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A novel metabolism-based phenotypic drug
discovery platform in zebrafish uncovers
HDACs 1 and 3 as a potential combined
anti-seizure drug target

Kingsley Ibhazehiebo,1,2 Cezar Gavrilovici,2,3 Cristiane L. de la Hoz,1,2 Shun-Chieh Ma,4

Renata Rehak,1,2 Gaurav Kaushik,1,2 Paola L. Meza Santoscoy,1,2 Lucas Scott,2,3

Nandan Nath,1,2 Do-Young Kim,4 Jong M. Rho2,3 and Deborah M. Kurrasch1,2

Despite the development of newer anti-seizure medications over the past 50 years, 30–40% of patients with epilepsy remain

refractory to treatment. One explanation for this lack of progress is that the current screening process is largely biased towards

transmembrane channels and receptors, and ignores intracellular proteins and enzymes that might serve as efficacious molecular

targets. Here, we report the development of a novel drug screening platform that harnesses the power of zebrafish genetics and

combines it with in vivo bioenergetics screening assays to uncover therapeutic agents that improve mitochondrial health in diseased

animals. By screening commercially available chemical libraries of approved drugs, for which the molecular targets and pathways

are well characterized, we were able to reverse-identify the proteins targeted by efficacious compounds and confirm the physio-

logical roles that they play by utilizing other pharmacological ligands. Indeed, using an 870-compound screen in kcna1-morpholino

epileptic zebrafish larvae, we uncovered vorinostat (ZolinzaTM; suberanilohydroxamic acid, SAHA) as a potent anti-seizure agent.

We further demonstrated that vorinostat decreased average daily seizures by �60% in epileptic Kcna1-null mice using video-EEG

recordings. Given that vorinostat is a broad histone deacetylase (HDAC) inhibitor, we then delineated a specific subset of HDACs,

namely HDACs 1 and 3, as potential drug targets for future screening. In summary, we have developed a novel phenotypic,

metabolism-based experimental therapeutics platform that can be used to identify new molecular targets for future drug discovery

in epilepsy.
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Abbreviations: ASD = anti-seizure drug; MES = maximal electroshock seizure; MO = morpholino oligomer;
PTZ = pentylenetetratrazol

Introduction
Epilepsy is a common neurological disorder that affects

�1% of the population worldwide and can arise from a

genetic mutation, inflammation, neurotrauma, or brain

malformations (Berg et al., 1996; Linehan et al., 2011;

Neligan et al., 2012). The defining feature of epilepsy is

the presence of spontaneous recurrent seizures, which at a

cellular level manifest as aberrant discharges of neuronal

clusters leading to hyperexcitability and hypersynchrony.

Since the 1930s, more than 35 new anti-seizure drugs

(ASDs) have been approved, and a small majority of pa-

tients are able to experience seizure control (Loscher and

Schmidt, 2011). However, more than a third of all patients

fail to respond to current therapies (Kwan and Brodie,

2000), and will continue to have attendant life-long cogni-

tive, behavioural and mental health problems (Bromley

et al., 2011; Kanner, 2013a, b; Mula, 2013; Rudzinshi

and Meador, 2013). Thus, despite the advent of newer

medications and decades of research into the neurobiology

of epilepsy, the proportion of patients with unremitting

seizure activity has remained essentially unchanged.

Intriguingly, many of these medically refractory patients

will respond to a therapeutic intervention called the keto-

genic diet. The ketogenic diet is a high-fat, low-carbohydrate

treatment for patients who fail to respond to anti-seizure

medications (Neal et al., 2008, 2009; Kossoff et al., 2009),

and was originally designed in the 1920s to mirror the bio-

chemical changes associated with fasting (Kossoff and Rho,

2009). The hallmark feature of the ketogenic diet is the

production of ketone bodies such as b-hydroxybutyrate,

acetoacetate, and acetone. Although the underlying mechan-

isms of ketogenic diet action remain unclear (Rogawski

et al., 2016), proof of clinical efficacy has been demonstrated

(Neal et al., 2008) and substrates such as ketone bodies have

been found to exert neuroprotective effects (Gano et al.,

2014). Indeed, patients who respond to the ketogenic diet

show underlying respiration changes (Kang et al., 2007;

Greco et al., 2016; Rogawski et al., 2016), further demon-

strating a link between the ketogenic diet and alterations in

bioenergetics. There is also mounting evidence that neuro-

metabolic alterations, such as those induced by fasting or the

ketogenic diet, may improve symptoms across many unre-

lated neurological disorders, such as Alzheimer’s and

Parkinson’s diseases, amyotrophic lateral sclerosis, brain

cancer, neurotrauma, autism spectrum disorder, depression,

and stroke (Gasior et al., 2006; Acharya et al., 2008; Davis

et al., 2008; Fenoglio-Simeone et al., 2009; Maalouf et al.,

2009; Masino et al., 2009; Stafford et al., 2010;

Abdelwahab et al., 2012; Kim do et al., 2012; Stafstrom

and Rho, 2012; Ruskin et al., 2013). Indeed, the ketogenic

diet is currently being therapeutically explored in all of these

diverse models and patient populations (Yaroslavsky et al.,

2002; Evangeliou et al., 2003; Henderson et al., 2009;

Kossoff and Rho, 2009; Frye et al., 2011; Maggioni et al.,

2011; Schmidt et al., 2011; Phelps et al., 2012; Herbert and

Buckley, 2013; Maroon et al., 2013). Since derangements in

cellular metabolism have been linked in part to the under-

lying aetiology of epilepsy, it is possible that restoration of

mitochondria-mediated bioenergetics to baseline levels will

not only improve symptoms, but may also have disease-

modifying effects (Pathak et al., 2013). Hence, the ketogenic

diet can serve as a framework for drug development for a

multiplicity of neurological disorders, all of which share in

common imbalances in cellular bioenergetics.

Zebrafish have rapidly become a key tool in epilepsy re-

search and experimental therapeutics (Baraban et al., 2005,

2007; Baxendale et al., 2012; Zdebik et al., 2013).

Zebrafish are simple vertebrates that are highly amenable

to genetic manipulation and share 470% genetic similarity

with humans (Howe et al., 2013; Kettleborough et al.,

2013; Schier, 2013). Thus, many biological pathways are

conserved between zebrafish and humans. Increased loco-

motor and swimming behaviours of zebrafish in monitored

assays are indicative of neuronal hyperexcitability, and thus

can serve as surrogate readouts for seizure-like activity

(Baraban et al., 2005, 2007; Afrikanova et al., 2013).

