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Abstract 39 

Enhancing the brain’s endogenous inhibitory mechanisms represents an important 40 

strategy for suppressing epileptic discharges. Indeed, drugs that boost synaptic 41 

inhibition can disrupt epileptic seizure activity, although these drugs generate 42 

complex effects due to the broad nature of their action. Recently developed 43 

chemicogenetic techniques provide the opportunity to pharmacologically enhance 44 

endogenous inhibitory mechanisms in a more selective manner. Here we use 45 

chemicogenetics to assess the anti-epileptic potential of enhancing the synaptic 46 

output from three major interneuron populations in the hippocampus: parvalbumin 47 

(PV), somatostatin (SST) and vasoactive intestinal peptide (VIP) expressing 48 

interneurons. Targeted pre- and post-synaptic whole cell recordings in an in vitro 49 

hippocampal mouse model revealed that all three interneuron types increase their 50 

firing rate and synaptic output following chemicogenetic activation. However, the 51 

interneuron populations exhibited different anti-epileptic effects. Recruiting VIP 52 

interneurons resulted in a mixture of pro-epileptic and anti-epileptic effects. In 53 

contrast, recruiting SST or PV interneurons produced robust suppression of 54 

epileptiform activity. PV interneurons exhibited the strongest effect per cell, eliciting 55 

at least a five-fold greater reduction in epileptiform activity than the other cell types. 56 

Consistent with this, we found that chemicogenetic recruitment of PV interneurons 57 

was effective in an in vivo mouse model of hippocampal seizures. Following efficient 58 

delivery of the chemicogenetic tool, pharmacological enhancement of the PV 59 

interneuron population suppressed a range of seizure-related behaviours and 60 

prevented generalized seizures. Our findings therefore support the idea that selective 61 

chemicogenetic enhancement of synaptic inhibitory pathways offers potential as an 62 

anti-epileptic strategy.  63 
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Significance statement 64 

Drugs that enhance synaptic inhibition can be effective anticonvulsants but often 65 

cause complex effects due to their widespread action. Here we examined the anti-66 

epileptic potential of recently developed chemicogenetic techniques, which offer a 67 

way to selectively enhance the synaptic output of distinct types of inhibitory neurons. 68 

A combination of in vitro and in vivo experimental models were used to investigate 69 

seizure activity in the mouse hippocampus. We find that chemicogenetically 70 

recruiting the parvalbumin-expressing population of inhibitory neurons produces 71 

the strongest anti-epileptic effect per cell, and that recruiting this cell population can 72 

suppress a range of epileptic behaviours in vivo. The data therefore support the idea 73 

that targeted chemicogenetic enhancement of synaptic inhibition offers promise for 74 

developing new treatments.  75 
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Introduction 76 

The intrinsic inhibitory system of the brain is an important target for anti-epileptic 77 

drugs, since abnormalities in GABAergic function often result in epilepsy (Treiman, 78 

2001) and drugs that enhance GABA-mediated inhibition can be potent 79 

anticonvulsants (Czapiński et al., 2005). However, because of their system-wide 80 

actions, these drugs exhibit multiple deleterious side-effects (Snodgrass, 1992; Mula, 81 

2011). Whilst GABAergic signalling can become altered in cells within the epileptic 82 

focus (Cohen et al., 2002; Huberfeld et al., 2007; Pallud et al., 2014), inhibitory 83 

mechanisms remain effective within the ‘penumbra’ surrounding the epileptic focus 84 

and are able to oppose seizure spread (Trevelyan et al., 2006, 2007; Schevon et al., 85 

2012; Cammarota et al., 2013). Selectively enhancing these endogenous inhibitory 86 

mechanisms therefore offers the potential to disrupt the propagation of epileptic 87 

discharges. 88 

The region of the brain that often contains the epileptic focus in patients – the 89 

hippocampus – includes multiple subtypes of GABA-releasing interneurons, which 90 

are thought to vary in terms of their inhibitory capacity (Klausberger et al., 2003; 91 

Klausberger and Somogyi, 2008). For instance, because of their intrinsic properties 92 

and the fact that they target the perisomatic compartment of multiple pyramidal 93 

neurons, parvalbumin-expressing (PV) interneurons have been considered 94 

particularly effective at inhibiting principal neurons (Cobb et al., 1995; Freund and 95 

Buzsáki, 1996; Miles et al., 1996) and at restricting the propagation of network 96 

activity (Trevelyan et al., 2006; Cammarota et al., 2013). Meanwhile, because of their 97 

post-synaptic targeting, somatostatin-expressing (SST) interneurons have been 98 

associated with the regulation of dendritic excitability (Miles et al., 1996; Paz and 99 

Huguenard, 2015), which can then affect the spiking output of principal neurons 100 
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(Lovett-Barron et al., 2012). Other interneuron subtypes, such as vasoactive 101 

intestinal polypeptide-expressing (VIP) interneurons, can mediate disinhibitory 102 

effects as well as inhibitory effects, virtue of the fact that many of their postsynaptic 103 

targets are interneurons (Acsády et al., 1996; Dávid et al., 2007; Pfeffer et al., 2013).  104 

Consistent with these ideas, studies using optogenetic strategies to increase 105 

interneuron activity have reported promising results in terms of reducing seizure 106 

activity (Krook-Magnuson et al., 2013, 2014; Ledri et al., 2014), as well as supporting 107 

the conclusion that interneuron subtypes can exert differential effects upon seizure 108 

generation and progression (Cammarota et al., 2013; Krook-Magnuson et al., 2013; 109 

Sessolo et al., 2015; Khoshkhoo et al., 2017). The temporally-synchronous nature of 110 

optical activation can also generate counterintuitive effects, as the simultaneous 111 

recruitment of interneurons can enhance network synchronization and actually 112 

initiate epileptiform activity (Sessolo et al., 2015; Yekhlef et al., 2015; Chang et al., 113 

2018). 114 

A novel alternative strategy is afforded by chemicogenetic tools such as 115 

Designer Receptors Exclusively Activated by Designer Drugs (DREADDs), which use 116 

pharmacological agents to enhance or inhibit the activity of defined cell populations 117 

(Alexander et al., 2009; Roth, 2016; Smith et al., 2016). DREADDs are mutated 118 

human muscarinic receptors that can be expressed under the control of a cell-specific 119 

promoter and are not activated by endogenous ligands, but are activated by drugs 120 

such as clozapine N-oxide (CNO). Activating excitatory DREADDs, such as the 121 

human type-3 muscarinic designer receptor coupled with the Gq protein (hM3Dq 122 

receptor), is thought to enhance neuronal excitability by downregulating ion 123 

channels that hyperpolarise the membrane (Alexander et al., 2009). 124 

Excitatory hM3Dq DREADDs have been used to activate interneurons in 125 

several brain regions (Hamm and Yuste, 2016; Chen et al., 2017; Funk et al., 2017; 126 
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Wang et al., 2017). However, it remains unclear to what extent different subtypes of 127 

GABAergic interneurons can be modulated via DREADDs, and whether 128 

chemicogenetic control of different interneurons is a viable strategy for reducing 129 

epileptic activity. Here we demonstrate that three of the major interneuron subtypes 130 

in the hippocampus (PV-, SST- and VIP-expressing interneurons) can be successfully 131 

recruited with excitatory DREADDs. The subtypes differ however, in their capacity to 132 

increase post-synaptic inhibition in principal neurons and in their ability to reduce 133 

epileptiform network activity. Our study suggests that chemicogenetically enhancing 134 

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

Preparation and viral transduction of organotypic 137 

hippocampal brain slices 138 

All animal work relating to in vitro preparations was carried out in accordance with 139 

the Animals (Scientific Procedures) Act, 1986 (UK) and under project and personal 140 

licenses approved by the Home Office (UK). Mouse organotypic hippocampal brain 141 

slice cultures were prepared from 5-to-7-day-old heterozygous or homozygous, male 142 

or female PV-Cre mice (B6;129P2-Pvalbtm1(cre)Arbr/J, The Jackson Laboratory), SST-143 

IRES-Cre mice (Ssttm2.1(cre)Zjh/J, The Jackson Laboratory), or VIP-IRES-Cre mice 144 

(Viptm1(cre)Zjh/J, The Jackson Laboratory), as described by Stoppini et al., 1991. All 145 

reagents were purchased from Sigma-Aldrich, unless stated otherwise. The brains 146 

were extracted and transferred into cold (4°C) dissection media containing Earle's 147 

Balanced Salt Solution + CaCl2 + MgSO4 (Thermo Fisher Scientific), supplemented 148 

with 25.5 mM HEPES, 36.5 mM D-glucose and 5 mM NaOH. The hemispheres were 149 

separated, and the individual hippocampi were dissected and immediately sectioned 150 

into 400-μm-thick slices on a McIlwain tissue chopper (Mickle, UK). Slices were 151 

then rinsed in cooled dissection media, placed in 6-well plates onto sterile, porous 152 

Millicell-CM membranes, and maintained for 2-to-8 weeks in culture media 153 

containing 78.8% (vol/vol) Minimum Essential Media + GlutaMAX-I (Thermo 154 

Fisher Scientific), 20% (vol/vol) heat-inactivated horse serum (Thermo Fisher 155 

Scientific), 1% (vol/vol) B27 (Thermo Fisher Scientific), 30 mM HEPES, 26 mM D-156 

Glucose, 5.8 mM NaHCO3, 1 mM CaCl2, 2 mM MgSO4·7H2O, and incubated at 35.5-157 

to-36°C in a 5% CO2 humidified incubator. 158 
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After 3-to-5 days in culture, organotypic hippocampal slices were transduced 159 

with adeno-associated virus (AAV, serotype 8) containing loxP-flanked, inverted 160 

DNA sequences under the control of the human Synapsin 1 promoter (University of 161 

North Carolina Gene Therapy Center Vector Core and Addgene, USA). Viral DNA 162 

contained the double-floxed sequence for hM3Dq-mCherry (Addgene #44361), which 163 

was used to target the excitatory DREADDs to specific cre-expressing populations. In 164 

control experiments and to determine interneuron expression profiles, viral DNA 165 

contained the double-floxed sequence for EGFP (Addgene #50457). Transduction 166 

was achieved by injecting viral particles (mixed with 1% wt/vol fast-green for 167 

visualization) into 5-to-10 locations along the pyramidal cell layer of the 168 

hippocampal slices. Injection pipettes were pulled from glass capillaries (1.2 mm 169 

outer diameter, 0.69 mm inner diameter; Warner Instruments) using a horizontal 170 

puller (Sutter P-97), mounted on a manual manipulator (Narishige, Japan) and 171 

monitored under a microscope (Leica S6E) coupled with an external fibre optic light 172 

source (Photonic Leica CLS 100X). A Picospritzer II system (General Valve) 173 

delivered controlled pressure pulses (5-to-10 psi for 1 s) to facilitate gradual diffusion 174 

of the viral solution into the tissue. Typical titers were ∼1012 IU/ml and injection 175 

volumes were ∼250 nL per slice. Feeding media was supplemented with 1% (vol/vol) 176 

antibiotic and antimycotic solution (with 10,000 units penicillin, 10 mg streptomycin 177 

and 25 μg amphotericin B per mL) for up to two feeding sessions after injection and 178 

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

Electrophysiological recordings in vitro 180 

The organotypic hippocampal slices were transferred to a recording chamber, where 181 

they were maintained at 28°C and continuously superfused with artificial 182 

cerebrospinal fluid (aCSF) containing (in mM): NaCl (120), KCl (3), MgCl2 (0.5-to-183 
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1.5), CaCl2 (2-to-3), NaH2PO4 (1.2), NaHCO3 (23), D-Glucose (11) and ascorbic acid 184 

