activation of PV interneurons was assessed in an in vivo
613 model of temporal lobe seizures. Chemicogenetically boosting PV interneuron
614 activity significantly lowered the level of epilepsy-related behaviours and the
615 probability of reaching the threshold for generalised convulsions.

616 Previous work has shown that targeting pyramidal neurons with inhibitory
617 DREADDs can mitigate seizure activity (Katzel et al., 2014; Avaliani et al., 2016). The
618  current study extends this by demonstrating that, although they make up a relatively
619 small proportion of the network, chemicogenetically recruiting GABAergic

620 populations can mediate robust anti-epileptic effects. Enhancing such endogenous
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621 inhibitory mechanisms may represent an attractive intervention strategy, as
622 interneurons can exert widespread effects on the tissue and inhibitory circuits are
623 recruited as excitatory network activity intensifies (Trevelyan et al.,, 2006;
624 Derchansky et al., 2008; Schevon et al.,, 2012; Cammarota et al., 2013). The
625 inhibitory network is therefore well-placed to respond to, and prevent, the spread of
626 excitation from one or more sites in the tissue. However, given their diversity, the
627  particular interneuron population that is targeted is likely to be important. In line
628  with this prediction, our data show that chemicogenetic enhancement of VIP
629 interneurons did not reduce overall seizure activity and in fact increased the duration
630 of individual SLEs. This is in-line with observations that the preferential post-
631 synaptic targets of VIP interneurons are other GABAergic interneurons (Acsady et
632 al., 1996; David et al.,, 2007; Pfeffer et al., 2013), and that activating VIP
633 interneurons could prevent downstream GABAergic interneurons from
634 counteracting seizure-related excitation. Consistent with such a disinhibitory effect, a
635 recent study has shown that blocking VIP interneuron spiking can attenuate seizure-
636 related activity (Khoshkhoo et al., 2017). More generally, this supports the
637 conclusion that recruiting all inhibitory interneurons could generate complex effects
638 and the importance of regulating specific interneuron types.

639 In contrast to VIP interneurons, PV and SST interneurons have been shown to
640 preferentially target principal neurons (Klausberger et al., 2003). PV interneurons
641 comprise mainly basket cells and axo-axonic cells, which synapse on the soma and
642 axon-initial segment of pyramidal neurons (Klausberger and Somogyi, 2008). The
643 dense axonal branching of a PV interneuron is therefore restricted to the pyramidal
644 layer, but is broadly distributed with a transverse extent of ~1 mm in the rodent
645 hippocampus. This can generate widespread synaptic inhibition, with each cell

646 targeting the perisomatic region of around 1500-2000 pyramidal neurons (Freund
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647 and Buzsaki, 1996). SST interneurons meanwhile, mainly synapse on the dendrites of
648  pyramidal neurons (Klausberger and Somogyi, 2008), where they regulate dendritic
649 activation (Miles et al., 1996) and may account for as much as half of the firing rate
650 increase following complete removal of inhibition (Lovett-Barron et al., 2012).

651 In our experiments, DREADD activation of either PV or SST interneurons
652 resulted in pronounced increases in spike-evoked, post-synaptic inhibitory currents
653 in pyramidal neurons and strong attenuation of spontaneous SLEs. For both cell
654 types, we observed a ~50% reduction in the total SLE activity, which was driven by a
655 decrease in the probability of SLE initiation. At the population level, enhancing SST
656 interneurons generated the largest post-synaptic inhibitory currents in pyramidal
657 neurons. Although when adjusted for cell numbers, we estimated that individual PV
658 interneurons elicited equivalent post-synaptic inhibitory currents and a five-fold
659  greater attenuation of SLE activity. These observations are consistent with evidence
660 that GABAergic inputs to the axo-somatic region can exert particularly powerful
661 inhibitory effects (Vu and Krasne, 1992; Cobb et al., 1995) and that PV interneurons
662 are primarily responsible for mediating the synaptic restraint that can oppose the
663 initiation and propagation of seizure activity (Cammarota et al., 2013; Paz and
664 Huguenard, 2015). In the context of epilepsy, the targeting of PV interneurons may
665 also be more preferable because there are reports that the SST interneuron
666 population become depleted (Robbins et al., 1991; Cossart et al., 2001).