More recently, electrophysiological field potential record-

ings in zebrafish have been used to measure epileptiform-

like interictal and ictal activity in living larvae (Zdebik

et al., 2013; Meyer et al., 2016), further demonstrating a

common pathophysiology of epilepsy between mammals

and teleosts. Indeed, zebrafish have been used over the

past 10 years to identify drugs for the treatment of

Dravet syndrome (also known as severe myoclonic epilepsy

of infancy) (Baraban et al., 2013) and generalized epilepsies

(Baxendale et al., 2012).

Here, we build upon this literature and report the char-

acterization of a novel, metabolism-based drug discovery

platform modelled on one of the mechanistic underpinnings

(e.g. mitochondrial changes) and therapeutic efficacy of the

ketogenic diet. We reasoned that since the ketogenic diet

often works when ASDs fail, pharmacological agents that

exert similar neurometabolic effects might prove as or more

efficacious as existing medications. Specifically, we used a

combination of zebrafish genetics and in vivo bioenergetics

functional readout assays to screen for therapeutic agents

that improve mitochondrial health in single-gene knock-

down models of epilepsy. We screened commercially avail-

able chemical libraries of approved drugs, for which the

molecular targets and pathways are well characterized,

and confirmed the reverse-identified targets of efficacious
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compounds by utilizing other pharmacological ligands.

Through this process, we identified two histone deacety-

lases (HDAC1 and HDAC3) as selective targets for epilepsy

drug development.

Materials and methods

Zebrafish husbandry and embryo
culture

All protocols and procedures were approved by the Health
Science Animal Care Committee (protocol number AC14-
0223) at the University of Calgary in compliance with the
Guidelines of the Canadian Council of Animal Care. Adult
wild-type zebrafish (TL strain) were maintained at 28�C in a
14-h light/10-h dark cycle in a self-regulating aquatic system
(Tecniplast) with pH 7.5–8.0, and a water conductivity of
980—1000 mS/cm, a modification of the protocol described
by Westerfield (2000). The animals were fed twice daily with
artemia. The evening prior to the day of breeding, breeding
pairs were placed in a partitioned breeding tank (Tecniplast) to
prevent egg predation. The next morning, spawning was trig-
gered by the onset of light and removal of the partition.
Zebrafish embryos and larvae were maintained in a non-CO2

incubator (VWR) at 28�C on the same light-dark cycle as the
aquatic facility.

Morpholino analyses

As the zebrafish kcna1a gene comprises a single exon, an
ATG-blocking morpholino oligomer (MO) was engineered by
Gene-Tools (Philomath). This morpholino (50-GTTGTCCCC
AGCCACAACTGTCATC-30), denoted as kcna1a-MO* in
Supplementary Fig. 1A and B, was the primary MO utilized
throughout this project and is hereafter referred to as ‘kcna1-
MO’. To verify selectivity of kcna1a-MO*, a second MO (50-
TGCAGGTCAAAGTTGAAGCTCCGCA-30) was engineered
by Gene-Tools to target just upstream of the first sequence
(Supplementary Fig. 1A, ‘kcna1a-MO’). Additionally, a p53-
targeting MO (Gene-Tools) was also co-injected with both
kcna1-MOs to verify that the observed kcna1-MO phenotype
was not the result of these MOs having off-target effects on
the apoptotic pathway (Supplementary Fig. 1B). Both kcna1a
ATG-blocking MOs were confirmed in silico to not bind
kcna1b. For all experiments, embryos were injected at the
one-cell stage, sorted, and viable embryos were maintained
in 100 mm plastic petri dishes, with kcna1-MO and wrapped
in aluminium foil, whereas wild-type embryos to be used for
pentylenetetratrazol (PTZ) treatments were exposed to normal
14-h light/10-h dark cycling, and all embryos were maintained
in a non-CO2 incubator (VWR) at 28�C until the day of assay.

Drug dilution

A 142-drug library (kind gift from Dr Aru Narendran,
University of Calgary) containing 10 mM compounds in
dimethysulfoxide (DMSO) and a 728-compound library from
the NIH containing 10 mM compounds in DMSO were used
in our drug screen. On the day of assay, stock solutions of
compounds were diluted to a final concentration of 20 mM in

embryo media. The final DMSO concentration was 0.1%, and
was used as vehicle control in behaviour assays, metabolic
measurements, and zebrafish field potential recordings. For im-
plant surgery and mouse video-EEG, vorinostat was dissolved
in DMSO to a final concentration of 40 mg/kg body weight
and the other compounds in a cocktail of DMSO:polyethylene
glycol 300:PBS in a percentage ratio of 3.5:52:44.5 to a final
concentration of 50 mg/kg body weight (Entinostat) and
100 mg/kg body weight (RG2833). Vehicle solutions for the
vorinostat experiments were 10% DMSO (Fig. 6B) and
DMSO:polyethylene glycol 300:PBS (see above) for entinostat
and RG2833 (Fig. 7B). For the blinded study, drugs were
diluted to a working concentration of 10 mM, coded, and
handed to a research associate in the lab who was unable to
decipher the code for each drug. This research sssociate would
then run all behavioural and bioenergetics assays labelling the
data using the code, and also analyse all data blindly. After
data analyses were complete, the code was revealed and the
data unblinded.

Behavioural assay

For drug screening using kcna1 morphants, 5 days post-fertil-
ization (dpf) larval zebrafish maintained in 96-well plates were
habituated for 20 min, under ambient light. This was followed
by treatment with 20 mM of drugs for 20–30 min (n = 6–7 per
compound), and assayed for locomotor activity, burst activity,
distance moved, inactive duration and tracking in dark for
20 min in ZebraBox (ViewPoint Life Sciences). For drug
screening involving PTZ induction, 5 dpf zebrafish were trea-
ted with 10 mM PTZ for 10 min, followed by 20 mM (final
concentration) of drug for 20 min under ambient light, and
assayed for total locomotor activity, burst activity, distance
moved and inactive duration, and tracking under 100% light
in ZebraBox for 20 min. All behavioural assays were repeated
at least twice. Total swim activity and tracking of total dis-
tance moved as a measure of hyperactive swimming behaviour
were analysed using ZebraLab V3 software (ViewPoint Life
Sciences, Lyon, France).

Metabolic measurements

Oxygen consumption rate measurements were performed using
the XF24 Extracellular Flux Analyzer (Seahorse Biosciences).
Single 2–4 dpf zebrafish larvae (n = 6–7 per group) were
placed in 20 of 24 wells on an islet microplate and an islet
plate capture screen was placed over the measurement area to
maintain the larvae in place. Seven measurements were taken
to establish basal rates, followed by treatment injections and
18 additional cycles (Stackley et al., 2011). Rates were deter-
mined as the mean of two measurements, each lasting 2 min,
with 3 min between each measurement (Richon, 2010).