(0.2). Osmolarity was adjusted to 290 mOsm and pH was adjusted to 7.36 with 185 

NaOH. Oxygen and pH levels were stabilised by bubbling the aCSF with 95% O2 and 186 

5% CO2. Neurons within the hippocampal formation were visualised with 10x and 187 

60x water-immersion microscope objectives (Olympus BX51WI) and targeted for 188 

single or dual-patch whole-cell recordings. Patch pipettes of 4-to-9 MΩ tip resistance 189 

were pulled from filamental borosilicate glass capillaries with an outer diameter of 190 

1.2 mm and an inner diameter of 0.69 mm (Warner Instruments), using a horizontal 191 

puller (Sutter P-97). For current clamp recordings, pipettes were filled with a 192 

potassium-gluconate internal solution (134 mM K-gluconate, 2 mM NaCl, 10 mM 193 

HEPES, 2 mM Na2ATP, 0.3 mM NaGTP, 2 mM MgATP), which had been set to a pH 194 

of 7.36 using KOH, and an osmolarity of 290 mOsm. For recording post-synaptic 195 

inhibitory currents in voltage clamp, pipettes were filled with a caesium-gluconate 196 

internal solution (120 mM Cs-gluconate, 4 mM NaCl, 40 mM HEPES, 2 mM MgATP, 197 

0.3 mM NaGTP and 0.2 mM QX-314). Before use, internal solutions were filtered 198 

with a 0.22 μm syringe filter (Merck Millipore). Pipettes were mounted to a 199 

headstage (CV‐7b, Molecular Devices, USA) and controlled via a Multiclamp 700B 200 

amplifier (Axon CNS, Molecular Devices). Following entry into whole cell 201 

configuration, access resistance (Ra) was monitored every 2 minutes and 202 

experiments were only included if Ra remained stable and below 25 MΩ. Recordings 203 

were low-pass filtered online at 2 kHz (8-pole Bessel), acquired using Clampex 204 

software (pClamp 10, Molecular Devices), and exported into Matlab (R2017a, 205 

Mathworks) for off-line analysis using custom-made scripts. 206 

To examine the direct effects of activating excitatory DREADDs upon 207 

interneuron excitability, current clamp recordings were conducted in aCSF 208 

containing kynurenic acid (3 mM) and hM3Dq receptors were activated by bath 209 
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application of CNO (10-20 μM, Tocris, Bio-Techne). The spontaneous action 210 

potential firing rate of each interneuron was compared for a 5-minute period before 211 

and after CNO application, having allowed 3 minutes for the CNO to reach the 212 

chamber. To measure the post-synaptic GABAergic currents induced by activating 213 

hM3Dq receptors in a specific interneuron population, voltage-clamp recordings were 214 

conducted by clamping CA1 and CA3 pyramidal neurons at the reversal potential for 215 

glutamatergic current (EGLUT) in the presence of kynurenic acid. Once recordings had 216 

stabilised, the amplitude of post-synaptic inhibitory conductances were compared 217 

across two-minute periods recorded under baseline conditions, after bath application 218 

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

Quantification of seizure-like events in vitro 220 

A semi-automated detection algorithm was used to identify the start and end of 221 

individual spontaneous seizure-like events (SLEs) in vitro. Current-clamp traces 222 

were down-sampled to 1 kHz and then band-pass filtered (typically 0.05-to-0.2 Hz) 223 

using a Bessel filter (2nd order). The signal was corrected for the rise time of the filter 224 

and subsequently rectified, thresholded and binarised, merging events that were 225 

close in time (typically under 1 minute apart), and ignoring events shorter than 5 226 

seconds. Experiments to test the effects of a drug (e.g. CNO) comprised a 15-minute 227 

baseline, followed by a 3 minute period to allow the drug to reach the recording 228 

chamber, and a further 15-minute period in which the slice was continuously 229 

superfused with drug-containing aCSF. The 15-minute time periods (‘baseline’ and 230 

‘drug’) were assessed using the same SLE detection settings. Total SLE activity was 231 

defined as the sum of time that the slice displayed SLE activity during a 15-minute 232 

period. SLE frequency was calculated from the number of SLEs that initiated during 233 
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a 15-minute period and SLE length was the mean duration of individual SLEs that 234 

were completely contained within a 15-minute period. 235 

Viral transduction of hippocampal interneurons in vivo 236 

All animal procedures relating to in vivo experiments were carried out with the 237 

approval of the local ethics committee for animal research in Bucharest and in 238 

accordance with European Union Directive 2010/63/EU on the protection of 239 

animals used for scientific purposes. For viral injections, adult animals of either sex 240 

were anaesthetised with isoflurane (maintained at 1.5-2%, 0.4 L/min) and mounted 241 

on a stereotaxic instrument (Kopf, RWD Life Science). The level of anaesthesia was 242 

continuously monitored, eye drops (Corneregel, Bausch & Lomb) were applied to 243 

avoid corneal desiccation and a heat pad system (DC Temperature Controller, FHC) 244 

was used to maintain the body temperature in the physiological range. Wiretrol II 245 

glass capillaries (Drummond Scientific) were pulled using a vertical puller (Narishige 246 

PC-10, Japan) and connected to the Hamilton syringe via compression fittings (RN 1 247 

mm, Hamilton, USA). Small craniotomies were generated with a precision drill (FBS 248 

240/E, Proxxon Micromot) and hippocampal bilateral injections were performed 249 

both dorsally (-2.18 anteroposterior (AP), 2.3 mediolateral (ML), 2.4-1.85 250 

dorsoventral (DV), relative to Bregma) and ventrally (-2.7 AP, 2.9 ML, 3.1-2.25 DV, 251 

relative to Bregma) at a rate of 1.66 nL/s, slowly retreating the injection pipette (0.91 252 

µm/s) to maximise delivery throughout the hippocampus. The injection was 253 

controlled via a micromanipulator (NeuroCraft MCM, FHC) attached to a syringe 254 

(705RN, 50 µL, Hamilton, USA). Each of four injection tracks was infused with 1350 255 

nL of virus (Addgene, USA), of which 170 nL were delivered at each end of the track. 256 

After infusing the target volume of viral solution, a time window of 5 minutes 257 

allowed the virus solution to spread through the hippocampal tissue before the 258 
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injection pipette was completely retracted. After allowing 2 to 6 months for 259 

expression, and at least three days before commencing seizure experiments, mice 260 

were anaesthetised and implanted with an infusion cannula (C315GS-5 guide 261 

cannula, Plastics One, USA) directly over the viral injection site in the right dorsal 262 

hippocampus. The cannula was secured to the skull via bone cement (Refobacin R40, 263 

Biomet UK). 264 

Quantification of epileptic behaviour in vivo 265 

For each seizure experiment, mice were briefly anaesthetised with isoflurane to allow 266 

insertion of the infusion cannula into the guide cannula, such that the tip of the 267 

infusion cannula was located within the hippocampus at -2.18 AP, 2.3 ML, 2.2 DV, 268 

relative to Bregma. At this point, an intraperitoneal (i.p.) bolus of solution containing 269 

CNO (4 mg/kg with 4% dimethyl sulfoxide (DMSO) in saline) or vehicle (4% DMSO 270 

in saline) was administered and the mouse was allowed to fully recover from 271 

anaesthesia for 15 minutes before starting experiments. To monitor behaviour, the 272 

mouse was placed in a square arena (400 mm x 400 mm) in which it was able to 273 

move freely virtue of a connector assembly (C313C, Plastics One, USA) and swivel 274 

system (375/22PS blue, 22ga, Instech, USA), which connected the infusion tubing to 275 

a 1 µL syringe (7101, Hamilton, USA) controlled by an infusion pump (IVAC P6000, 276 

Cardinal Health). Following a 20 minute baseline period, 4-aminopyridine (4-AP) 277 

was infused directly into the hippocampus according to a spaced delivery protocol 278 

(three 4-AP infusions, each separated by 12 minutes and consisting of a 200 nL 279 

injection of 2 mM 4-AP over 2 minutes). Infusions were terminated immediately if 280 

the mouse reached the stage of generalised motor convulsions. Throughout each 281 

experiment video recordings were performed using two high speed, high definition 282 

cameras located at a right angle from each other (Hero 3+ Silver, GoPro, USA) at 60 283 
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frames per second, 1920×1080 pixels per frame. Polarised filters were used to reduce 284 

glare from the arena walls. A third camera captured the animals’ movements directly 285 

from above, allowing to track the location and locomotor activity of the mouse at any 286 

given time point. The epileptic behaviour was blindly scored using the Racine scale. 287 

Individual behaviours were considered as binary point events across time at a 288 

sampling frequency of 1 Hz. Events were then weighted according to the Racine 289 

classification of that behaviour: 1. orofacial clonic activity (Racine 1); 2. head 290 

nodding (Racine 2); 3. limb clonic activity (Racine 3); 4. retreating/rearing with 291 

orofacial clonic activity (Racine 4); 5. rearing and falling and/or jumping (Racine 5 - 292 

generalised motor convulsions). Rearing and falling was considered as the ‘threshold 293 

seizure’ behaviour. 294 

Immunohistochemistry and quantification of interneuron 295 

distribution 296 

For in vitro studies, organotypic hippocampal slices expressing hM3Dq-mCherry or 297 

EGFP in specific interneuron populations were fixed overnight at 4°C in 4% 298 

paraformaldehyde with 4% sucrose, in 0.01 M phosphate buffer solution (PBS), pH 299 

7.4. The slices used for immunofluorescence were washed and embedded in 3% agar, 300 

and re-sectioned at 50 μm on a vibrating microtome (Microm HM 650V, Thermo 301 

Fisher Scientific). For in vivo studies, mice expressing hM3Dq-mCherry were 302 

transcardially perfused and the brains sectioned at 50 μm. PV expression was 303 

visualised by incubating sections in 1:500 guinea pig primary antibody (cat. no. 195 304 

004, Synaptic Systems) in PBS with 0.3% Triton-X (PBST) with 1% normal goat 305 

serum (NGS, Thermo Fisher Scientific) overnight at 4°C, followed by 1:500 Alexa 306 

488 goat anti-guinea pig secondary antibody (Thermo Fisher Scientific) in PBST with 307 

1% NGS overnight at 4°C. For SST immunolabeling, the tissue was processed with a 308 
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basic antigen retrieval kit at 95°C for 10 minutes (R&D Systems). All sections were 309 

pre-incubated in 10% NGS in PBST for at least 2 h at room temperature. SST 310 

expression was visualised by incubating sections in 1:250 rat primary antibody (MAB 311 

354, Millipore) in PBST with 1% NGS for 11 days at 4°C, followed by 1:500 Alexa 488 312 

goat anti-rat secondary antibody (Thermo Fisher Scientific) in PBST with 1% NGS for 313 

2 days at 4°C. VIP expression was visualised by incubating sections in 1:5000 rabbit 314 

primary antibody (donation from Professor Peter P. Somogyi) in PBST with 1% NGS 315 

for 2 days at 4°C, followed by 1:500 Alexa 488 goat anti-rabbit secondary antibody 316 