667 In agreement with these ideas and our in vitro results, we demonstrate that
668 excitatory DREADDs in PV interneurons can generate potent anticonvulsant effects
669 in vivo. Using a behavioural model in which epileptic seizures are initiated in the
670  hippocampus, we show that chemicogenetic enhancement of PV interneurons within
671  the hippocampus can significantly reduce the level of epilepsy-associated behaviours
672 and the probability that the network crosses a threshold for generalised seizures.
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673 Interestingly, this reduction in epileptic behaviour was not associated with general
674 effects on the animal’s locomotor activity, suggesting that the chemicogenetic
675 enhancement of PV interneurons becomes evident when the network enters a pre-
676  epileptic state, rather than causing widespread effects upon network activity. More
677 generally, the data illustrate that chemicogenetically enhancing a specific
678 interneuron population can produce effective anticonvulsant effects.

679 A series of studies using rodent models have successfully applied optogenetic
680 approaches for disrupting and dissecting epileptiform networks. Like chemicogenetic
681 approaches, optogenetics lends itself to cell-type targeting and this work has helped
682  define the role of different interneuron types. For example, it has been shown that
683 when combined with real-time seizure detection methods, temporally controlled
684  optogenetic activation of interneuron populations can provide effective disruption of
685 epileptic activity (Krook-Magnuson et al., 2013, 2014; Ledri et al., 2014; Sessolo et
686 al., 2015; Assaf and Schiller, 2016; Khoshkhoo et al., 2017). This work has also
687 revealed that optogenetic activation of interneurons can actually initiate epileptiform
688  activity, in a manner that may depend on the network state (Sessolo et al., 2015; Shiri
689 et al., 2015; Yekhlef et al., 2015; Assaf and Schiller, 2016; Chang et al., 2018). This
690 phenomenon seems to be associated with the pulsed light-activation and enforced
691 synchronisation of interneuron activity, which can then synchronise the network by
692 inducing time-locked post-inhibitory rebound spiking (Jefferys et al., 2012; Sessolo
693 et al,, 2015; Chang et al., 2018). In addition to these temporal aspects, optogenetic
694 strategies face other challenges for disrupting seizures, including the delivery of light
695 to structures that may be deep within the brain, or to cells that may be distributed
696  over large regions.

697 Chemicogenetic intervention strategies may mitigate these issues, such as the
698 potential to modulate cellular activity on larger spatial and temporal scales. Effects
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699 from chemicogenetics can be coordinated across large areas of tissue, due to the
700  systemic delivery of the activating drug (Roth, 2016). Furthermore, the fact that
701  DREADDs are G-protein coupled receptors and act through endogenous cellular
702  mechanisms, may avoid unwanted effects associated with artificial synchronisation
703  of the network (Wang et al., 2017). However, their reliance upon the cell’s own
704  intracellular machinery may limit the potential for chemicogenetics to modulate the
705  activity of specific cell types. Whereas optogenetic strategies have the power to use
706  light energy to move ions against concentration gradients, chemicogenetic strategies
707  must rely upon endogenous mechanisms, at least in their current form. Also, there
708  remain questions about how inert the designed drugs are for the selective activation
709  of the DREADDs, and whether these need to be refined further (Gomez et al., 2017).
710  Any cell-targeted strategy must also consider how the contributions of particular cell
711  types may change in epilepsy. Cell types may be lost or change their signalling at
712 different stages of the disease (Robbins et al., 1991; Cohen et al., 2002; Wang et al.,
713 2017), their contribution may depend on their location relative to the epileptic focus
714  (Sessolo et al., 2015) or their position in the epileptic circuit (Paz and Huguenard,
715 2015; Bui et al., 2018), and their effects may change dynamically during an
716  individual seizure (Ellender et al., 2014). For these reasons, multiple strategies may
717  be required, perhaps using one strategy for pathologically affected cells within the
718  epileptic focus and another strategy for surrounding healthier circuits.