Zebrafish electrophysiology

Electrophysiological recordings in zebrafish larvae were per-
formed as previously described (Baraban et al., 2005, 2013;
Afrikanova et al., 2013). Briefly, 6 dpf zebrafish were paral-
ysed (a-bungarotoxin, 1 mg/ml, Tocris) and embedded in 1.2%
low melting point agarose. The dorsal side of the zebrafish was
exposed to the agarose gel surface and accessible for electrode
placement. Larvae zebrafish were placed on an upright stage of
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a Zeiss Axioskop2 microscope, visualized using a 5� Zeiss
N-Achroplan objective and perfused with embryo media
(E3 media). A glass microelectrode (3–8 MV) filled with 2 M
NaCl was placed into the tectum opticum of zebrafish, and
recording was performed in current-clamp mode, low-pass fil-
tered at 1 kHz, high-pass filtered at 0.1 Hz, using a digital gain
of 10 (Multiclamp 700B amplifier, Digidata 1440A digitizer,
Axon Instruments) and stored on a PC computer running
pClamp software (Axon Instruments). After 20 min of baseline
recording, drugs (final concentration 20 mM) were added dir-
ectly to the embryo media and continued recordings in the
same fish were captured over the next 20 min. Care was
taken not to disrupt the pipette or move the fish in any
manner.

Implant surgery and mouse
video-EEG

Kcna1-null mice were anaesthetized with 3% isoflurane, and the
skull fixated with stereotaxic bars (KOPF Instruments) over heat-
ing pads (as approved in Animal protocol # AC 13-0251). A
1.5 cm rostral-caudal incision was made to expose the skull sur-
face, and connective tissues cleared. Three holes were gently
drilled on each side of the skull with a 23 mm gauge needle,
avoiding suture lines. Mouse screws (0.1 inch) with wire leads
were gently inserted midway into the skull, and a layer of dental
acrylic applied over the screw heads and skull. A 6-pin mouse
connector (Pinnacle Technology) was positioned over the screws,
wires properly aligned, wrapped together, and folded backwards
to avoid accidental contacts. A pocket for two EMG electrodes
was made in the neck of the mouse by blunt dissection. Exposed
wires were covered with a final layer of dental acrylic, and
allowed to harden for 24 h before attaching the pin connector
to the video EEG monitor (Pinnacle Technology). EEG signals
were recorded simultaneously across the rostral, medial and
caudal aspects of the neocortex using Sirenia Acquisition soft-
ware (Pinnacle Technology). Mice were recorded 24 h per day
for 1 day (baseline, post-natal Day 38), and received vorinostat
and other drugs (intraperitoneal injection, 40–100 mg/kg body
weight/day) for the next six consecutive days (post-natal Days
39–44). Frequency, duration, and time of seizure was analysed
using Sirenia Seizure software (Pinnacle Technology).

Psychomotor and maximal
electroshock seizure testing

The 6 Hz 44-mA psychomotor and maximal electroshock seiz-
ure (MES) testing were performed as previously described
(Suzuki et al., 1992, 1995; Bouilleret et al., 1999; Riban
et al., 2002; Barton et al., 2003). Briefly, for the 6 Hz 44-mA
psychomotor testing, 44 mA current was delivered through
corneal electrodes for 3 s to CF-1 mice (n = 4) to elicit psycho-
motor seizure, while in the MES test, 60 Hz of alternating cur-
rent (50 mA) was delivered for 0.2 s by corneal electrodes
previously primed with an electrolyte solution containing
0.5% tetracaine HCl to CF-1 mice (n = 4) to induce MES seiz-
ures. Vorinostat at 30, 100, and 300 mg/kg was then adminis-
tered intraperitoneally and the anti-seizure activity of vorinostat
was then determined at 0.5- and 2.0-h time points.

Results

Characterization of bioenergetics
functional assays in zebrafish
epilepsy models

The rationale for our drug screening platform is rooted in

the clinical efficacy of the ketogenic diet and its ability to

modulate mitochondrial bioenergetics. Thus, first we

sought to demonstrate that bioenergetics was altered in

epileptic models of zebrafish. We used the Seahorse XF

Flux Bioanalyzer, which enables non-invasive and real-

time measurements of metabolic changes in zebrafish

larvae (Fig. 1A) (Stackley et al., 2011; Gibert et al.,

2013; Kumar et al., 2016). Specifically, the Seahorse plat-

form provides a measurement of basal respiration, maximal

respiration, non-mitochondrial respiration, and mitochon-

drial respiration due to ATP turnover and/or proton leaks

(Fig. 1A), and thereby provides a full metabolic profile in a

single assay. Initially we tested a range of zebrafish ages

(2–7 dpf) to determine the developmental stage that yielded

the highest oxygen consumption rate with least variability,

and found little differences across development (data not

shown). Thus, for all experiments carried out hereafter, 2

dpf zebrafish larvae were used.

We created two models of ‘epileptic’ zebrafish: a pharma-

cological induction model using PTZ, which has been

shown previously to produce epileptic-like hyperexcitability

in zebrafish (Baraban et al., 2005), and a knockdown

approach targeting the zebrafish orthologue of the human

and murine potassium channel gene (KCNA1 and Kcna1,

respectively) encoding the delayed rectifier protein Kv1.1,

using a morpholino (MO) oligonucleotide that targeted

the kcna1a ATG initiation site (Supplementary Fig. 1A).

Initially we ordered two kcna1a ATG-blocking MO to

confirm selectivity of the observed kcna1a knockdown

phenotypes. Being a single exon gene, we were unable to

design a slice-targeting MO. Both ATG-blocking MOs

(kcna1a-MO* and kcna1a-MO) and a standard control

MO were injected into wild-type embryos at the one-cell

stage and assayed at 3 dpf for changes in transcript levels

using RT-PCR and qPCR. The two ATG-MOs displayed an

equal degradation of kcna1a transcripts, whereas the con-

trol MO had no effects (Supplementary Fig. 1B). In add-

ition, bioenergetic assays were conducted on 3 dpf zebrafish

larvae injected with either the control MO or either of the

kcna1a-MOs and an equal increase in basal respiration was

observed in the kcna1a morphants but not the control

larvae (Supplementary Fig. 1B). And finally, each of these

kcna1a-MOs was co-injected with a p53-MO to confirm

that this increase in basal respiration was due to targeting

of the kcna1a gene and not off-target effects on the apop-

tosis pathway, the primary effector of non-selective MOs.