(Thermo Fisher Scientific) in PBST with 1% NGS overnight at 4°C. Finally, all 317 

sections were mounted in Vectashield (Vector Laboratories) and images were 318 

captured with an LSM 880 confocal microscope equipped with 488 nm and 561 nm 319 

lasers, a 20x water-immersion objective (W Plan-Apochromat, NA 1.0) and 320 

controlled via the ZEN black software (Zeiss). 321 

To determine the number and distribution of soma and processes associated 322 

with each interneuron subtype, we performed quantitative image analysis on 323 

organotypic hippocampal slices from PV-cre, SST-cre and VIP-cre mice that had 324 

been injected with floxed AAVs. Slices were subjected to confocal microscopy and, in 325 

the resulting images, the CA areas were linearized along the pyramidal layer and the 326 

soma of fluorescent neurons were automatically detected via a custom-made, two-327 

pass algorithm extracting maximally stable extremal region features using Matlab 328 

(Matas et al., 2004; Nistér and Stewénius, 2008). The number of virally-transduced 329 

interneurons was derived directly from the number of fluorescent soma per optical 330 

section. Meanwhile, to describe the distribution of processes associated with each 331 

interneuron subtype, soma were digitally removed from the linearized images to 332 

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

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

Data analysis 336 

Digital signal processing and presentation were performed using custom-made 337 

programs in the Matlab environment (R2017b, Mathworks). Figures were built using 338 

vector-based graphic design in CorelDraw (X6, Corel Corporation) and the statistical 339 

software GraphPad Prism (v6.01, GraphPad Software). Video data processing for 340 

tracking locomotor activity of animals was performed using the open-source software 341 

Bonsai v2.3 (Lopes et al., 2015). Data are presented as mean ± standard error of 342 

mean (SEM) and the statistical tests are reported at the relevant points in the text 343 

(GraphPad Prism; Matlab). Non-parametric tests were used when a normal 344 

distribution of data could not be ascertained. Appropriate post-hoc tests were used 345 

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

The activity of distinct hippocampal GABA-releasing 348 

interneuron populations can be enhanced with excitatory 349 

DREADDs 350 

To examine the potential of chemicogenetically enhancing the synaptic output of 351 

hippocampal interneurons, we used mouse organotypic hippocampal brain slices. 352 

This system enabled us to perform targeted patch clamp recordings to determine the 353 

pre-synaptic and post-synaptic efficacy of DREADDs, as well as the opportunity to 354 

examine the impact of interneuron recruitment upon spontaneously generated 355 

epileptiform activity. As in previous work (Trevelyan et al., 2006; Fujiwara-356 

Tsukamoto et al., 2007; Sessolo et al., 2015), our recordings from excitatory 357 

pyramidal neurons within the Cornu Ammonis (CA) areas revealed that organotypic 358 

hippocampal brain slices exhibit reproducible spontaneous SLEs that can be 359 

quantified and exhibit a sustained duration (mean duration was 48.3±8 s) and stable 360 

frequency (Fig. 1A,B; Dyhrfjeld-Johnsen et al., 2010; Berdichevsky et al., 2012; Lillis 361 

et al., 2015; Liu et al., 2017). Consistent with epileptiform activity in many systems 362 

(Trevelyan et al., 2006; Fujiwara-Tsukamoto et al., 2007; Sessolo et al., 2015), these 363 

spontaneous SLEs recruited both excitatory and inhibitory neurons within the 364 

hippocampal network. Paired recordings revealed that during each SLE, both 365 

excitatory and inhibitory neurons are recruited within the CA areas (Fig. 1C), which 366 

results in intense barrages of glutamatergic and GABAergic post-synaptic currents 367 

converging upon pyramidal neurons (Fig. 1D). By combining promoter-specific cre-368 

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

interneuron populations. 371 

PV interneurons are a principal GABAergic population of the hippocampus, 372 

which reside primarily within the pyramidal layer of all CA areas (Pawelzik et al., 373 

2002; Klausberger and Somogyi, 2008), and whose axons target the somatic 374 

compartment of pyramidal neurons (Pawelzik et al., 2002; Bartos and Elgueta, 2012; 375 

Hu et al., 2014). Consistent with this, injection of AAV containing floxed constructs 376 

into organotypic hippocampal slices from PV-cre mice resulted in somatic and 377 

process expression that was restricted to the pyramidal cell layer (Fig. 1E,F). This is 378 

consistent with previous observations that organotypic slices retain fundamental 379 

features of the intact circuit, including the subcellular targeting of perisomatic and 380 

dendritic domains of pyramidal neurons by distinct interneuron populations (Streit 381 

et al., 1989; De Simoni et al., 2003; Cristo et al., 2004). Our immunohistochemical 382 

experiments confirmed that the PV interneurons could be efficiently and specifically 383 

targeted with a floxed excitatory DREADD construct, which resulted in the 384 

expression of the human type-3 muscarinic designer receptors coupled with the Gq 385 

protein (hM3Dq receptor). Two-to-four weeks after viral transduction with AAV8-386 

hSyn-DIO-hM3Dq-mCherry, the majority of expressing neurons were shown to be 387 

immunopositive for PV (95.2±1.5% ‘specificity’) and the majority of all PV 388 

immunopositive neurons were expressing hM3Dq-mCherry (90.5±1.4% ‘efficiency’; 389 

Fig. 1G). To assess whether the hM3Dq receptors could be activated and increase the 390 

output of the PV interneuron population, current clamp recordings were targeted to 391 

hM3Dq-mCherry positive neurons. The addition of the hM3Dq ligand, CNO, led to a 392 

significant increase in the firing rate of PV interneurons, from 0.5±0.3 Hz during 393 

baseline, to 1.9±1.1 Hz in the presence of CNO (Fig. 1H). 394 
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To examine the potential to chemicogenetically enhance the output of two 395 

other major hippocampal interneuron subtypes, we used organotypic hippocampal 396 

slices generated from SST-cre mice and VIP-cre mice, in order to target hM3Dq 397 

receptors to SST and VIP interneurons, respectively (Fig. 2). Consistent with 398 

previous evidence that SST interneurons target the dendritic compartments of 399 

hippocampal principal neurons (Katona et al., 1999; Lovett-Barron et al., 2012), we 400 

confirmed that the soma and processes of SST interneurons are located within 401 

stratum oriens and lacunosum-moleculare, and tend to avoid the pyramidal cell 402 

layers of the CA regions (Fig. 2A,B). Immunohistochemistry confirmed that the SST 403 

interneurons could be efficiently and specifically targeted with hM3Dq receptors in 404 

SST-cre slices. Two-to-four weeks after viral transduction with AAV8-hSyn-DIO-405 

hM3Dq-mCherry, the majority of expressing neurons were immunopositive for SST 406 

(94.1±1.6 specificity) and the majority of all SST immunopositive neurons were 407 

expressing hM3Dq-mCherry (89.6±1.5% efficiency; Fig. 2C). Finally, to assess 408 

whether the hM3Dq receptors could be activated and increase the output of the SST 409 

interneuron population, current clamp recordings were targeted to hM3Dq-mCherry 410 

positive neurons. The addition of CNO was shown to cause a significant increase in 411 

the firing rate of SST interneurons, from 1.1±0.5 Hz during baseline, to 3.7±1.3 Hz in 412 

the presence of CNO (Fig. 2D). 413 

We next assessed the potential to chemicogenetically target the VIP 414 

interneuron population (Fig. 2E). Consistent with previous evidence showing that 415 

distinct VIP interneuron subtypes target O-LM interneurons and the perisomatic 416 

regions or proximal dendrites of pyramidal neurons (Léránth et al., 1984; Acsády et 417 

al., 1996; Chamberland and Topolnik, 2012), we confirmed that the soma and 418 

processes of virally-transduced VIP interneurons were located within stratum 419 

radiatum/lacunosum-moleculare, pyramidale and oriens in slices from the VIP-cre 420 
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mice (Köhler, 1982; Taniguchi et al., 2011; Botcher et al., 2014) (Fig. 2F). 421 

Immunohistochemistry confirmed that the VIP interneurons could be efficiently and 422 

specifically targeted with floxed constructs delivered by AAV. Two-to-four weeks 423 

after transduction, the majority of expressing neurons were immunopositive for VIP 424 

(81.2±2.4% specificity) and the majority of VIP immunopositive neurons expressed 425 

the floxed construct (81.6±4.4% efficiency; Fig. 2G). Finally, activating hM3Dq 426 

receptors targeted to VIP interneurons by CNO increased the firing rate from 427 

0.01±0.01 Hz during baseline, to 0.1±0.1 Hz in the presence of CNO (Fig. 2H).  428 

A summary plot for the three interneuron populations confirmed that the 429 

expression profiles of PV, SST and VIP interneurons were significantly different from 430 

one another (Fig. 2I) and were consistent with data from acute preparations of 431 

mouse hippocampus (Taniguchi et al., 2011; Lovett-Barron et al., 2012). Meanwhile, 432 

CNO-mediated activation of hM3Dq receptors resulted in comparable fold-increases 433 

in spiking activity across the three interneuron populations: PV interneurons showed 434 

a 4.1±2.4 fold increase in their firing rate, SST interneurons showed a 3.4±1.2 fold 435 

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

Chemicogenetic enhancement of specific GABAergic 437 

interneuron populations can attenuate hippocampal 438 

epileptiform activity in vitro 439 

To investigate the potential anti-epileptic effects of chemicogenetically enhancing the 440 

output of interneuron populations, excitatory DREADDs were targeted to one of the 441 

interneuron subtypes in organotypic hippocampal slices from PV-cre, SST-cre or 442 

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

receptors, spontaneous SLEs were recorded from CA1 or CA3 pyramidal neurons 444 
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before and after CNO-mediated activation of the relevant interneuron population. 445 

Automated detection of the spontaneous SLEs (see Materials and Methods) provided 446 

quantification of the total SLE activity and then a breakdown in terms of the effects 447 

upon SLE frequency and individual SLE duration. In PV-targeted slices (Fig. 3A), 448 

CNO-mediated activation of hM3Dq receptors significantly reduced the total SLE 449 

activity (from 247.5±47.8 s during baseline to 116.5±47.4 s during CNO), which 450 

resulted from a significant decrease in SLE frequency (from 17.6±5.3 SLEs/h during 451 

baseline to 8.4±3.3 SLEs/h during CNO), without affecting the duration of individual 452 

SLEs (65.8±15.7 s during baseline and 77.5±27.4 s during CNO) (Fig. 3B). In SST-453 

targeted slices (Fig. 3C), CNO-mediated activation of hM3Dq receptors also 454 

significantly reduced total SLE activity (from 263.2±41.4 s during baseline to 455 

133.3±40.2 s during CNO), which involved a decrease in SLE frequency (from 456 

26±6.8 SLEs/h during baseline to 13.3±3.5 SLEs/h during CNO), without 457 

significantly affecting individual SLE length (72±21.7 s during baseline and 458 

47.6±14.5 s during CNO) (Fig. 3D). In VIP-targeted slices (Fig. 3E), CNO-mediated 459 

activation of hM3Dq receptors did not decrease the total SLE activity (234.3±40.6 s 460 

during baseline and 256.3±62.7 s during CNO). Whilst enhancing VIP interneuron 461 

output led to a decrease in SLE frequency (from 21.7±4.3 SLEs/h during baseline to 462 

17.3±4 SLEs/h during CNO), there was a simultaneous significant increase in the 463 

duration of individual SLEs (from 43.5±10.3 s during baseline to 69.4±19.6 s during 464 