719 In conclusion, the current work supports the use of selective chemicogenetic
720  targeting of the inhibitory system as an approach to disrupt seizure activity. Such a
721  cell-specific pharmacological strategy has the attraction of being controllable and yet
722  avoiding the system-wide effects of drugs that enhance GABA-mediated inhibition in

723  a non-cell selective fashion. Future work will be required before such cell-targeted
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724  strategies can be adopted in a translational context, but increasing support is being

725  provided for this general principle.
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057 Legends

958 Fig. 1. Chemicogenetic recruitment of hippocampal interneurons in an in vitro
959 model of epileptiform activity. A, Current-clamp recording of a CA3 pyramidal
960 neuron from a mouse organotypic hippocampal slice reveals repeated SLEs. The
961 vertical red dotted lines in the expanded trace mark the onset and the termination of
962 the underlying SLE, as determined by an automated detection algorithm. B, A 15-
963 minute time window was used to assess the stability of the epileptiform activity.
964 Total SLE activity, defined as the cumulative duration of SLE activity (left, 96.8+13.9
965 s during 15t half, 97.9+10.9 s during 2nd half; N=22 slices, W(1=110.5, p=0.8715, two-
966 tailed Wilcoxon signed-rank test), SLE frequency (middle, 22.2+2.7 SLEs/h during
967  1sthalf, 22.9+2.7 SLEs/h during 2nd half; N=22 slices, Wu2)=34, p=0.7153, two-tailed
968  Wilcoxon signed-rank test) and individual SLE length (right, 52.8+13.4 s during 1st
969 half, 43.9+9.2 s during 2nd half; N=22 slices, W1=71, p=0.1281, two-tailed Wilcoxon
970  signed-rank test) were stable across the 15-minute time window. C, A dual current-
971 clamp (ICo) electrophysiological recording of a CA3 pyramidal neuron (PyN) and a
972  GABAergic interneuron (INT) reveal spontaneous SLEs in a mouse organotypic
973  hippocampal brain slice (left). Expanded traces (right) show that both excitatory and
974  inhibitory neurons are recruited during the SLEs. D, Simultaneous current clamp
975 and voltage clamp (VC) recordings from pairs of pyramidal neurons demonstrate
976  that strong barrages of excitatory (bottom-left, red) and inhibitory (bottom-right,
977  blue) post-synaptic currents occur throughout the SLEs, as monitored by current
978 clamp recordings from a neighbouring pyramidal neuron (top). Ecasa, reversal
979  potential for GABAergic current; EcLut, reversal potential for glutamatergic current.
980 E, Cartoon of hippocampal circuitry (left) showing the targeting of the hM3Dq

981 receptor to PV interneurons. Confocal image (right) of a hippocampal slice from a
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982  PV-cre mouse illustrates the fluorescence distribution profile of virally-transduced
983 PV interneurons. The superimposed white dashed line marks the centre of the
984  pyramidal cell layer. Continuous white lines indicate the dentate gyrus (DG) and
985 outline of the CA areas (CA). F, The confocal image was linearized (left) to facilitate
986 the quantification of the transverse expression profile for PV interneurons, relative to
987  the pyramidal cell layer (dashed line at zero). This confirmed that PV interneurons
988 (+soma) and their processes (-soma) were restricted to the pyramidal cell layer
989 (right). G, The immunohistochemical characterisation of PV interneurons
990 transduced with AAVs-hSyn-DIO-hM3;Dg-mCherry demonstrates high targeting
991  specificity and efficiency (N=14 sections from 6 slices). H, An example current-clamp
992 recording of a PV interneuron expressing hM3Dq receptors shows that CNO
993 promoted action potential firing (left). Recordings were conducted in kynurenic acid
994 to isolate the direct effects of hM3Dq receptor activation. Population data shows a
995 significant increase in firing rate following CNO (right; N=9 slices, W(»=0, p=0.0156,