We demonstrate an equal level of basal respiration in the

p53-MO + kcna1a-MO zebrafish larvae, which matches
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kcna1a morphant levels alone (Supplementary Fig. 1B).

There are two kcna1 paralogues in zebrafish (kcna1a and

kcna1b) and both kcan1a-MOs are 100% selective to

kcna1a. For the rest of this study, only the kcna1a-MO*

was used and is hereafter referred to as ‘kcna1-MO’.

Our workflow was to breed male and female wild-type

zebrafish and either grow the embryos in normal light:dark

cycle conditions until day of experiment and then expose

them to PTZ 10 min prior to assay, or inject with MO at

the one-cell stage and then allow them to grow in the dark

until the day of testing (Fig. 1B–D). To validate our kcna1-

MO epilepsy model, we examined locomotor behaviours by

quantifying movement across different experimental condi-

tions [Supplementary Fig. 1C and D; as described previously

(Baraban et al., 2005)]. Notably, there were no significant

changes in total locomotor behaviour between kcna1-MO

Figure 1 Metabolic characterization of PTZ and kcna1-MO models of epilepsy. (A) Cartoon representation of how the Seahorse

bioanalyser displays mitochondria bioenergetics as modulated by pharmacological inhibitors. (B) Schematic representation of treatment paradigm for

metabolic drug screen in PTZ and kcna1-MO models of epilepsy. (C) PTZ and kcna1-MO models of epilepsy exhibit significant increases in metabolic

parameters. Specifically, changes in basal respiration, maximal respiratory capacity, non-mitochondria respiration, total mitochondrial respiration, proton

leaks, and ATP-linked respiration were studied for both models. Non-mitochondrially mediated changes in respiration were not observed in either

model. (D) Linear regression analyses showing significant correlation between basal respiration and both maximum respiratory capacity (r = 0.817;

P5 0.0001) and mitochondria-mediated respiration (r = 0.895; P5 0.0001) but only a moderate correlation with non-mitochondrial respiration

(r = 0.489; P5 0.001). Data in C are shown as mean � SEM; *P5 0.05, **P5 0.001, ***P5 0.0001 (unpaired t-test); n = 6–7 fish per group.
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and wild-type when reared under a 14-h light:10-h dark

environment and then assayed in both dark, light, or flash-

ing light conditions (Supplementary Fig. 1D). By contrast,

when kcna1-MO were reared in complete dark until 5 dpf

and then assayed in dark, the morphants displayed hyper-

activity (Supplementary Fig. 1C and D), which was not

observed in dark-reared morphants assayed under light or

flashing lights (Supplementary Fig. 1D). Upon further char-

acterization, the 5 dpf kcna1-MO embryos reared and

assayed both in dark exhibited hyperactive swimming

across all behavioural parameters examined, including

increased total locomotor activity (the sum of all movements

made), burst activity (a potential measure of seizure events),

total distance moved, and inactive duration (Supplementary

Fig. 3) (Baraban et al., 2005). Notably, kcna1-MO showed

comparable levels of locomotion as the PTZ-induction

model (Supplementary Fig. 3). Finally, to demonstrate that

the kcna1-MOs displayed neuronal hyperexcitability con-

sistent with a seizure model, we assessed EEG activity

through extracellular field recordings. Indeed, 5 and 6 dpf

kcna1-MO exhibited abnormal EEG activity, evidenced

by repetitive high frequency, large-amplitude spikes

(Supplementary Fig. 2). In addition, by enlarging a section

of the trace, we observe ictal (41000 ms in duration) and

interictal (5300 ms duration) -like activity, consistent with

epileptiform events (Supplementary Fig. 2). Here, we define

epileptiform events as upward or downward deflections

greater than 2� baseline levels, as has been done previously

(Baraban et al., 2013). Combined, these findings are in

agreement with others who have demonstrated abnormal

swimming behaviour in larval ‘epileptic’ zebrafish models

(Baraban et al., 2005; Winter et al., 2008; Afrikanova

et al., 2013; Dinday and Baraban, 2015; Grone et al.,

2016).

To measure bioenergetics in living zebrafish, we seeded 2

dpf wild-type embryos for induction with PTZ or kcna1-MO

into islet capture plates and secured them under a mesh

chamber to keep the larvae contained in the centre of the

plate for accurate measurement. On the day of assay, wild-

type embryos were treated with PTZ (10 mM) 10 min prior

to the assay and PTZ-treated and kcna1-MO larvae (2 dpf)

were placed in the extracellular flux analyser (Seahorse

Bioscience). The oxygen consumption rate in a transient

micro-chamber was measured over 2 min in the presence or

absence of pharmacological inhibitors to block various steps

in energy production (Fig. 1A) (Stackley et al., 2011). In both

epilepsy zebrafish models, a significant increase in core bio-

energetics parameters was observed. Specifically, basal respir-

ation, total mitochondrial respiration, and ATP-linked

respiration, were elevated in both the PTZ-induction

and kcna1-MO models (Fig. 1C; P5 0.0001, n = 6–7). In

addition, maximum respiratory capacity (kcna1-MO only)

and respiration due to proton leaks (PTZ-induction only)

were also significantly increased (Fig. 1C; P50.001 and

P5 0.05, respectively). Non-mitochondrial respiration was

unchanged in both zebrafish epilepsy models, consistent

with the notion that mitochondrial alterations are associated

with the hyperexcitable phenotypes observed in both models

(Supplementary Figs 1 and 3).

We also asked whether basal respiration in kcna1-MO

correlated with maximal respiration, mitochondria-mediated

respiration, and non-mitochondria-mediated respiration, to

ascertain if basal respiration could be used as a representative

readout for mitochondria-mediated events during drug

screening. Using linear regression analyses, we showed a

very strong correlation between basal respiration and both

maximum respiratory capacity (r = 0.817; P50.0001) and

mitochondria-mediated respiration (r = 0.895; P50.0001).

However, only a moderate correlation with considerable

variability was observed between basal respiration and non-

mitochondrial respiration (r = 0.489; P5 0.001), demonstrat-

ing that basal respiration is a very poor predictor for non-

mitochondrially-mediated respiration, as expected (Fig. 1D).