CNO) (Fig. 3F). Finally, to assess potential off-target effects of CNO, the drug was 465 

bath-applied during the recording of spontaneous SLEs in control slices that were 466 

not expressing excitatory DREADDs (Fig. 3G). In these experiments, no changes 467 

were detected for total SLE activity (329.9±63.8 s during baseline and 332.8±82.3 s 468 

during CNO), SLE frequency (23.2±5.8 SLEs/h during baseline and 20±5.1 SLEs/h 469 
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during CNO), or individual SLE length (56.5±12.4 s during baseline and 46.2±12.2 s 470 

during CNO) (Fig. 3H). 471 

Comparisons across the different interneuron populations confirmed subtype-472 

specific effects. Total SLE activity was reduced by more than half following activation 473 

of either PV interneurons (down 58.2±10.3%) or of SST interneurons (down 474 

50.8±10.5%), and both of these reductions were significantly greater than the change 475 

in total SLE activity induced by recruiting VIP interneurons (up 12.7±15.4%) (Fig. 476 

3I). Each of the interneuron populations was able to decrease SLE frequency: PV 477 

interneurons by 55.4±10.1%, SST interneurons by 36.7±13% and VIP interneurons by 478 

26.3±10.4% (Fig. 3J). Meanwhile, only the VIP population increased individual SLE 479 

length by 57.5±28.4%, as compared to the effect upon SLE length of activating SST (-480 

16.1±10.6%) or PV interneurons (4.4±14.7%) (Fig. 3K). These observations are 481 

consistent with previous evidence that VIP interneurons can actually promote 482 

ongoing epileptiform activity, perhaps because they mediate disinhibitory effects as a 483 

result of preferentially innervating other GABAergic interneurons (Pi et al., 2013; 484 

Karnani et al., 2016; Khoshkhoo et al., 2017; Ye and Kaszuba, 2017). In summary 485 

therefore, chemicogenetically enhancing the output of interneuron populations can 486 

generate effective anti-epileptic effects, but the effectiveness of this approach 487 

depends upon the interneuron subtype. 488 

Chemicogenetically-enhanced interneuron subtypes differ in 489 

their post-synaptic inhibition of pyramidal neurons 490 

To examine the cellular basis of these anti-epileptic effects, we performed voltage 491 

clamp recordings to compare how chemicogenetic recruitment affects the post-492 

synaptic inhibition that converges upon pyramidal neurons. CA1 and CA3 pyramidal 493 

neurons were recorded with a caesium-based internal solution containing QX-314, 494 
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and held at EGLUT to isolate inhibitory post-synaptic currents (Fig. 4A,C,E). For each 495 

of the three interneuron populations (PV, SST and VIP), CNO-activation of hM3Dq 496 

receptors resulted in a significant increase in post-synaptic inhibitory input (Fig. 497 

4A,C,E). Furthermore, for each interneuron population, the CNO-induced increases 498 

in post-synaptic inhibition were abolished by bath application of the voltage-gated 499 

Na+ blocker, TTX (1-2 μM; Fig. 4A,C,E). This confirmed that in each case, the post-500 

synaptic inhibition was the result of CNO-mediated increases in action potential-501 

evoked GABA release from the interneurons. Following recruitment of PV 502 

interneurons, the total inhibitory post-synaptic input to pyramidal neurons increased 503 

from 11±4.2 pA/ms to 34±6.1 pA/ms and was abolished by TTX (-0.5±0.1 pA/ms; 504 

Fig. 4B). Following recruitment of SST interneurons, the total inhibitory post-505 

synaptic input to pyramidal neurons increased from 9.3±2.6 pA/ms to 126.6±14.6 506 

pA/ms, and was abolished by TTX (0.3±0.5 pA/ms; Fig. 4D). Following recruitment 507 

of VIP interneurons, the total inhibitory post-synaptic input to pyramidal neurons 508 

increased from 5.7±1.1 pA/ms to 16.2±2.4 pA/ms, and was abolished by TTX 509 

(0.4±0.7 pA/ms; Fig. 4F). At the population level, the overall increase in post-510 

synaptic inhibitory input resulting from CNO-mediated activation of hM3Dq 511 

receptors was highest for the SST interneuron population (increase of 116.7±15.5 512 

pA/ms), then the PV interneuron population (increase of 22.6±5.7 pA/ms), and then 513 

the VIP interneuron population (increase of 10.3±2.3 pA/ms).  514 

To compare across the different subtypes, we expressed our measurements of 515 

inhibitory efficacy in terms of individual interneurons. First, the CNO-induced 516 

increase in post-synaptic inhibitory input was normalised by the number of hM3Dq-517 

expressing cells, as determined from stereological cell counts in the hippocampal 518 

slices (Fig. 5A; see Materials and Methods). The amount of inhibitory post-synaptic 519 

input elicited by CNO activation was found to be similar for an individual PV 520 
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interneuron (1.0 ± 0.3 fold, relative to a PV interneuron) and an SST interneuron (1.1 521 

± 0.1 fold, relative to a PV interneuron), both of which were five times greater than 522 

for an individual VIP interneuron (0.2 ± 0.1 fold, relative to a PV interneuron; Fig. 523 

5B). Second, to relate this to anti-epileptic efficacy, we normalised the effects upon 524 

total SLE activity by the number of hM3Dq-expressing cells. These data indicated that 525 

individual PV interneurons had the greatest anti-epileptic effect (1.0 ± 0.2 fold, 526 

relative to a PV interneuron), which was at least five times more than the anti-527 

epileptic effect associated with an individual SST interneuron (0.2±0.04 fold, relative 528 

to a PV interneuron) or VIP interneuron (-0.1±0.1 fold, relative to a PV interneuron; 529 

Fig. 5C). These observations are consistent with the idea that, as a result of their 530 

peri-somatic targeting of pyramidal neurons and their extensive axonal arbors, the 531 

recruitment of an individual PV interneuron can mediate particularly effective 532 

inhibition of pyramidal neurons (Freund and Buzsáki, 1996; Miles et al., 1996; 533 

Pouille et al., 2013). 534 

Chemicogenetic recruitment of PV interneurons attenuates 535 

seizure activity in vivo 536 

To further assess the potential of this chemicogenetic strategy, we designed an in 537 

vivo study to investigate the anti-epileptic effects of enhancing interneuron output. 538 

Given our findings in vitro, the PV interneurons were selected as an effective cell 539 

population to target with excitatory DREADDs in a temporal lobe model of in vivo 540 

seizure activity. The hM3Dq receptor was delivered to PV hippocampal interneurons 541 

by bilateral injections of AAV8-hSyn-DIO-hM3Dq-mCherry in the hippocampus of 4-542 

to-14-month-old PV-cre mice (Fig. 6A). The virus was delivered at multiple depths 543 

in the ventral and dorsal hippocampus, which resulted in extensive expression of the 544 

hM3Dq receptor across the rostro-caudal axis (Fig. 6B,C). The majority of all virally-545 
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transduced neurons were immunopositive for PV (86.42 ± 1.43% specificity) and the 546 

majority of PV immunopositive neurons expressed hM3Dq-mCherry (89.17±2.12% 547 

efficiency; Fig. 6D). 548 

To investigate the effect of activating PV interneurons on epileptiform activity 549 

in vivo, acute seizures were triggered by intra-hippocampal infusion of 4-AP. From 550 

2-months after viral-mediated delivery of the hM3Dq receptor, the PV-cre mice were 551 

implanted with an intra-hippocampal infusion cannula. Animals underwent four 552 

seizure experiments, each separated by three days. Animals were randomised to 553 

receive an i.p. injection of either CNO or vehicle in their first experiment, and then 554 

alternated between CNO and vehicle for subsequent experiments. Each i.p. injection 555 

was delivered 15 minutes before the animal was placed in an arena and their freely 556 

moving behaviour was monitored for a period of 80 minutes using high-speed, high-557 

definition cameras (Fig. 7A). Following a 20-minute baseline period, 4-AP was 558 

infused directly into the hippocampus according to a spaced delivery protocol (three 559 

4-AP infusions, each separated by 12 minutes; see Materials and Methods). 560 

For our initial analysis, we scored the time of the first generalised motor 561 

convulsion episode as the ‘generalised seizure threshold’ (i.e. reaching level 5 on the 562 

Racine scoring, at which point 4-AP infusions were terminated). The probability of 563 

reaching the generalised seizure threshold in the control experiments (i.e. vehicle 564 

injections) was highest between the second and third 4-AP infusions, with a 565 

probability of 0.43 ± 0.13 (N=12 experiments in 7 animals, reaching seizure 566 

threshold 12-24 minutes after the start of the 4-AP infusion protocol). In contrast, 567 

this probability was dramatically reduced to 0.07 ± 0.07 in animals that had received 568 

CNO injections to enhance the activity of their hippocampal PV interneurons (N=14 569 

experiments in 7 animals). These effects were evident across the monitoring period, 570 

as shown by cumulative probability plots for generalised seizure threshold (Fig. 7B). 571 
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To assess whether this reduction in generalized seizures was associated with non-572 

specific effects upon behaviour, we monitored the animals’ locomotor activity 573 

throughout the experiment via a camera mounted above the behavioural arena. 574 

These data revealed that the distribution of time spent throughout the arena was 575 

indistinguishable between the vehicle and CNO-treated groups (Fig. 7C,D), 576 

supporting the conclusion that the CNO-mediated reduction in generalised seizures 577 

was not associated with a non-specific effect upon locomotor activity. 578 

To provide a more detailed description of the epileptic seizure activity, each 579 

animal’s behaviour was scored blindly using the five-point Racine scale, at a 580 

sampling frequency of 1 Hz across at least 70 minutes per experiment (Fig. 8A; see 581 

Materials and Methods). Racine categorization of epilepsy-related behaviour 582 

included orofacial clonic activity (Racine 1), head nodding (Racine 2), limb clonic 583 

activity (Racine 3), retreating/rearing with orofacial clonic activity (Racine 4) and 584 

rearing and falling and/or jumping (Racine 5). These analyses revealed that CNO-585 

mediated recruitment of hippocampal PV interneurons caused a reduction in the 586 

frequency of epileptic behaviours across the Racine categories (Fig. 8B). To 587 

characterise the temporal aspects of these effects, the Racine scoring scale was used 588 

to generate an integrated measure of epileptic-related behaviour that could be 589 

tracked over time (see Materials and Methods). This integrated measure revealed 590 

that CNO-mediated recruitment of hippocampal PV interneurons reduced the 591 

occurrence of all epileptic behaviours by 85% compared to controls (Fig. 8C). In 592 

summary therefore, these results are consistent with the conclusion that 593 

chemicogenetic recruitment of PV interneurons is able to effectively supress seizure 594 

activity in vivo.  595 
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Discussion 596 

Here we demonstrate the potential to generate anti-epileptic effects through the 597 

chemicogenetic enhancement of distinct populations of GABAergic interneurons. 598 

Using cre-recombinase mouse technology and viral delivery of excitatory DREADDs 599 

(Alexander et al., 2009; Roth, 2016; Smith et al., 2016), we demonstrate the efficacy 600 

of chemicogenetic recruitment of the PV, SST and VIP interneuron populations. 601 