996  two-tailed Wilcoxon signed-rank test)
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997 Fig. 2. Distinct subtypes of hippocampal GABAergic interneurons can be recruited
998 via excitatory DREADDs. A, Cartoon (left) showing the targeting of hM3Dq receptors
999 to SST hippocampal interneurons. A confocal image of a SST-cre mouse slice (right)
1000 illustrates the fluorescence distribution profile of virally-transduced SST
1001 interneurons. Continuous white lines outline the DG and CA areas. B, The confocal
1002 image was linearized (left) to facilitate quantification of the transverse expression
1003  profile for SST interneurons, relative to the pyramidal cell layer (dashed white line at
1004  zero). This confirmed that SST interneurons (+soma) and their processes (-soma)
1005 were associated with stratum oriens and lacunosum-moleculare (right). C,
1006 Immunohistochemical characterisation of SST interneurons transduced with AAVs-
1007  hSyn-DIO-hM3;Dg-mCherry demonstrates high targeting specificity and efficiency
1008 (N=16 sections from 6 slices). D, Current-clamp recording from a SST interneuron
1009  expressing hM3Dq in the presence of kynurenic acid, showing that CNO promotes
1010 action potential firing (left). Population data shows a significant increase in firing
1011 rate in the presence of CNO (right, N=13 slices, W)=4, p=0.0273, two-tailed
1012  Wilcoxon signed-rank test). E, Cartoon (left) shows the targeting of hM3Dq receptors
1013 to VIP interneurons and confocal image (right) illustrates the fluorescence
1014  distribution profile of virally-transduced interneurons in a VIP-cre slice. F,
1015 Linearizing the confocal image (left) confirmed that the expression profile for VIP
1016  interneurons (+soma) and their processes (-soma) was associated with stratum
1017 radiatum/lacunosum-moleculare, = pyramidale and  oriens (right). G,
1018 Immunohistochemical characterisation of VIP interneurons transduced with AAVs-
1019  hSyn-DIO-hM3;Dg-mCherry demonstrates high targeting specificity and efficiency
1020 (N=4 sections from 2 slices). H, Example current-clamp recording from a VIP
1021 interneuron expressing hM3;Dq in kynurenic acid, showing that CNO promotes action
1022  potential firing (left). Population data (right) shows a significant increase in firing
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1023 rate in the presence of CNO (N=27 slices, Wu3)=1, p=0.0005, two-tailed Wilcoxon
1024  signed-rank test). I, Comparison of the fluorescence distribution profiles following
1025 viral-transduction of the three interneuron populations (PV, N=38 slices; SST, N=37
1026  slices; VIP, N=57 slices). Each distribution was normalised by the area under the
1027 profile curve and shown to be significantly different between the cell types
1028  (interaction between cell type and location: Fss516)=58.81; p<0.0001, repeated
1029 measures two-way ANOVA). J, There was no difference in the CNO-induced fold-
1030 increase in spiking rate (normalised to baseline) between the three interneuron

1031  populations (x22)=0.9136, p=0.6333, Kruskal-Wallis test).
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1032  Fig. 3. Chemicogenetic enhancement of specific GABAergic interneuron populations
1033 attenuates hippocampal SLEs. A, PV-cre mice and floxed viral constructs were used
1034 to target hM3Dq receptors to PV interneurons in organotypic hippocampal brain
1035 slices. The effects of CNO upon spontaneous SLEs were monitored by current-clamp
1036 recordings from CA1 or CA3 pyramidal neurons. B, Population data from
1037  experiments targeting PV interneurons (N=10 slices) showed a reduction in total SLE
1038  activity (left, Wuo)=1, p=0.0039, two-tailed Wilcoxon signed-rank test), a decrease in
1039 SLE frequency (middle, W(9)=0, p=0.0039, two-tailed Wilcoxon signed-rank test),
1040 and no change in SLE length (right, W(s)=12, p=0.4609, two-tailed Wilcoxon signed-
1041 rank test) following addition of CNO. C, SST-cre mice were used to target hM3;Dq
1042 receptors to SST interneurons. D, Population data from experiments targeting SST
1043 interneurons (N=12 slices) showed a reduction in total SLE activity (left, Wa2)=1,
1044  p=0.001, two-tailed Wilcoxon signed-rank test), a decrease in SLE frequency
1045 (middle, Wu2)=6, p=0.0166, two-tailed Wilcoxon signed-rank test), and no change in
1046  SLE length (right, Wue=10, p=0.0840, two-tailed Wilcoxon signed-rank test)
1047 following addition of CNO. E, VIP-cre mice were used to target hM3;Dq receptors to
1048  VIP interneurons. F, Population data from experiments targeting VIP interneurons
1049 (N=12 slices) showed no change in total SLE activity (left, Wu2)=25, p=0.3013, two-
1050 tailed Wilcoxon signed-rank test), a reduction in SLE frequency (middle, tan=2.24,
1051 Pp=0.0468, two-tailed paired t-Test), and an increase in SLE length (right, W(0)=6,
1052 P=0.0273, two-tailed Wilcoxon signed-rank test) following addition of CNO. G,
1053 Control experiments were conducted on slices that had not received floxed DREADD
1054 constructs. H, Population data (N=10 slices) demonstrated no change in total SLE
1055 activity (left, t9)=-0.08, p=0.9337, two-tailed paired t-Test), SLE frequency (middle,
1056 t9=1.31, p=0.2229, two-tailed paired t-Test), or SLE length (right, W()=6,
1057 P=0.1094, two-tailed Wilcoxon signed-rank test) following the addition of CNO to
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1058  control slices. I, Total SLE activity was significantly reduced by chemicogenetically
1059 enhancing either PV or SST interneurons, compared to enhancing VIP interneurons
1060  (F(2,30=9.747, p=0.0005, one-way ANOVA, followed by Tukey’s post-hoc multiple
1061 comparison tests; VIP vs PV, p=0.0013; VIP vs SST, p=0.0025). J, The frequency of
1062 SLEs was reduced when PV interneurons, SST interneurons or VIP interneurons
1063 were targeted. No significant difference in the reduction in SLE frequency was
1064  detected across the three interneurons (F2,31=1.583, p=0.2215, one-way ANOVA). K,
1065 Individual SLEs became significantly longer when VIP interneurons were recruited,
1066 compared to SST interneurons (F(2,25=3.772, p=0.037, one-way ANOVA, followed by
1067 Tukey’s post-hoc multiple comparison tests; VIP vs SST, p=0.0337). * indicates