Anti-seizure drugs block elevated
metabolism in zebrafish epilepsy
models

Next, we used our two models of epilepsy to characterize the

efficacy of currently approved ASDs for blocking elevated

metabolism. To do so, we conducted a blind screen of 20

known ASDs plus three compounds that recently failed clin-

ical trials in epilepsy for missed endpoints. All 23 com-

pounds were blinded and assayed through our metabolism-

based platform. As expected, we observed an increase in

basal respiration in both PTZ-induction and kcna1-MO epi-

lepsy models (Fig. 2A). Additionally, in the PTZ-induction

zebrafish, we found 14 of 20 ASDs (including topiramate,

vigabatrin, and tiagabine) potently reduced elevated basal

respiration and total mitochondria respiration to wild-type

levels, whereas in the kcna1-MO zebrafish 15 ASDs, includ-

ing eslicarbazepine, rufinamide, primidone, effectively

restored core bioenergetics parameters of basal respiration,

maximum respiratory capacity, and total mitochondrial res-

piration to wild-type levels (Fig. 2A and B). Moreover, 11 of

the 20 ASDs were effective in both models. In contrast, two

of the ‘failed’ drugs were efficacious in the PTZ-induction

model but none were effective in the kcna1-MO (Fig. 2B).

Given that more ASDs were effective in the kcna1-MO than

in the PTZ-induced zebrafish, and also since none of the

failed drugs demonstrated potency in the kcna1-MO, it is

possible that genetic models of epilepsy might offer better

translatability than acute induction models. Combined, our

screening platform uncovered 18 of 20 ASDs (excluding only

piracetam and ethosuximide), yielding a 90% confidence

rate and highlighting the robustness and utility using meta-

bolic readouts as an approach to uncover novel ASDs.

Semi high-throughput screen of two
repurposed drug libraries

Having validated metabolism as a robust readout assay

in zebrafish larval epilepsy models, we next conducted a
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two-step screen. Our workflow (Fig. 3A) was to create the

zebrafish models of epilepsy, as described above, conduct a

high-throughput behavioural screen to identify active com-

pounds, and then test promising hits in the semi high-

throughput metabolic assay. All positive hits were then vali-

dated in Kcna1-null mice (see below) and new molecular

targets reverse-identified.

We used two repurposed libraries for our screen: a pri-

vate library of 142 oncogenic therapies (a kind gift from Dr

A. Narendren, University of Calgary) and the 728 com-

pound NIH Clinical Collection. All 870 compounds were

first screened for their ability to significantly reduce hyper-

active swimming behaviours in both PTZ-induced and

kcna1-MO zebrafish larvae. Drugs were assayed at

20 mM, slightly higher than screens conducted in tissue cul-

ture to account for lower in vivo uptake of the drugs. A

compound was considered a positive hit if it reduced total

locomotor activity by 40% or more with little or no toxic

effects, as determined by the presence of normal heartbeat

before and after assay, absence of pericardial oedema, and

return of zebrafish to normal swimming after washout of

the drug. To statistically assess the robustness of our pri-

mary screen, upon completion of the 870 compounds we

created a z-score scatter plot, which represents a theoretical

mean from which standard deviations of each drug away

from this theoretical mean (z-score) can be calculated to

assess the statistical distribution of each drug (Fig. 3B).

Thus, the further the z-score is from 0, the lower the prob-

ability of obtaining the drug data value from a theoretical

distribution. Here, we show all 870 compounds as grey

dots and have randomly selected 25 of our 120 hits from

the behavioural screen to demonstrate their distribution

(Fig. 3B, purple). We also mapped onto this grid 15

green squares that are our lead compounds after assaying

Figure 2 ASDs are efficacious in zebrafish bioenergetics assays. (A) A double-blinded screen of 20 known ASDs and three compounds

that recently failed clinical trials in epilepsy. Thirteen of 20 known ASDs restored elevated basal respiration and total mitochondria respiration to

wild-type levels in PTZ-induction model. In the kcna1-MO model, 15 of the 20 known ASDs were efficacious in restoring basal respiration,

maximum respiratory capacity and total mitochondrial respiration to wild-type levels. (B) List of the 20 known ASDs and three compounds that

recently failed clinical trials in epilepsy used in present study. Two of the three compounds that failed were efficacious in the PTZ-induction but not

in the kcna1-MO model. Data in A are shown as mean � SEM. Statistics are shown comparing treatment group to vehicle control; wild-type and

vehicle are statistically different in all graphs although not illustrated; *P5 0.05, **P5 0.001, ***P5 0.0001 (unpaired t-test); n = 6–7 fish per group.

ESL = eslicarbazepine; ESM = ethosuximide; LEV = levetiracetam; PRM = primidone; RUF = rufinamide; TGB = tiagabine; TOP = topiramate;

Veh = vehicle; VGB = vigabatrin; WT = wild-type.
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through the metabolic readouts, with vorinostat highlighted

with red triangle (Fig. 3B). Combined, this analysis con-

firms that the cut-off of a 40% decrease in locomotor be-

haviour is a robust measure of efficacy since these

compounds largely have a z-score5�2 (55% probability)

when assessed using this more rigorous statistical approach.

We next examined the behavioural assay results for trends

and noticed that potent compounds fell into three categories:

(i) effective in kcna1-MO but not in the PTZ-induction model

(Fig. 3C); (ii) effective in the PTZ-induction model but not in

the kcna1-MO (Fig. 3C); (iii) effective in both models (data

not shown). Only drugs that blocked high-velocity swim

movements by 440% in both models were moved forward

and assessed in the semi high-throughput metabolic screen.

To assess the efficacy of these 120 compounds that passed

the initial behavioural screen for improved bioenergetics,

Figure 3 A screen of 870 compounds uncovers new potential ASDs. (A) Schematic representation of the workflow for the two-step

drug screen. (B) Z-score scatter plot of 870 compounds used in the primary screen. Purple dots are representative hits from behavioural screen,

green squares are lead compounds from both behavioural and metabolic screens. The red triangle represents vorinostat. (C) Identification of two

categories of efficacious compounds from the behavioural screen namely; compounds effective only in kcna1-MO or PTZ-induction models.

(D) Representative data showing elevated basal respiration and mitochondrially-mediated respiration in both kcna1-MO and PTZ-induction model

is blocked by valproic acid (a known ASD) and other compounds used in drug screen including compound 53 (vorinostat), which is a broad HDAC

inhibitor. Non-mitochondrial respiration is unaffected in both kcna1-MO and PTZ-induction models. Data in D are shown as mean � SEM;

*P5 0.001 (unpaired t-test); n = 6–7 fish per group.
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wild-type and kcna1-MO zebrafish were seeded into the islet

plates and exposed to PTZ and/or drug (20mM) as described

above (Fig. 1B). Although linear regression analysis demon-

strated that basal respiration would suffice as a measure of

metabolic activity (Fig. 1D), we assayed the entire bioener-

getics profile since we desired a complete dataset from which

to understand improvements in metabolism in the presence

of drugs. All compounds that reversed basal and mitochon-

drial respiration (440%) in both PTZ-induction and kcna1-

MO models were considered active and prioritized. We cre-

ated a representative graph of these data demonstrating that

basal respiration and mitochondria-mediated respiration, but

not non-mitochondria-mediated respiration, were both ele-

vated in the kcna1-MO and blocked in the presence of val-

proate (as a control) or by compounds from the libraries

(Fig. 3D). Some drugs also demonstrated an effect on non-

mitochondria-mediated respiration (Fig. 3D, arrows).