Targeted whole cell recordings from both the pre-synaptic interneurons and post-602 

synaptic principal neurons revealed that all three interneuron types increased their 603 

firing rate and synaptic output following CNO-mediated activation of hM3Dq 604 

DREADD receptors. Using the same in vitro system, we show that the interneuron 605 

populations exert different effects upon epileptiform activity. Chemicogenetic 606 

enhancement of either the PV or SST interneurons decreased spontaneous 607 

epileptiform activity, through a reduction in the frequency of SLEs. In contrast, 608 

enhancing VIP interneuron activity did not reduce total epileptiform activity. When 609 

accounting for the relative density of cells, PV interneurons generated the strongest 610 

anti-epileptic effect per cell. Finally, to confirm the potential of such an intervention 611 

strategy, chemicogenetic activation of PV interneurons was assessed in an in vivo 612 

model of temporal lobe seizures. Chemicogenetically boosting PV interneuron 613 

activity significantly lowered the level of epilepsy-related behaviours and the 614 

probability of reaching the threshold for generalised convulsions. 615 

Previous work has shown that targeting pyramidal neurons with inhibitory 616 

DREADDs can mitigate seizure activity (Kätzel et al., 2014; Avaliani et al., 2016). The 617 

current study extends this by demonstrating that, although they make up a relatively 618 

small proportion of the network, chemicogenetically recruiting GABAergic 619 

populations can mediate robust anti-epileptic effects. Enhancing such endogenous 620 
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inhibitory mechanisms may represent an attractive intervention strategy, as 621 

interneurons can exert widespread effects on the tissue and inhibitory circuits are 622 

recruited as excitatory network activity intensifies (Trevelyan et al., 2006; 623 

Derchansky et al., 2008; Schevon et al., 2012; Cammarota et al., 2013). The 624 

inhibitory network is therefore well-placed to respond to, and prevent, the spread of 625 

excitation from one or more sites in the tissue. However, given their diversity, the 626 

particular interneuron population that is targeted is likely to be important. In line 627 

with this prediction, our data show that chemicogenetic enhancement of VIP 628 

interneurons did not reduce overall seizure activity and in fact increased the duration 629 

of individual SLEs. This is in-line with observations that the preferential post-630 

synaptic targets of VIP interneurons are other GABAergic interneurons (Acsády et 631 

al., 1996; Dávid et al., 2007; Pfeffer et al., 2013), and that activating VIP 632 

interneurons could prevent downstream GABAergic interneurons from 633 

counteracting seizure-related excitation. Consistent with such a disinhibitory effect, a 634 

recent study has shown that blocking VIP interneuron spiking can attenuate seizure-635 

related activity (Khoshkhoo et al., 2017). More generally, this supports the 636 

conclusion that recruiting all inhibitory interneurons could generate complex effects 637 

and the importance of regulating specific interneuron types. 638 

In contrast to VIP interneurons, PV and SST interneurons have been shown to 639 

preferentially target principal neurons (Klausberger et al., 2003). PV interneurons 640 

comprise mainly basket cells and axo-axonic cells, which synapse on the soma and 641 

axon-initial segment of pyramidal neurons (Klausberger and Somogyi, 2008). The 642 

dense axonal branching of a PV interneuron is therefore restricted to the pyramidal 643 

layer, but is broadly distributed with a transverse extent of ~1 mm in the rodent 644 

hippocampus. This can generate widespread synaptic inhibition, with each cell 645 

targeting the perisomatic region of around 1500-2000 pyramidal neurons (Freund 646 
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and Buzsáki, 1996). SST interneurons meanwhile, mainly synapse on the dendrites of 647 

pyramidal neurons (Klausberger and Somogyi, 2008), where they regulate dendritic 648 

activation (Miles et al., 1996) and may account for as much as half of the firing rate 649 

increase following complete removal of inhibition (Lovett-Barron et al., 2012). 650 

In our experiments, DREADD activation of either PV or SST interneurons 651 

resulted in pronounced increases in spike-evoked, post-synaptic inhibitory currents 652 

in pyramidal neurons and strong attenuation of spontaneous SLEs. For both cell 653 

types, we observed a ~50% reduction in the total SLE activity, which was driven by a 654 

decrease in the probability of SLE initiation. At the population level, enhancing SST 655 

interneurons generated the largest post-synaptic inhibitory currents in pyramidal 656 

neurons. Although when adjusted for cell numbers, we estimated that individual PV 657 

interneurons elicited equivalent post-synaptic inhibitory currents and a five-fold 658 

greater attenuation of SLE activity. These observations are consistent with evidence 659 

that GABAergic inputs to the axo-somatic region can exert particularly powerful 660 

inhibitory effects (Vu and Krasne, 1992; Cobb et al., 1995) and that PV interneurons 661 

are primarily responsible for mediating the synaptic restraint that can oppose the 662 

initiation and propagation of seizure activity (Cammarota et al., 2013; Paz and 663 

Huguenard, 2015). In the context of epilepsy, the targeting of PV interneurons may 664 

also be more preferable because there are reports that the SST interneuron 665 

population become depleted (Robbins et al., 1991; Cossart et al., 2001). 666 

In agreement with these ideas and our in vitro results, we demonstrate that 667 

excitatory DREADDs in PV interneurons can generate potent anticonvulsant effects 668 

in vivo. Using a behavioural model in which epileptic seizures are initiated in the 669 

hippocampus, we show that chemicogenetic enhancement of PV interneurons within 670 

the hippocampus can significantly reduce the level of epilepsy-associated behaviours 671 

and the probability that the network crosses a threshold for generalised seizures. 672 
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Interestingly, this reduction in epileptic behaviour was not associated with general 673 

effects on the animal’s locomotor activity, suggesting that the chemicogenetic 674 

enhancement of PV interneurons becomes evident when the network enters a pre-675 

epileptic state, rather than causing widespread effects upon network activity. More 676 

generally, the data illustrate that chemicogenetically enhancing a specific 677 

interneuron population can produce effective anticonvulsant effects. 678 

A series of studies using rodent models have successfully applied optogenetic 679 

approaches for disrupting and dissecting epileptiform networks. Like chemicogenetic 680 

approaches, optogenetics lends itself to cell-type targeting and this work has helped 681 

define the role of different interneuron types. For example, it has been shown that 682 

when combined with real-time seizure detection methods, temporally controlled 683 

optogenetic activation of interneuron populations can provide effective disruption of 684 

epileptic activity (Krook-Magnuson et al., 2013, 2014; Ledri et al., 2014; Sessolo et 685 

al., 2015; Assaf and Schiller, 2016; Khoshkhoo et al., 2017). This work has also 686 

revealed that optogenetic activation of interneurons can actually initiate epileptiform 687 

activity, in a manner that may depend on the network state (Sessolo et al., 2015; Shiri 688 

et al., 2015; Yekhlef et al., 2015; Assaf and Schiller, 2016; Chang et al., 2018). This 689 

phenomenon seems to be associated with the pulsed light-activation and enforced 690 

synchronisation of interneuron activity, which can then synchronise the network by 691 

inducing time-locked post-inhibitory rebound spiking (Jefferys et al., 2012; Sessolo 692 

et al., 2015; Chang et al., 2018). In addition to these temporal aspects, optogenetic 693 

strategies face other challenges for disrupting seizures, including the delivery of light 694 

to structures that may be deep within the brain, or to cells that may be distributed 695 

over large regions. 696 

Chemicogenetic intervention strategies may mitigate these issues, such as the 697 

potential to modulate cellular activity on larger spatial and temporal scales. Effects 698 
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from chemicogenetics can be coordinated across large areas of tissue, due to the 699 

systemic delivery of the activating drug (Roth, 2016). Furthermore, the fact that 700 

DREADDs are G-protein coupled receptors and act through endogenous cellular 701 

mechanisms, may avoid unwanted effects associated with artificial synchronisation 702 

of the network (Wang et al., 2017). However, their reliance upon the cell’s own 703 

intracellular machinery may limit the potential for chemicogenetics to modulate the 704 

activity of specific cell types. Whereas optogenetic strategies have the power to use 705 

light energy to move ions against concentration gradients, chemicogenetic strategies 706 

must rely upon endogenous mechanisms, at least in their current form. Also, there 707 

remain questions about how inert the designed drugs are for the selective activation 708 

of the DREADDs, and whether these need to be refined further (Gomez et al., 2017). 709 

Any cell-targeted strategy must also consider how the contributions of particular cell 710 

types may change in epilepsy. Cell types may be lost or change their signalling at 711 

different stages of the disease (Robbins et al., 1991; Cohen et al., 2002; Wang et al., 712 

2017), their contribution may depend on their location relative to the epileptic focus 713 

(Sessolo et al., 2015) or their position in the epileptic circuit (Paz and Huguenard, 714 

2015; Bui et al., 2018), and their effects may change dynamically during an 715 

individual seizure (Ellender et al., 2014). For these reasons, multiple strategies may 716 

be required, perhaps using one strategy for pathologically affected cells within the 717 

epileptic focus and another strategy for surrounding healthier circuits. 718 

 In conclusion, the current work supports the use of selective chemicogenetic 719 

targeting of the inhibitory system as an approach to disrupt seizure activity. Such a 720 

cell-specific pharmacological strategy has the attraction of being controllable and yet 721 

avoiding the system-wide effects of drugs that enhance GABA-mediated inhibition in 722 

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

provided for this general principle.  725 

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

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

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


 33 

References 726 

Acsády L, Görcs TJ, Freund TF (1996) Different populations of vasoactive intestinal 727 
polypeptide-immunoreactive interneurons are specialized to control 728 
pyramidal cells or interneurons in the hippocampus. Neuroscience 73:317–729 
334. 730 

Alexander GM, Rogan SC, Abbas AI, Armbruster BN, Pei Y, Allen JA, Nonneman RJ, 731 
Hartmann J, Moy SS, Nicolelis MA, McNamara JO, Roth BL (2009) Remote 732 
control of neuronal activity in transgenic mice expressing evolved G protein-733 
coupled receptors. Neuron 63:27–39. 734 

Assaf F, Schiller Y (2016) The antiepileptic and ictogenic effects of optogenetic 735 
neurostimulation of PV-expressing interneurons. J Neurophysiol 116:1694–736 
1704. 737 

Avaliani N, Andersson M, Runegaard AH, Woldbye D, Kokaia M (2016) DREADDs 738 
suppress seizure-like activity in a mouse model of pharmacoresistant epileptic 739 
brain tissue. Gene Ther 23:760–766. 740 

Bartos M, Elgueta C (2012) Functional characteristics of parvalbumin- and 741 
cholecystokinin-expressing basket cells. J Physiol 590:669–681. 742 

Berdichevsky Y, Dzhala V, Mail M, Staley KJ (2012) Interictal spikes, seizures and 743 
ictal cell death are not necessary for post-traumatic epileptogenesis in vitro. 744 
Neurobiol Dis 45:774–785. 745 

Botcher NA, Falck JE, Thomson AM, Mercer A (2014) Distribution of interneurons 746 
in the CA2 region of the rat hippocampus. Front Neuroanat 8 Available at: 747 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4176080/ [Accessed 748 
December 7, 2017]. 749 

Bui AD, Nguyen TM, Limouse C, Kim HK, Szabo GG, Felong S, Maroso M, Soltesz I 750 
(2018) Dentate gyrus mossy cells control spontaneous convulsive seizures and 751 
spatial memory. Science 359:787–790. 752 

Cammarota M, Losi G, Chiavegato A, Zonta M, Carmignoto G (2013) Fast spiking 753 
interneuron control of seizure propagation in a cortical slice model of focal 754 
epilepsy. J Physiol 591:807–822. 755 

Chamberland S, Topolnik L (2012) Inhibitory control of hippocampal inhibitory 756 
neurons. Front Neurosci 6 Available at: 757 
https://www.frontiersin.org/articles/10.3389/fnins.2012.00165/full 758 
[Accessed December 7, 2017]. 759 