1068  p<o0.05, ** indicates p<0.01.
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1069  Fig. 4. Chemicogenetic recruitment of interneuron populations generates different
1070 amounts of post-synaptic inhibition in pyramidal neurons. A, hM3Dq receptors were
1071 targeted to PV interneurons and voltage-clamp recordings (at EcLur) were performed
1072  from pyramidal neurons (left). CNO application elicited a pronounced increase in
1073  inhibitory post-synaptic currents converging upon the pyramidal neuron (middle).
1074 This increase was associated with spiking activity as it was abolished by bath
1075 application of TTX. Overlapping histograms (right) illustrate the probability
1076  distribution functions for the inhibitory post-synaptic currents during baseline, CNO,
1077 and co-administration of CNO plus TTX. B, PV recruitment resulted in a significant
1078 change in total post-synaptic inhibitory charge converging onto pyramidal neurons
1079  (F(2,26)=9.541, p=0.0008, one-way ANOVA, followed by post-hoc Sidak’s multiple
1080 comparisons tests; baseline vs. CNO, N=12, p=0.0047; CNO vs. CNO plus TTX, N=5,
1081 p=0.0013). C, hM3Dq receptors were targeted to SST interneurons and all
1082  conventions are the same as in ‘A’. D, SST recruitment resulted in a significant
1083 change in total post-synaptic inhibitory charge converging onto pyramidal neurons
1084  (X22=29.77, p<0.0001, Kruskal-Wallis test, followed by post-hoc Dunn’s multiple
1085 comparisons tests; baseline vs. CNO, N=16, p<0.0001; CNO vs. co-administration of
1086 CNO plus TTX, N=5, p<0.0001). E, hM3Dq receptors were targeted to VIP
1087 interneurons and all conventions are the same as in ‘A’. F, VIP recruitment resulted
1088 in a significant change in total post-synaptic inhibitory charge converging onto
1089  pyramidal neurons (F(2,39=14.09, p<0.0001 by one-way ANOVA, followed by post-
1090 hoc Sidak’s multiple comparisons tests; baseline vs. CNO, N=18, p=0.0003; CNO vs.
1091  co-administration of CNO plus TTX, N=6, p=0.0001). ** indicates p<0.01, ***

1092 indicates p<0.001.
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1093 Fig. 5. Chemicogenetically-enhanced interneuron subtypes differ in their post-
1094  synaptic inhibition of hippocampal pyramidal neurons. A, The average number of
1095 hM;3;Dq expressing interneurons (per 24 um optical section) differs significantly
1096  between the three interneuron populations, with an average of 29.1+2.7 PV cells,
1097 138.1+16.8 SST interneurons, and 59.7+3.2 VIP cells (x2)=54.44, p<0.0001,
1098  Kruskal-Wallis test, followed by Dunn’s multiple post-hoc comparisons; PV vs SST,
1099 Pp<0.0001; PV vs VIP, p<0.0001; SST vs VIP, p=0.0118). B, Normalizing by the size
1100 of each interneuron population (i.e. number of hM3;Dg-expressing cells per slice), PV
1101 and SST interneurons were associated with similar amounts of post-synaptic
1102 inhibition, and both were significantly greater than that associated with VIP
1103 interneurons (X2(2=20.46, p<0.0001, Kruskal-Wallis test, followed by Dunn’s
1104 multiple post-hoc comparisons; PV vs SST, p>0.9999; PV vs VIP, p=0.0064; SST vs
1105 VIP, p<0.0001). C, Normalizing by the size of each interneuron population, PV
1106 interneurons had the greatest effect upon the total SLE activity (shown in Fig. 3I)
1107  (F(2,30=21.03, p<0.0001, one-way ANOVA, followed by post-hoc Bonferroni’s
1108 multiple comparisons tests; PV vs SST, p=0.0002; PV vs VIP, p<0.0001; SST vs VIP,