Notably, compound 53 is vorinostat, a broad HDAC inhibi-

tor that significantly ameliorated the altered bioenergetics

profile to wild-type levels (including basal respiration and

mitochondria respiration) in both PTZ-induced and kcna1-

MO epileptic models (Fig. 3D).

Comparative efficacy between the
behavioural and bioenergetics
screening assays

During our workflow from the behavioural screen through

to the bioenergetics assay, we noticed a high failure rate.

That is, low numbers of potential leads were efficacious in

the metabolic screen, suggesting either a high false-positive

rate from the behavioural screen and/or low utility of me-

tabolism as a readout assay. Given that 90% of ASDs

would have been discovered across our two zebrafish epi-

lepsy models using the bioenergetics assay, we wondered if

the behavioural assay was less robust. To test this notion,

we repeated our blinded study and measured the efficacy

of 20 ASDs in the PTZ-induced and kcna1-MO models

(Fig. 4). Indeed, we noticed that ASDs that were efficacious

in the bioenergetics assay (Fig. 4A, right column) were in-

effective in the behavioural screen (Fig. 4A, left column).

For example, vigabatrin, levetiracetam, and lamotrigine ef-

ficiently reduced basal and mitochondrial respiration in

PTZ-induced and kcna1-MO models but failed to have

any effects on swimming behaviours in both model’s

larvae (Fig. 4A). In total, we measured 12 of 20 ASDs as

efficacious across both PTZ-induced and kcna1-MO

models in the behavioural assay (60%; Fig. 4B, illustrating

locomotion data only). Notably, the two drugs (ethosuxi-

mide and piracetam) not efficacious in the metabolic screen

in both models, were effective in the PTZ-induction model

for the behaviour assay (Fig. 4B). These results prompted

us to conduct a linear regression analysis and compared

total locomotor activity versus either basal or mitochon-

dria-mediated respiration (Fig. 4C). Either a very weak

negative correlation (total locomotion versus basal

respiration) or no correlation (total locomotion versus

total mitochondrial respiration) was observed, suggesting

that behavioural and metabolic readouts are not linked.

Vorinostat is uncovered as a potential
anti-seizure drug

Our top candidate after screening the initial 120 hits

through the bioenergetics assay was vorinostat, which is

also known as suberanilohydroxamic acid (SAHA). To

fully characterize the metabolic profile of vorinostat, we

examined a wide range of bioenergetics parameters, includ-

ing basal respiration, maximal respiration, non-mitochon-

drial respiration, mitochondrial respiration, proton leaks,

and ATP-linked respiration. Vorinostat was shown to be

highly efficacious in reducing these parameters to wild-

type levels, with the exception of non-mitochondria respir-

ation, in both PTZ-induced and kcna1-MO epilepsy models

(Fig. 5A; unpaired t-test, basal respiration P5 0.0001,

maximum respiratory capacity P5 0.001, total mitochon-

drial respiration P5 0.0001, proton leaks P50.001, and

ATP-linked respiration P5 0.05). We found the effective

dose to be in the range of 20 to 50 mM (Fig. 5B), with

higher doses of vorinostat (100–300 mM) toxic to zebrafish

larvae, as demonstrated by lethargic swimming and reduced

heart rate, as well as eventual death at continued exposure

to highest doses (data not shown).

Vorinostat reduces seizure activity in
epileptic zebrafish larvae and rodent
models

To determine if vorinostat functions as an effective ASD,

we used three models: (i) extracellular field recordings

in zebrafish; (ii) video-EEG recordings in mice; and

(iii) acutely-induced approaches in mice [in collaboration

with the United States National Institutes of Health-spon-

sored Epilepsy Therapy Screening Program (ETSP)]. First,

we measured extracellular field potentials from the optic

tectum of paralysed and agarose-immobilized wild-type

and kcna1-MO zebrafish brains (Fig. 6A). In wild-type zeb-

rafish, we detected no evidence of abnormal electrical dis-

charges, whereas field recordings in kcna1-MO larvae

revealed repetitive high-frequency, large-amplitude spikes

indicative of hyperexcitability (Fig. 6A and Supplementary

Fig. 1). Perfusion of kcna1-MO with vorinostat (40 mM) for

30 min nearly completely abolished the high-frequency

spikes (Fig. 6A). We next examined the efficacy of vorino-

stat administration on seizure frequency in spontaneously

epileptic Kcna1-null mice lacking the delayed rectifier po-

tassium channel a subunit, Kv1.1 (Fig. 6B). Treatment of

these mice with vorinostat (40 mg/kg body weight/day) sig-

nificantly reduced seizure frequency by 60%. Although a

reduction in seizure frequency was observed as early as

24 h after commencement of treatment (Fig. 6B), it took

4 days to reach significance (Fig. 6B), consistent with the
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notion that HDAC inhibitors might require additional time

to be effective. Finally, we examined the acute effect of

vorinostat administration on seizures in the 6 Hz psycho-

motor and MES models that represent therapy-resistant

limbic seizures and tonic-clonic seizures, respectively

(White et al., 1995; Barton et al., 2001). When the animals

were dosed 30 min prior to the 6 Hz test, none of the 30 mg/

kg animals responded, whereas 50% and 75% responded at

the 100 mg/kg and 300 mg/kg doses, respectively. However,

when treated with vorinostat 2 h prior to the 6 Hz test,

nearly all the animals responded at all doses (Fig. 6C).

Rotarod testing also revealed toxicity at the higher doses

(100 mg/kg and 300 mg/kg), which is consistent with our

findings in zebrafish (data not shown). Interestingly, vorino-

stat was far less efficacious in the MES test, with none of

the animals responding to treatment when dosed 30 min

prior, and only one to two animals responding when treated

2 h prior to MES stimulation (Fig. 6C). These data suggest

that vorinostat may not possess a broad-spectrum anti-seiz-

ure profile. That said, however, ASDs that are principally

effective in the MES model are voltage-gated sodium

channel blockers with restricted efficacy against focal-onset

seizures, whereas valproic acid—having known activity as a

HDAC inhibitor—is a broad-spectrum drug.