Chang M, Dian JA, Dufour S, Wang L, Moradi Chameh H, Ramani M, Zhang L, 760 
Carlen PL, Womelsdorf T, Valiante TA (2018) Brief activation of GABAergic 761 
interneurons initiates the transition to ictal events through post-inhibitory 762 
rebound excitation. Neurobiol Dis 109:102–116. 763 

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

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

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


 34 

Chen C-C, Lu J, Yang R, Ding JB, Zuo Y (2017) Selective activation of parvalbumin 764 
interneurons prevents stress-induced synapse loss and perceptual defects. 765 
Mol Psychiatry Available at: 766 
http://www.nature.com/mp/journal/vaop/ncurrent/full/mp2017159a.html 767 
[Accessed September 17, 2017]. 768 

Cobb SR, Buhl EH, Halasy K, Paulsen O, Somogyi P (1995) Synchronization of 769 
neuronal activity in hippocampus by individual GABAergic interneurons. 770 
Nature 378:75–78. 771 

Cohen I, Navarro V, Clemenceau S, Baulac M, Miles R (2002) On the Origin of 772 
Interictal Activity in Human Temporal Lobe Epilepsy in Vitro. Science 773 
298:1418–1421. 774 

Cossart R, Dinocourt C, Hirsch JC, Merchan-Perez A, De Felipe J, Ben-Ari Y, 775 
Esclapez M, Bernard C (2001) Dendritic but not somatic GABAergic inhibition 776 
is decreased in experimental epilepsy. Nat Neurosci 4:52–62. 777 

Cristo GD, Wu C, Chattopadhyaya B, Ango F, Knott G, Welker E, Svoboda K, Huang 778 
ZJ (2004) Subcellular domain-restricted GABAergic innervation in primary 779 
visual cortex in the absence of sensory and thalamic inputs. Nat Neurosci 780 
7:1184–1186. 781 

Czapiński P, Blaszczyk B, Czuczwar SJ (2005) Mechanisms of action of antiepileptic 782 
drugs. Curr Top Med Chem 5:3–14. 783 

Dávid C, Schleicher A, Zuschratter W, Staiger JF (2007) The innervation of 784 
parvalbumin-containing interneurons by VIP-immunopositive interneurons 785 
in the primary somatosensory cortex of the adult rat. Eur J Neurosci 25:2329–786 
2340. 787 

De Simoni A, Griesinger CB, Edwards FA (2003) Development of rat CA1 neurones 788 
in acute versus organotypic slices: role of experience in synaptic morphology 789 
and activity. J Physiol 550:135–147. 790 

Derchansky M, Jahromi SS, Mamani M, Shin DS, Sik A, Carlen PL (2008) Transition 791 
to seizures in the isolated immature mouse hippocampus: a switch from 792 
dominant phasic inhibition to dominant phasic excitation. J Physiol 586:477–793 
494. 794 

Dyhrfjeld-Johnsen J, Berdichevsky Y, Swiercz W, Sabolek H, Staley KJ (2010) 795 
Interictal Spikes Precede Ictal Discharges in an Organotypic Hippocampal 796 
Slice Culture Model of Epileptogenesis.  [Review]. J Clin Neurophysiol 797 
27:418–424. 798 

Ellender TJ, Raimondo JV, Irkle A, Lamsa KP, Akerman CJ (2014) Excitatory Effects 799 
of Parvalbumin-Expressing Interneurons Maintain Hippocampal Epileptiform 800 
Activity via Synchronous Afterdischarges. J Neurosci 34:15208–15222. 801 

Freund TF, Buzsáki G (1996) Interneurons of the hippocampus. Hippocampus 802 
6:347–470. 803 

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

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

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


 35 

Fujiwara-Tsukamoto Y, Isomura Y, Imanishi M, Fukai T, Takada M (2007) Distinct 804 
types of ionic modulation of GABA actions in pyramidal cells and 805 
interneurons during electrical induction of hippocampal seizure-like network 806 
activity. Eur J Neurosci 25:2713–2725. 807 

Funk CM, Peelman K, Bellesi M, Marshall W, Cirelli C, Tononi G (2017) Role of 808 
Somatostatin-Positive Cortical Interneurons in the Generation of Sleep Slow 809 
Waves. J Neurosci 37:9132–9148. 810 

Gomez JL, Bonaventura J, Lesniak W, Mathews WB, Sysa-Shah P, Rodriguez LA, 811 
Ellis RJ, Richie CT, Harvey BK, Dannals RF, Pomper MG, Bonci A, 812 
Michaelides M (2017) Chemogenetics revealed: DREADD occupancy and 813 
activation via converted clozapine. Science 357:503–507. 814 

Hamm JP, Yuste R (2016) Somatostatin interneurons control a key component of 815 
mismatch negativity in the mouse visual cortex. Cell Rep 16:597–604. 816 

Hu H, Gan J, Jonas P (2014) Fast-spiking, parvalbumin+ GABAergic interneurons: 817 
From cellular design to microcircuit function. Science 345:1255263. 818 

Huberfeld G, Wittner L, Clemenceau S, Baulac M, Kaila K, Miles R, Rivera C (2007) 819 
Perturbed Chloride Homeostasis and GABAergic Signaling in Human 820 
Temporal Lobe Epilepsy. J Neurosci 27:9866–9873. 821 

Jefferys JGR, Jiruska P, de Curtis M, Avoli M (2012) Limbic Network 822 
Synchronization and Temporal Lobe Epilepsy. In: Jasper’s Basic Mechanisms 823 
of the Epilepsies, 4th ed. (Noebels JL, Avoli M, Rogawski MA, Olsen RW, 824 
Delgado-Escueta AV, eds). Bethesda (MD): National Center for Biotechnology 825 
Information (US). Available at: 826 
http://www.ncbi.nlm.nih.gov/books/NBK98158/ [Accessed March 9, 2018]. 827 

Karnani MM, Jackson J, Ayzenshtat I, Sichani AH, Manoocheri K, Kim S, Yuste R 828 
(2016) Opening Holes in the Blanket of Inhibition: Localized Lateral 829 
Disinhibition by VIP Interneurons. J Neurosci 36:3471–3480. 830 

Katona I, Acsády L, Freund TF (1999) Postsynaptic targets of somatostatin-831 
immunoreactive interneurons in the rat hippocampus. Neuroscience 88:37–832 
55. 833 

Kätzel D, Nicholson E, Schorge S, Walker MC, Kullmann DM (2014) Chemical–834 
genetic attenuation of focal neocortical seizures. Nat Commun 5 Available at: 835 
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4050272/ [Accessed 836 
September 17, 2017]. 837 

Khoshkhoo S, Vogt D, Sohal VS (2017) Dynamic, Cell-Type-Specific Roles for 838 
GABAergic Interneurons in a Mouse Model of Optogenetically Inducible 839 
Seizures. Neuron 93:291–298. 840 

Klausberger T, Magill PJ, Márton LF, Roberts JDB, Cobden PM, Buzsáki G, Somogyi 841 
P (2003) Brain-state- and cell-type-specific firing of hippocampal 842 
interneurons in vivo. Nature 421:844–848. 843 

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

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

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


 36 

Klausberger T, Somogyi P (2008) Neuronal Diversity and Temporal Dynamics: The 844 
Unity of Hippocampal Circuit Operations. Science 321:53–57. 845 

Köhler C (1982) Distribution and morphology of vasoactive intestinal polypeptide-846 
like immunoreactive neurons in regio superior of the rat hippocampal 847 
formation. Neurosci Lett 33:265–270. 848 

Krook-Magnuson E, Armstrong C, Oijala M, Soltesz I (2013) On-demand optogenetic 849 
control of spontaneous seizures in temporal lobe epilepsy. Nat Commun 850 
4:1376. 851 

Krook-Magnuson E, Szabo GG, Armstrong C, Oijala M, Soltesz I (2014) Cerebellar 852 
Directed Optogenetic Intervention Inhibits Spontaneous Hippocampal 853 
Seizures in a Mouse Model of Temporal Lobe Epilepsy. eNeuro 1 Available at: 854 
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4293636/ [Accessed 855 
December 3, 2017]. 856 

Ledri M, Madsen MG, Nikitidou L, Kirik D, Kokaia M (2014) Global Optogenetic 857 
Activation of Inhibitory Interneurons during Epileptiform Activity. J Neurosci 858 
34:3364–3377. 859 

Léránth C, Frotscher M, To¨mbo¨l T, Palkovits M (1984) Ultrastructure and synaptic 860 
connections of vasoactive intestinal polypeptide-like immunoreactive non-861 
pyramidal neurons and axon terminals in the rat hippocampus. Neuroscience 862 
12:531–542. 863 

Lillis KP, Wang Z, Mail M, Zhao GQ, Berdichevsky Y, Bacskai B, Staley KJ (2015) 864 
Evolution of Network Synchronization during Early Epileptogenesis Parallels 865 
Synaptic Circuit Alterations. J Neurosci Off J Soc Neurosci 35:9920–9934. 866 

Liu J, Saponjian Y, Mahoney MM, Staley KJ, Berdichevsky Y (2017) Epileptogenesis 867 
in organotypic hippocampal cultures has limited dependence on culture 868 
medium composition. PloS One 12:e0172677. 869 

Lopes G, Bonacchi N, Frazão J, Neto JP, Atallah BV, Soares S, Moreira L, Matias S, 870 
Itskov PM, Correia PA, Medina RE, Calcaterra L, Dreosti E, Paton JJ, Kampff 871 
AR (2015) Bonsai: an event-based framework for processing and controlling 872 
data streams. Front Neuroinformatics 9 Available at: 873 
https://www.frontiersin.org/articles/10.3389/fninf.2015.00007/full 874 
[Accessed November 22, 2017]. 875 

Lovett-Barron M, Turi GF, Kaifosh P, Lee PH, Bolze F, Sun X-H, Nicoud J-F, 876 
Zemelman BV, Sternson SM, Losonczy A (2012) Regulation of neuronal input 877 
transformations by tunable dendritic inhibition. Nat Neurosci 15:423–430. 878 

Matas J, Chum O, Urban M, Pajdla T (2004) Robust wide-baseline stereo from 879 
maximally stable extremal regions. Image Vis Comput 22:761–767. 880 

Miles R, Tóth K, Gulyás AI, Hájos N, Freund TF (1996) Differences between Somatic 881 
and Dendritic Inhibition in the Hippocampus. Neuron 16:815–823. 882 

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

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

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


 37 

Mula M (2011) GABAergic drugs in the treatment of epilepsy: modern or outmoded? 883 
Future Med Chem 3:177–182. 884 

Nistér D, Stewénius H (2008) Linear Time Maximally Stable Extremal Regions. In: 885 
Computer Vision – ECCV 2008, pp 183–196 Lecture Notes in Computer 886 
Science. Springer, Berlin, Heidelberg. Available at: 887 
https://link.springer.com/chapter/10.1007/978-3-540-88688-4_14 888 
[Accessed December 20, 2017]. 889 

Pallud J, Quyen MLV, Bielle F, Pellegrino C, Varlet P, Labussiere M, Cresto N, Dieme 890 
M-J, Baulac M, Duyckaerts C, Kourdougli N, Chazal G, Devaux B, Rivera C, 891 
Miles R, Capelle L, Huberfeld G (2014) Cortical GABAergic excitation 892 
contributes to epileptic activities around human glioma. Sci Transl Med 893 
6:244ra89. 894 

