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Several neurodevelopmental and neuropsychiatric disorders are characterigednjtent

episodes opathological activity. Although genetic therapies offer the ability to modulate

neuroral excitability, a limitingfactor is that they do not discriminate between neurons

invol ved i n circui tsurrpuading ar intergingtedeuransWe fiheal t hy
describe a gene therapy strategy that doggulates the excitabilitgf overactive nerons in

closed loop, which we tested in models of epilepsy. We used an immediatgezaaly

promoter to drive the expression of Kv1.1 potassium channels specifichipanactive

neuronsand only for as long as they exhibit abnormal activity. Neurexeitability was

reduced by seizureelatedactivity, leading to a persistent antiepileptic effethout

interfering with normal behaviors. Activitiependengene therapy is a promising-on

demand celhutonomous treatment for brain circdisorders.

One-Sentence SummaryExpressing a transgene that reduces neuronal excitability using an

activity-dependent promoter stops seizures in closed loop.



Many neurodevelopmental aneéuropsychiatric circuit disorders are characterized by
intermittert episodes of pathological activi(§-3). Pharmacotherapy is focused on reducing
the frequency and/or severity of such episodes, but often with limited suecesstance,

30% ofpeople withepilepsyarerefractory to pharmacologictleatmenteven with drugs

that act in a usdependent manner on their molecular targétsGenetic therapies are
promising strategies to treat these pathologies because of their ability to modulate neuronal
excitability in a regionand celltype specic manner(5-9). However, current experimental
genetic therapies do not discriminate between neurons involved in triggering circuit
paroxysms and healthy surrounding or intermingled neydd»&6). There is a need to

develop methods that select and tia@l those neurons involved in the generation of crises
(17, 18). In the case of epilepsy, sypopulations of neurons exhibit stereotypical patterns of
pathological discharges during seizu#s, 20). Targeting these neurons specifically would

be animportant step towards a rational treatment with minimal side effects.

Activity -dependent promoters, typically of immediate early genes (IEGSs), respond rapidly to
increases in neuronal activif@1-23), and have been used to identify hyperactive cells
reciited during seizure@4). Although seizuresftenstart and terminate abruptlyey can

occur in clusters with intervals comparable tokimeticsof IEGs @5). We therefore asked if

an activitydependent promoter could be used to dritteeaapeutic transgene to reduce
neuronal excitability in closed loop. Epileptiform hyperactivity should reduce their likelihood
to fire while leaving other neurons unaffect&ay(1A). Once seizures resolve, the genetic

therapy should switch itself off, less and until excessive activity occurs agé&ig.(LB).

Results

Activity -dependent gene therapy follows neuronal dynamics and decreases network

hyperexcitability in vitro



We used an aderassociated virus (AAV) to express a destabilized versidheofluorescent
reporter GFP (dsGFP) under the promoter of an extensively characterized FEG§AAV9
cfosdsGFP, shortened tdosdsGFP)21-24), and verified that dsGFP expression
dynamically follows epileptiform network activiin vitro. Primary neronal cultures were
infected at 7 days in vitro (DIV) and grown either on multielectrode arrays (MEAS) to record
network activity, or on coverslips for imagingig.1C-F). At 18DIV we blocked GABA
receptors with picrotoxin (PTX) to mimic an epileptic seizure and then recorded network
activity or, in parallel, fixed a subset of coverslips, at 2, 6, 24 and #8tirs continued
presence of PTXMEA recordings revealed an increase in network actiigy peaked 6hrs
afteraddition ofPTX and then returned to baseline after 48Rig. (1D, Fig.S1). c-Fos

expression and dsGFP fluorescence followed a similardionese Fig. 1E, F and FigS2).
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Fig. 1. Activity-dependent gene therapy paradigm. A. Cartoon illustrating the activity-
dependent strategy. B. Schematic sequence of activity-dependent promoter and transgene
expression. Star: beginning of pathological event. C. Timeline of MEA recordings from
primary cultures. D. Network mean firing rate following disinhibition with PTX application. *
p<0.05; One-way ANOVA followed by Bonferroni multiple-comparison test vs Ohrs. E.
dsGFP expression in primary neurons transduced with cfos-dsGFP 0, 6, 24 and 48hrs after
addition of PTX. Scale bars: 100nm. F. dsGFP-positive neurons expressed as a percentage
of all DAPI-positive neurons at different time points after PTX application **p<0.01;

***n<(0.001; One-way ANOVA followed by Bonferroni multiple-comparison test vs Ohrs.

We nextplaced a transgene that decreases neuronal and network activity under the same cfos
promoter. We used a codaptimized version oEKC, which encodes the potassium channel
Kv1.1, with an lle400Valmutation to bypass the need for posttranscriptional eatitihg
facilitate recovery from inactivatiofi5). We refer to this engineered potassium (K+)