Selective inhibition of HDAC1 and
HDAC3 as a novel target for anti-sei-
zure drugs

Given that vorinostat is a broad HDAC inhibitor, we were

concerned that therapeutically it might have multiple off-

target effects that would reduce its utility as an anti-seizure

therapy, notably with regard to adverse effects. In fact, val-

proic acid is a potent ASD that broadly targets class I and IIa

HDACs (Gottlicher et al., 2001), and it is poorly tolerated

due to side effects such as weight gain and the potential for

multiple organ toxicities. Therefore, we asked if we could

identify a more selective HDAC inhibitor, against which

future drug discovery could be targeted. To do so, we sys-

tematically analysed the bioenergetics profile of 26 HDAC

inhibitors from class l, lla, llb, and IV in the kcna1-MO

Figure 4 ASDs are less robust in behavioural assays. (A) Comparison between behavioural and metabolic assays indicates behavioural

efficacy is not predictive of bioenergetics efficacy. Known ASDs including levetiracetam and lamotrigine that effectively reduced elevated basal and

mitochondrially-mediated respiration in PTZ-induction and kcna1-MO models had no effect on altered swimming behaviour in both models. (B)

List of 20 known ASDs used in the behavioural screen. Eleven of 20 ASDs were efficacious in the PTZ-induction model, 6 of 20 were effective in

the kcna1-MO, and 5 of 20 effective in both models. Data shown are for drugs efficacious in the locomotion assay only. (C) Linear regression

analyses indicated a very weak negative correlation between total locomotor activity and basal respiration (r = �0.228; P = 0.04) and no

correlation between total locomotor activity and total mitochondrial respiration (r = �0.160; P4 0.1). Data in A are shown as mean � SEM;

statistics are shown comparing treatment group to vehicle control; wild-type and vehicle are statistically different in all graphs although not

illustrated; **P5 0.001, ***P5 0.0001(unpaired t-test); n = 6–7 fish per group. LGT = lamotrigine; LEV = levetiracetam; OXC = oxcarbazepine;

PHT = phenytoin; TOP = topiramate; VBT = vigabatrin; Veh = vehicle; WT = wild-type.
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(Table 1). We screened for the ability of a particular HDAC

inhibitor (40mM) to restore the elevated basal respiration

observed in kcna1 morphants to wild-type levels. Exposure

to an inhibitor selective for HDAC1 (e.g. MC1568) or for

both HDAC1 and HDAC3 (e.g. etinostat, SBHA, RG2833)

reduced elevated basal respiratory rates to control levels

(Fig. 7A). In contrast, treatment with an inhibitor selective

to HDAC3 (e.g. RGFP966) or a different HDAC1 inhibitor

(e.g. tacedinaline) had no effect on the elevated basal respir-

ation levels in kcna1-MO (Fig. 7A), suggesting that a

combination HDAC1 and HDAC3 inhibition might be

required. To further test this idea, we treated Kcna1-null

mice with the HDAC1 and HDAC3 inhibitor RG2833

(100 mg/kg body weight/day) and showed using video-EEG

that the number of seizures per day decreased by over 50%

(Fig. 7B and Supplementary Fig. 3A) and that this treatment

specifically decreased Stage 3 seizures without affecting low-

level Stage 2 seizures (Supplementary Fig. 4B), as scored

using a modified Racine scale (Fenoglio-Simeone et al.,

2009). Combined, these results are consistent with the

Figure 5 Vorinostat is efficacious for mitochondria-mediated respiration. Vorinostat effectively ameliorated the elevated metabolic

parameters of basal respiration, maximum respiratory capacity, mitochondria respiration, proton leaks and ATP-linked respiration in both PTZ-

induced and kcna1-MO models. Data are shown as mean � SEM; statistics are shown comparing treatment group to vehicle control; wild-type

(WT) and vehicle are statistically different in all graphs although not illustrated; *P5 0.05, **P5 0.001, ***P5 0.0001 (unpaired t-test); n = 6–7

fish per group.
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notion that combined inhibition of HDAC1 and HDAC3

might represent a set of novel anti-seizure targets.

Discussion
Here, we report a novel, metabolism-based phenotypic drug

screening platform that has the potential to uncover novel

molecular targets relevant for future drug design in epilepsy.

We showed that both a pharmacological-induction approach

and a targeted knockdown model resulted in phenotypes con-

sistent with an ‘epileptic’ brain. We then characterized the

metabolic profiles in these two models and demonstrated

that our bioenergetics assay uncovered 18/20 current ASDs,

illustrating the robustness of our approach and perhaps the

translatability as well. After conducting a screen of 870 com-

pounds, we identified vorinostat as a potent ASD and further

showed that selective HDAC1 and HDAC3 inhibition might

represent efficacious targets for future drug discovery.

Combined, we propose that our screening approach has the

potential to make significant inroads in identifying novel thera-

pies that will be effective in epileptic patients, including the

30–40% who fail to respond to any currently available ASD.

Our novel thesis is that drugs capable of correcting derange-

ments in metabolic output will help treat symptoms of disease.

Backed by the clinical efficacy of the ketogenic diet and the

growing body of evidence linking the ketogenic diet to funda-

mental bioenergetics processes, notably within mitochondria

(Waldbaum and Patel, 2010; Milder and Patel, 2012), we

reasoned that measuring mitochondrial output can serve as

a proxy for overall cellular health in the background of a

diseased brain. Mitochondria are the intracellular power-

houses that utilize fatty acids and glucose to create energy,

and play a transformative role in cellular health. Thus, it is

becoming increasingly appreciated that when mitochondria are

under stress—due to ageing, lifestyle, or genetic causes—mito-

chondrial dysfunction can contribute to the onset of disease

(Nunnari and Suomalainen, 2012). Indeed, many metabolic

and nervous system disorders, as well as cancers, have now

been linked to mitochondrial health. Furthermore, within

Figure 6 Vorinostat blocks seizures in zebrafish and rodents. (A) Image shows agarose-embedded zebrafish and the placement of a glass

microelectrode in the tectum opticum. Representative extracellular field recordings obtained from the optic tectum of 6 dpf wild-type and kcna1-

MO zebrafish larvae � vorinostat treatment (40 mM). The presence of repetitive high frequency, large amplitude spikes indicative of hyperex-

citability in knockdown animals is shown, and is abolished in the presence of vorinostat. (B) Representative electrographic seizure and heat maps

recorded in Kcna1-null mice. Bar graph of the mean number of seizures per day recorded from six Kcna1-null mice � vorinostat treatment. Mice

were recorded for 24 h per day for 1 day, and then received vorinostat injection (40 mg/kg body weight/day) for 6 days. Vorinostat treatment

significantly reduced the number of seizures (two-way ANOVA, F = 27.7, P5 0.01). (C) Acute (30 min dosing regimen) vorinostat (100 and