Pawelzik H, Hughes DI, Thomson AM (2002) Physiological and morphological 895 
diversity of immunocytochemically defined parvalbumin- and 896 
cholecystokinin-positive interneurones in CA1 of the adult rat hippocampus. J 897 
Comp Neurol 443:346–367. 898 

Paz JT, Huguenard JR (2015) Microcircuits and their interactions in epilepsy: is the 899 
focus out of focus? Nat Neurosci 18:351–359. 900 

Pfeffer CK, Xue M, He M, Huang ZJ, Scanziani M (2013) Inhibition of inhibition in 901 
visual cortex: the logic of connections between molecularly distinct 902 
interneurons. Nat Neurosci 16:1068–1076. 903 

Pi H-J, Hangya B, Kvitsiani D, Sanders JI, Huang ZJ, Kepecs A (2013) Cortical 904 
interneurons that specialize in disinhibitory control. Nature 503:521–524. 905 

Pouille F, Watkinson O, Scanziani M, Trevelyan AJ (2013) The contribution of 906 
synaptic location to inhibitory gain control in pyramidal cells. Physiol Rep 1 907 
Available at: http://physreports.physiology.org/content/1/5/e00067 908 
[Accessed December 17, 2017]. 909 

Robbins RJ, Brines ML, Kim JH, Adrian T, De Lanerolle N, Welsh S, Spencer DD 910 
(1991) A selective loss of somatostatin in the hippocampus of patients with 911 
temporal lobe epilepsy. Ann Neurol 29:325–332. 912 

Roth BL (2016) DREADDs for Neuroscientists. Neuron 89:683–694. 913 

Schevon CA, Weiss SA, McKhann Jr G, Goodman RR, Yuste R, Emerson RG, 914 
Trevelyan AJ (2012) Evidence of an inhibitory restraint of seizure activity in 915 
humans. Nat Commun 3:1060. 916 

Sessolo M, Marcon I, Bovetti S, Losi G, Cammarota M, Ratto GM, Fellin T, 917 
Carmignoto G (2015) Parvalbumin-Positive Inhibitory Interneurons Oppose 918 
Propagation But Favor Generation of Focal Epileptiform Activity. J Neurosci 919 
35:9544–9557. 920 

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

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

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


 38 

Shiri Z, Manseau F, Lévesque M, Williams S, Avoli M (2015) Interneuron Activity 921 
Leads to Initiation of Low-Voltage Fast-Onset Seizures. Ann Neurol 77:541–922 
546. 923 

Smith KS, Bucci DJ, Luikart BW, Mahler SV (2016) DREADDS: Use and application 924 
in behavioral neuroscience. Behav Neurosci 130:137–155. 925 

Snodgrass SR (1992) GABA and epilepsy: their complex relationship and the 926 
evolution of our understanding. J Child Neurol 7:77–86. 927 

Stoppini L, Buchs P-A, Muller D (1991) A simple method for organotypic cultures of 928 
nervous tissue. J Neurosci Methods 37:173–182. 929 

Streit P, Thompson SM, Gähwiler BH (1989) Anatomical and Physiological 930 
Properties of GABAergic Neurotransmission in Organotypic Slice Cultures of 931 
Rat Hippocampus. Eur J Neurosci 1:603–615. 932 

Taniguchi H, He M, Wu P, Kim S, Paik R, Sugino K, Kvitsani D, Fu Y, Lu J, Lin Y, 933 
Miyoshi G, Shima Y, Fishell G, Nelson SB, Huang ZJ (2011) A Resource of Cre 934 
Driver Lines for Genetic Targeting of GABAergic Neurons in Cerebral Cortex. 935 
Neuron 71:995–1013. 936 

Treiman DM (2001) GABAergic Mechanisms in Epilepsy. Epilepsia 42:8–12. 937 

Trevelyan AJ, Sussillo D, Watson BO, Yuste R (2006) Modular Propagation of 938 
Epileptiform Activity: Evidence for an Inhibitory Veto in Neocortex. J 939 
Neurosci 26:12447–12455. 940 

Trevelyan AJ, Sussillo D, Yuste R (2007) Feedforward inhibition contributes to the 941 
control of epileptiform propagation speed. J Neurosci Off J Soc Neurosci 942 
27:3383–3387. 943 

Vu ET, Krasne FB (1992) Evidence for a computational distinction between proximal 944 
and distal neuronal inhibition. Science 255:1710–1712. 945 

Wang Q, Shen F-Y, Zou R, Zheng J-J, Yu X, Wang Y-W (2017) Ketamine-induced 946 
apoptosis in the mouse cerebral cortex follows similar characteristic of 947 
physiological apoptosis and can be regulated by neuronal activity. Mol Brain 948 
10:24. 949 

Ye H, Kaszuba S (2017) Inhibitory or excitatory? Optogenetic interrogation of the 950 
functional roles of GABAergic interneurons in epileptogenesis. J Biomed Sci 951 
24:93. 952 

Yekhlef L, Breschi GL, Lagostena L, Russo G, Taverna S (2015) Selective activation of 953 
parvalbumin- or somatostatin-expressing interneurons triggers epileptic 954 
seizurelike activity in mouse medial entorhinal cortex. J Neurophysiol 955 
113:1616–1630.  956 

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

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

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


 39 

Legends 957 

Fig. 1. Chemicogenetic recruitment of hippocampal interneurons in an in vitro 958 

model of epileptiform activity. A, Current-clamp recording of a CA3 pyramidal 959 

neuron from a mouse organotypic hippocampal slice reveals repeated SLEs. The 960 

vertical red dotted lines in the expanded trace mark the onset and the termination of 961 

the underlying SLE, as determined by an automated detection algorithm. B, A 15-962 

minute time window was used to assess the stability of the epileptiform activity. 963 

Total SLE activity, defined as the cumulative duration of SLE activity (left, 96.8±13.9 964 

s during 1st half, 97.9±10.9 s during 2nd half; N=22 slices, W(21)=110.5, p=0.8715, two-965 

tailed Wilcoxon signed-rank test), SLE frequency (middle, 22.2±2.7 SLEs/h during 966 

1st half, 22.9±2.7 SLEs/h during 2nd half; N=22 slices, W(12)=34, p=0.7153, two-tailed 967 

Wilcoxon signed-rank test) and individual SLE length (right, 52.8±13.4 s during 1st 968 

half, 43.9±9.2 s during 2nd half; N=22 slices, W(21)=71, p=0.1281, two-tailed Wilcoxon 969 

signed-rank test) were stable across the 15-minute time window. C, A dual current-970 

clamp (IC0) electrophysiological recording of a CA3 pyramidal neuron (PyN) and a 971 

GABAergic interneuron (INT) reveal spontaneous SLEs in a mouse organotypic 972 

hippocampal brain slice (left). Expanded traces (right) show that both excitatory and 973 

inhibitory neurons are recruited during the SLEs. D, Simultaneous current clamp 974 

and voltage clamp (VC) recordings from pairs of pyramidal neurons demonstrate 975 

that strong barrages of excitatory (bottom-left, red) and inhibitory (bottom-right, 976 

blue) post-synaptic currents occur throughout the SLEs, as monitored by current 977 

clamp recordings from a neighbouring pyramidal neuron (top). EGABA, reversal 978 

potential for GABAergic current; EGLUT, reversal potential for glutamatergic current. 979 

E, Cartoon of hippocampal circuitry (left) showing the targeting of the hM3Dq 980 

receptor to PV interneurons. Confocal image (right) of a hippocampal slice from a 981 
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PV-cre mouse illustrates the fluorescence distribution profile of virally-transduced 982 

PV interneurons. The superimposed white dashed line marks the centre of the 983 

pyramidal cell layer. Continuous white lines indicate the dentate gyrus (DG) and 984 

outline of the CA areas (CA). F, The confocal image was linearized (left) to facilitate 985 

the quantification of the transverse expression profile for PV interneurons, relative to 986 

the pyramidal cell layer (dashed line at zero). This confirmed that PV interneurons 987 

(+soma) and their processes (-soma) were restricted to the pyramidal cell layer 988 

(right). G, The immunohistochemical characterisation of PV interneurons 989 

transduced with AAV8-hSyn-DIO-hM3Dq-mCherry demonstrates high targeting 990 

specificity and efficiency (N=14 sections from 6 slices). H, An example current-clamp 991 

recording of a PV interneuron expressing hM3Dq receptors shows that CNO 992 

promoted action potential firing (left). Recordings were conducted in kynurenic acid 993 

to isolate the direct effects of hM3Dq receptor activation. Population data shows a 994 

significant increase in firing rate following CNO (right; N=9 slices, W(7)=0, p=0.0156, 995 

two-tailed Wilcoxon signed-rank test)  996 
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Fig. 2. Distinct subtypes of hippocampal GABAergic interneurons can be recruited 997 

via excitatory DREADDs. A, Cartoon (left) showing the targeting of hM3Dq receptors 998 

to SST hippocampal interneurons. A confocal image of a SST-cre mouse slice (right) 999 

illustrates the fluorescence distribution profile of virally-transduced SST 1000 

interneurons. Continuous white lines outline the DG and CA areas. B, The confocal 1001 

image was linearized (left) to facilitate quantification of the transverse expression 1002 

profile for SST interneurons, relative to the pyramidal cell layer (dashed white line at 1003 

zero). This confirmed that SST interneurons (+soma) and their processes (-soma) 1004 

were associated with stratum oriens and lacunosum-moleculare (right). C, 1005 

Immunohistochemical characterisation of SST interneurons transduced with AAV8-1006 

hSyn-DIO-hM3Dq-mCherry demonstrates high targeting specificity and efficiency 1007 

(N=16 sections from 6 slices). D, Current-clamp recording from a SST interneuron 1008 

expressing hM3Dq in the presence of kynurenic acid, showing that CNO promotes 1009 

action potential firing (left). Population data shows a significant increase in firing 1010 

rate in the presence of CNO (right, N=13 slices, W(9)=4, p=0.0273, two-tailed 1011 

Wilcoxon signed-rank test). E, Cartoon (left) shows the targeting of hM3Dq receptors 1012 

to VIP interneurons and confocal image (right) illustrates the fluorescence 1013 

distribution profile of virally-transduced interneurons in a VIP-cre slice. F, 1014 

Linearizing the confocal image (left) confirmed that the expression profile for VIP 1015 

interneurons (+soma) and their processes (-soma) was associated with stratum 1016 

radiatum/lacunosum-moleculare, pyramidale and oriens (right). G, 1017 

Immunohistochemical characterisation of VIP interneurons transduced with AAV8-1018 

hSyn-DIO-hM3Dq-mCherry demonstrates high targeting specificity and efficiency 1019 

(N=4 sections from 2 slices). H, Example current-clamp recording from a VIP 1020 

interneuron expressing hM3Dq in kynurenic acid, showing that CNO promotes action 1021 

potential firing (left). Population data (right) shows a significant increase in firing 1022 
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rate in the presence of CNO (N=27 slices, W(13)=1, p=0.0005, two-tailed Wilcoxon 1023 

signed-rank test). I, Comparison of the fluorescence distribution profiles following 1024 

viral-transduction of the three interneuron populations (PV, N=38 slices; SST, N=37 1025 

slices; VIP, N=57 slices). Each distribution was normalised by the area under the 1026 

profile curve and shown to be significantly different between the cell types 1027 