Channel as EKC. Kv1.1 overexpression decreases both neuronal excitability and synaptic
neurotransmitter releage6). Kvl.1 overexpression usiteKC, EKC, or transgptional
upregulation has also been used in experimental antiepileptic gene therapies targeting
excitatory neurongll, 12, 15, 27, 28Because of the innate propensity of primary neuronal
culturesin vitro to exhibit bursting activity as they mature, we transduced neurons plated on
MEAs at 7DIV with eithecfosdsGFP or AAVScfosEKC (cfosEKC), and recorded

network activity at 21DIV Fig. 2A, B). As hypothesized, cultures treated witbsEKC

showed lesseatwork activity compared to cultures treated vatbsdsGFP Fig. 2C). Spike
frequency, burst frequency, and number of spikes per burst were all significantly lower in
cultures treated witbfosEKC (Fig. 2D and FigS3). We also asked if an experimental
perturbation aimed at transiently increasing actiistiollowed by a rapid decrease in

neuronal excitability, as would be expected from the actilggyendent promoter driving



EKC expressionKig.S5). We increased spontaneous activity by adding PTX fori@0and
then silenced network activity for 2hrs with tetrodotoxin (TTX) before washing off the
blockers and recording neuronal firing. We observed a net decrease in firing rate in dsGFP
positive neurons treated witiosEKC compared tafosdsGFP Fig.S5).

We asked if the results wittfosEKC would generalize to other activitfependent
promoters and transgendsg.S6). We compared the promoters of several IE€sg arc
andegrl) as well as synthetic activigependent promoters (ESARE and NRAMhich

have different propertig21, 29-31) (Table S2) in combination with three transgenes: the
control reporter (dsGFPIEEKC as above, or another potassium channel g&nJ2 which
encodes the muscle inwarectifier Kir2.1(32, 33). Althoughsome promoter/transgene
combinations were effective in reducing spiking and/or bursting, none was as consistent

across the different electrophysiological measuresasEKC (Fig.S6).

We sought to determine wheth#fosEKC dampens the effect of a proconvulsant
manipulationin vitro. However, the lower baseline activitydfosEKC-treated culturesHig.
2D) precluded a simple comparison wittosdsGFP. Instead, we modified a previously
described method, CRISPR activati@R|SPRa), based on dudAV9 delivery of a single
guide RNA (sgRNA) and a nucleadefective6 d e ad 6 C acenfrollgdddyCa s 9 )
doxycycline(14, 34). One AAV9 carried a TeDN promoter driving dCasRised to a
transcriptional activatoiThe other AAV9 expressed tiéospromoter driving the
tetracycline transctivator rtTa linked to EGFP with a T2A peptide, as well as a U6 promoter
driving either an sgRNA targeting the endogenikasalpromoter or an sgRNA designed to
target the yeadtacZ gene as contrgl4, 34) (Fig. 2E). In this system, endogenokisnal
overexpression was designed to be switched on only when all three of the following

conditions are met: (i) neurons aretcansduced with both AAV9s, (ii) doxycycline is



applied, ad (iii) activity is sufficient to activate thefospromoter. Primary cultures plated on
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Fig.2. Activity-dependent gene therapy decreases epileptiform activity in vitro. A.

Timeline of MEA recordings in primary cultures. B. Primary cultures were transduced with

either cfos-dsGFP as control or cfos-EKC. C. MEA traces. D. The effect of cfos-EKC

compared to cfos-dsGFP on spike frequency, mean bursting rate and average number of

spi kes per b utesscbrrectef forumdilgpie ttanparisons, a=0.02. E. Timeline of

MEA recordings in primary cultures transduced with dual AAVs controlled by doxycycline:

one expressing an inducible dCAS9 fused to a transcriptional activator and the other carrying

an sgRNA targeting either the Kcnal promoter or a LacZ sequence. F. Spike frequency prior

to PTX addition was similar between neurons transduced with cfos-CRISPRa_LacZ and cfos-
CRISPRa_Kcnal. G. Spike frequency over time normalized to network activity recorded at

14DIV. * p<0.05; Two-way ANOVA followed by Bonferroni multiple-comparison test.

Interaction Time x sgRNA, p = 0.006. Panels F and G use the same color scheme.

MEAs were treated with both AAVs at 7DIV. We then obtained an initial (baseline)
recording of network activity at 14DIV without doxycycline treatmditere was no
difference in network excitability between cultures transduced with eifoeCRISPRa_
Kcnalor cfos CRISPRaLacZ (Fig. 2F). We then added doxycycline to activate CRISPRa
and recorded from the same cultures 4 days later. We again observed no significant
difference in network activity. Finally, we added PTX and recorded from the same cultures 2,
6, 24 and 48hrs later. This revealed a clear difference between cultures withtfos

CRISPRa KcnalandcfosCRISPRalLacZ. Indeed, PTX failed to increase network activity

in cultures treated witbfos CRISPRa_Kcnal(Fig.2G, Fig. S7.

Activity -dependent gene therapy decreases neuronal excitability in a transient, eell
autonomous, orrdemand fashion
We next asked if the strategy is effectimevivo. In the first set of experiments, we asked

how thecfospromoter behaves in response to chemoconvutsasked seizures. Mice were



injected with eithecfosdsGFP or AAV9CaMKII-dsGFP(shortened t€€aMKII-dsGFP)in
the visual cortex. Th€aMKII promoter was chosen as a control because it has previously

been usedb bias expression to forebrain princizallsin constitutive antepileptic gene

therapieq10, 15). Two weeks laterwe injected either pilocarpine into the same brain region