1109 p=0.2808). * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001.
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1110 Fig. 6. Excitatory DREADDs can be specifically and efficiently targeted to
1111 hippocampal PV interneurons in vivo. A, To deliver hMsDq receptors to PV
1112  interneurons in vivo (left), PV-cre mice received bilaterally injections of AAVs-hSyn-
1113  DIO-hM3Dg-mCherry into the ventral and dorsal hippocampus (right). B,
1114 Immunohistochemical characterisation confirmed that hippocampal PV
1115 interneurons (‘PV’, top) were efficiently transduced with hM3;Dg-mCherry (‘AAV’,
1116  bottom). Insets in red squares indicate cells co-expressing PV and hM3Dg-mCherry
1117  (arrow heads). C, Serial sections illustrate extensive AAV spread and hMg3Dg-
1118 mCherry expression throughout the hippocampus. AP, anteroposterior. D,
1119  Population data showing high targeting specificity and efficiency of the hM3Dq-

1120 mCherry in PV interneurons (N=7 animals).
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1121 Fig. 7. Chemicogenetic recruitment of hippocampal PV interneurons prevents
1122  generalised seizures in vivo. A, Cartoon showing experimental design for assessing
1123  epileptiform activity in animals expressing the hM3;Dq receptor in hippocampal PV
1124 interneurons. Fifteen minutes before behavioural monitoring, each animal received
1125 an i.p. injection of either vehicle control or CNO. Baseline behaviour was then
1126  monitored for 20 minutes (blue period), after which the intra-hippocampal 4-AP
1127  infusion protocol was started and monitoring continued for a period of 60 mins (red
1128  bars indicate the timing of each infusion). Behaviour was recorded by two high-
1129  speed, high-definition cameras oriented at right angles to one another, while a third
1130 camera tracked the animal from above. B, The probability of reaching the first
1131  generalised motor convulsion (Racine 5 stage) was significantly reduced when CNO
1132 was administered compared to vehicle control (7 animals, non-cumulative data,
1133  t(60)=2.66, p=0.01, two-tailed t-Test corrected for multiple comparisons using the
1134 Holm-Sidak method). C, For mice expressing the hM3Dq receptor in hippocampal PV
1135 interneurons, plots illustrate tracking data and corresponding spatial distribution of
1136  time spent across the behavioural arena (400 mm x 400 mm). Representative data
1137  are shown for an animal receiving an i.p. injection of vehicle (top) or CNO (bottom).
1138 In each case, data is shown for a 20-minute period following the start of the 4-AP
1139 infusion protocol. D, There was no difference between the vehicle and CNO groups in
1140 terms of the percentage of time spent moving (N=10 vehicle and 11 CNO

1141  experiments, treatment: F(,109=1.686, p=0.197, two-way ANOVA).
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1142  Fig. 8. Chemicogenetic enhancement of hippocampal PV interneurons supresses
1143  epileptic behaviours in vivo. A, Table describing the Racine scale used to score the
1144 animal’s epileptic behaviour from video analysis offline. B, Frequency of epilepsy-
1145 related behavioural events was significantly reduced when CNO was administered
1146  compared to vehicle across all Racine (Ri5) behaviours (N=12 vehicle and 10 CNO
1147  experiments, treatment: F(,100=5.161, p=0.0252, two-way ANOVA). C, Epileptic
1148  behaviour, plotted as a cumulative score (left) or a non-cumulative score (right), was
1149  significantly lower following administration of CNO compared to vehicle (N=12
1150 vehicle and 10 CNO experiments, treatment: F(,99)=7.418, p=0.0076, two-way

1151  ANOVA).
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