(interaction between cell type and location: F(8,516)=58.81; p<0.0001, repeated 1028 

measures two-way ANOVA). J, There was no difference in the CNO-induced fold-1029 

increase in spiking rate (normalised to baseline) between the three interneuron 1030 

populations (χ2(2)=0.9136, p=0.6333, Kruskal-Wallis test).  1031 
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Fig. 3. Chemicogenetic enhancement of specific GABAergic interneuron populations 1032 

attenuates hippocampal SLEs. A, PV-cre mice and floxed viral constructs were used 1033 

to target hM3Dq receptors to PV interneurons in organotypic hippocampal brain 1034 

slices. The effects of CNO upon spontaneous SLEs were monitored by current-clamp 1035 

recordings from CA1 or CA3 pyramidal neurons. B, Population data from 1036 

experiments targeting PV interneurons (N=10 slices) showed a reduction in total SLE 1037 

activity (left, W(10)=1, p=0.0039, two-tailed Wilcoxon signed-rank test), a decrease in 1038 

SLE frequency (middle, W(9)=0, p=0.0039, two-tailed Wilcoxon signed-rank test), 1039 

and no change in SLE length (right, W(8)=12, p=0.4609, two-tailed Wilcoxon signed-1040 

rank test) following addition of CNO. C, SST-cre mice were used to target hM3Dq 1041 

receptors to SST interneurons. D, Population data from experiments targeting SST 1042 

interneurons (N=12 slices) showed a reduction in total SLE activity (left, W(12)=1, 1043 

p=0.001, two-tailed Wilcoxon signed-rank test), a decrease in SLE frequency 1044 

(middle, W(12)=6, p=0.0166, two-tailed Wilcoxon signed-rank test), and no change in 1045 

SLE length (right, W(10)=10, p=0.0840, two-tailed Wilcoxon signed-rank test) 1046 

following addition of CNO. E, VIP-cre mice were used to target hM3Dq receptors to 1047 

VIP interneurons. F, Population data from experiments targeting VIP interneurons 1048 

(N=12 slices) showed no change in total SLE activity (left, W(12)=25, p=0.3013, two-1049 

tailed Wilcoxon signed-rank test), a reduction in SLE frequency (middle, t(11)=2.24, 1050 

p=0.0468, two-tailed paired t-Test), and an increase in SLE length (right, W(10)=6, 1051 

p=0.0273, two-tailed Wilcoxon signed-rank test) following addition of CNO. G, 1052 

Control experiments were conducted on slices that had not received floxed DREADD 1053 

constructs. H, Population data (N=10 slices) demonstrated no change in total SLE 1054 

activity (left, t(9)=-0.08, p=0.9337, two-tailed paired t-Test), SLE frequency (middle, 1055 

t(9)=1.31, p=0.2229, two-tailed paired t-Test), or SLE length (right, W(8)=6, 1056 

p=0.1094, two-tailed Wilcoxon signed-rank test) following the addition of CNO to 1057 
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control slices. I, Total SLE activity was significantly reduced by chemicogenetically 1058 

enhancing either PV or SST interneurons, compared to enhancing VIP interneurons 1059 

(F(2,31)=9.747, p=0.0005, one-way ANOVA, followed by Tukey’s post-hoc multiple 1060 

comparison tests; VIP vs PV, p=0.0013; VIP vs SST, p=0.0025). J, The frequency of 1061 

SLEs was reduced when PV interneurons, SST interneurons or VIP interneurons 1062 

were targeted. No significant difference in the reduction in SLE frequency was 1063 

detected across the three interneurons (F(2,31)=1.583, p=0.2215, one-way ANOVA). K, 1064 

Individual SLEs became significantly longer when VIP interneurons were recruited, 1065 

compared to SST interneurons (F(2,25)=3.772, p=0.037, one-way ANOVA, followed by 1066 

Tukey’s post-hoc multiple comparison tests; VIP vs SST, p=0.0337). * indicates 1067 

p<0.05, ** indicates p<0.01.  1068 
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Fig. 4. Chemicogenetic recruitment of interneuron populations generates different 1069 

amounts of post-synaptic inhibition in pyramidal neurons. A, hM3Dq receptors were 1070 

targeted to PV interneurons and voltage-clamp recordings (at EGLUT) were performed 1071 

from pyramidal neurons (left). CNO application elicited a pronounced increase in 1072 

inhibitory post-synaptic currents converging upon the pyramidal neuron (middle). 1073 

This increase was associated with spiking activity as it was abolished by bath 1074 

application of TTX. Overlapping histograms (right) illustrate the probability 1075 

distribution functions for the inhibitory post-synaptic currents during baseline, CNO, 1076 

and co-administration of CNO plus TTX. B, PV recruitment resulted in a significant 1077 

change in total post-synaptic inhibitory charge converging onto pyramidal neurons 1078 

(F(2,26)=9.541, p=0.0008, one-way ANOVA, followed by post-hoc Sidak’s multiple 1079 

comparisons tests; baseline vs. CNO, N=12, p=0.0047; CNO vs. CNO plus TTX, N=5, 1080 

p=0.0013). C, hM3Dq receptors were targeted to SST interneurons and all 1081 

conventions are the same as in ‘A’. D, SST recruitment resulted in a significant 1082 

change in total post-synaptic inhibitory charge converging onto pyramidal neurons 1083 

(χ2(2)=29.77, p<0.0001, Kruskal-Wallis test, followed by post-hoc Dunn’s multiple 1084 

comparisons tests; baseline vs. CNO, N=16, p<0.0001; CNO vs. co-administration of 1085 

CNO plus TTX, N=5, p<0.0001). E, hM3Dq receptors were targeted to VIP 1086 

interneurons and all conventions are the same as in ‘A’. F, VIP recruitment resulted 1087 

in a significant change in total post-synaptic inhibitory charge converging onto 1088 

pyramidal neurons (F(2,39)=14.09, p<0.0001 by one-way ANOVA, followed by post-1089 

hoc Sidak’s multiple comparisons tests; baseline vs. CNO, N=18, p=0.0003; CNO vs. 1090 

co-administration of CNO plus TTX, N=6, p=0.0001). ** indicates p<0.01, *** 1091 

indicates p<0.001.  1092 
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Fig. 5. Chemicogenetically-enhanced interneuron subtypes differ in their post-1093 

synaptic inhibition of hippocampal pyramidal neurons. A, The average number of 1094 

hM3Dq expressing interneurons (per 24 μm optical section) differs significantly 1095 

between the three interneuron populations, with an average of 29.1±2.7 PV cells, 1096 

138.1±16.8 SST interneurons, and 59.7±3.2 VIP cells (χ2(2)=54.44, p<0.0001, 1097 

Kruskal-Wallis test, followed by Dunn’s multiple post-hoc comparisons; PV vs SST, 1098 

p<0.0001; PV vs VIP, p<0.0001; SST vs VIP, p=0.0118). B, Normalizing by the size 1099 

of each interneuron population (i.e. number of hM3Dq-expressing cells per slice), PV 1100 

and SST interneurons were associated with similar amounts of post-synaptic 1101 

inhibition, and both were significantly greater than that associated with VIP 1102 

interneurons (χ2(2)=20.46, p<0.0001, Kruskal-Wallis test, followed by Dunn’s 1103 

multiple post-hoc comparisons; PV vs SST, p>0.9999; PV vs VIP, p=0.0064; SST vs 1104 

VIP, p<0.0001). C, Normalizing by the size of each interneuron population, PV 1105 

interneurons had the greatest effect upon the total SLE activity (shown in Fig. 3I) 1106 

(F(2,31)=21.03, p<0.0001, one-way ANOVA, followed by post-hoc Bonferroni’s 1107 

multiple comparisons tests; PV vs SST, p=0.0002; PV vs VIP, p<0.0001; SST vs VIP, 1108 

p=0.2808). * indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001.  1109 
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Fig. 6. Excitatory DREADDs can be specifically and efficiently targeted to 1110 

hippocampal PV interneurons in vivo. A, To deliver hM3Dq receptors to PV 1111 

interneurons in vivo (left), PV-cre mice received bilaterally injections of AAV8-hSyn-1112 

DIO-hM3Dq-mCherry into the ventral and dorsal hippocampus (right). B, 1113 

Immunohistochemical characterisation confirmed that hippocampal PV 1114 

interneurons (‘PV’, top) were efficiently transduced with hM3Dq-mCherry (‘AAV’, 1115 

bottom). Insets in red squares indicate cells co-expressing PV and hM3Dq-mCherry 1116 

(arrow heads). C, Serial sections illustrate extensive AAV spread and hM3Dq-1117 

mCherry expression throughout the hippocampus. AP, anteroposterior. D, 1118 

Population data showing high targeting specificity and efficiency of the hM3Dq-1119 

mCherry in PV interneurons (N=7 animals).  1120 
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Fig. 7. Chemicogenetic recruitment of hippocampal PV interneurons prevents 1121 

generalised seizures in vivo. A, Cartoon showing experimental design for assessing 1122 

epileptiform activity in animals expressing the hM3Dq receptor in hippocampal PV 1123 

interneurons. Fifteen minutes before behavioural monitoring, each animal received 1124 

an i.p. injection of either vehicle control or CNO. Baseline behaviour was then 1125 

monitored for 2o minutes (blue period), after which the intra-hippocampal 4-AP 1126 

infusion protocol was started and monitoring continued for a period of 60 mins (red 1127 

bars indicate the timing of each infusion). Behaviour was recorded by two high-1128 

speed, high-definition cameras oriented at right angles to one another, while a third 1129 

camera tracked the animal from above. B, The probability of reaching the first 1130 

generalised motor convulsion (Racine 5 stage) was significantly reduced when CNO 1131 

was administered compared to vehicle control (7 animals, non-cumulative data, 1132 

t(60)=2.66, p=0.01, two-tailed t-Test corrected for multiple comparisons using the 1133 

Holm-Sidak method). C, For mice expressing the hM3Dq receptor in hippocampal PV 1134 

interneurons, plots illustrate tracking data and corresponding spatial distribution of 1135 

time spent across the behavioural arena (400 mm x 400 mm). Representative data 1136 

are shown for an animal receiving an i.p. injection of vehicle (top) or CNO (bottom). 1137 

In each case, data is shown for a 20-minute period following the start of the 4-AP 1138 

infusion protocol. D, There was no difference between the vehicle and CNO groups in 1139 

terms of the percentage of time spent moving (N=10 vehicle and 11 CNO 1140 

experiments, treatment: F(1,104)=1.686, p=0.197, two-way ANOVA).  1141 
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Fig. 8. Chemicogenetic enhancement of hippocampal PV interneurons supresses 1142 

epileptic behaviours in vivo. A, Table describing the Racine scale used to score the 1143 

animal’s epileptic behaviour from video analysis offline. B, Frequency of epilepsy-1144 

related behavioural events was significantly reduced when CNO was administered 1145 

compared to vehicle across all Racine (R1-5) behaviours (N=12 vehicle and 10 CNO 1146 

experiments, treatment: F(1,100)=5.161, p=0.0252, two-way ANOVA). C, Epileptic 1147 

behaviour, plotted as a cumulative score (left) or a non-cumulative score (right), was 1148 

significantly lower following administration of CNO compared to vehicle (N=12 1149 

vehicle and 10 CNO experiments, treatment: F(1,99)=7.418, p=0.0076, two-way 1150 

ANOVA).   1151 
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Illustrations and Tables 1152 

 1153 

Figure 1  1154 
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Figure 2  1156 
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Figure 3  1158 
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Figure 4  1160 
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Figure 5  1162 
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Figure 6  1164 
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Figure 7  1166 
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Figure 8 1168 
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