300 mg/kg) administration significantly reduced corneal electrode-stimulated seizures by 50 and 75%, respectively. A 2-h dosing regimen effectively

reduced seizures across all concentrations used in the 6 Hz psychomotor test but not in the maximum electroshock test.
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neurons, mitochondria are necessary to supply large amounts

of ATP and also the intermediates that are the backbone of

GABA and glutamate synthesis (Sibson et al., 1998;

Waagepetersen et al., 2001), supporting the idea that dysregu-

lated oxidative metabolism can disrupt normal neuronal and

synaptic function. Given that a complex interplay of transcrip-

tion factors, hormones, co-factors, nuclear receptors, and kin-

ases modulate mitochondrial function, broadly assaying for

improvement of metabolic output in a diseased state has the

potential to unbiasedly reveal disease-specific targets and/or

pathways that have hitherto been under-recognized, especially

in the epilepsy field. Combined, our novel approach was mod-

elled from the current literature suggesting that mechanisms of

the ketogenic diet converge to restore imbalances in energy

metabolism (reviewed in Gano et al., 2014) and designed to

uncover overlooked molecular targets that can work upstream

to stabilize mitochondrial function.

HDAC inhibitors and the treatment
of epilepsy

Along these lines, our phenotypic screening platform further

demonstrates that HDAC inhibition is likely an efficacious

therapeutic paradigm for epilepsy. HDACs control various

cellular functions by altering the dynamics of chromatin

structure, which thereby affects gene transcription and can

contribute to the pathogenesis of various diseases

(Johnstone, 2002). The potential for HDAC inhibitors for

the treatment of epilepsy was first proposed with the dis-

covery of valproate’s HDAC activity. Valproic acid is a

broad ASD that is a first-line treatment for epilepsy and

was originally believed to block voltage-dependent sodium

channels and increase brain levels of �-aminobutyric acid

(GABA). More recently, however, valproic acid has been

shown to also inhibit HDACs and it is through this

action that valproic acid is thought to offer its neuroprotec-

tive effects (Gottlicher et al., 2001). Vorinostat is a broad

HDAC inhibitor approved by the US Food and Drug

Administration for the treatment of cutaneous manifest-

ations of cutaneous T cell lymphoma. It inhibits HDAC

activity by binding in the active site of the enzyme and

causes accumulation of acetylated histones, which decreases

cell proliferation and inhibits tumour growth in various

animal models (Richon, 2010). Interestingly, it also

showed neuroprotection in epileptic animals after treatment

with diazepam + vorinostat, effectively using vorinostat as a

control for valproic acid HDAC activity in their experiment

Table 1 Zinc-dependent HDACs

Compound Class I Class IIa Class IIb Class IV

HDACl HDAC2 HDAC3 HDAC8 HDAC4 HDAC5 HDAC7 HDAC9 HDAC6 HDAC10 HDAC11

Tacedinaline + � � � � � � � � � �

MC1568 + � � � � � � � � � �

Pyroamide + � � � � � � � � � �

Romidepsin + + � � � � � � � � �

CUCD-907 + + � � � � � � � � �

Entinostat + � + � � � � � � � �

RG2833 + � + � � � � � � � �

SBHA + � + � � � � � � � �

RGFP 966 � � + � � � � � � � �

45C-202 + + + � � � � � � � �

BG45 + + + � � � � � � � �

Resminostat + � + � � � � � + � �

Tasquinimod � � � � + � � � � � �

LMK-235 � � � � + + � � � � �

Rocilinostat � � � � � � � � + � �

BRD 73994 � � � + � � � � + � �

Droxinostat � � + + � � � � + � �

Mocetinostat + + + � � � � � � � +

PCl-34051 + � � + � � � � + + �

PCl-24781 + + + + � � � � + + �

VPA + + + + + + + + � � �

Pracinostat + + + + + + + + � + +

Trichostatin

A

+ + + � + + + + + + +

CUDC-101 + + + + + + + + + + +

Quisinostat + + + + + + + + + + +

Belinostat + + + + + + + + + + +

Vorinostat + + + + + + + + + + +

HDAC inhibitors and their specific targets used for the systematic bioenergetics screen in kcna1-MO are presented.
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(Rossetti et al., 2012). Vorinostat inhibits both class I, IIa,

IIb, IV enzymes, but not class III (Marks et al., 2001; Marks

and Dokmanovic, 2005). In contrast, valproic acid only in-

hibits class I and class IIa, perhaps suggesting that vorino-

stat might be even more poorly tolerated than valproic acid

as a therapy. Indeed, despite considerable effort to develop

HDAC inhibitors as anticancer agents, including over 490

clinical trials and three eventually approved (Li and Xu,

2014), considerable side-effects of toxicity, fatigue, nausea,

vomiting, and neutropaenia have limited their utility in the

clinic (Tan et al., 2010). Thus, we proceeded to test selective

HDAC inhibitors in an attempt to restrict the toxicity pro-

file of this target as a potential therapy, and demonstrate

that HDAC1 and HDAC3 inhibition alone can decrease the

daily number of seizures in a genetic model of epilepsy.

Currently, a phase I clinical trial for a HDAC1/HDAC3

selective dual inhibitor is ongoing for Friedreich’s ataxia,

demonstrating the potential therapeutic utility of this

target in neurological disorders (Jacoby et al., 2014).

Furthermore, in alignment with the rationale that the ke-

tosis resulting from the ketogenic diet is somehow driving

the improvements in overall neuronal health, recently the

ketone body D-b-hydroxybutyrate was shown to be an en-

dogenous and potent inhibitor of class I HDACs, including

HDAC1 and HDAC3, which offered protection against

oxidative stress in mice (Shimazu et al., 2013). This is con-

sistent with the improvement in neurological functions

observed in zebrafish embryos that harbour defects in pyru-

vate dehydrogenase complex that were treated with ketone

bodies (Taylor et al., 2004). Derangements in metabolism

have been demonstrated in rodent (Rowley and Patel,

2013; Kim et al., 2015) and zebrafish (Kumar et al.,

2016) models of epilepsy, and treatment with high fatty

acid diets (that generate ketone bodies) or ketone bodies

themselves have been known to improve seizure control in

humans (Neal et al., 2008; Freeman and Kossoff, 2010)

and animal models (reviewed in Masino and Rho, 2012;

Kim et al., 2015). Combined, these data underscore the

utility of assaying for improvements in bioenergetics in epi-

lepsy. In doing so, here we also demonstrate that our

phenotypic assay has uncovered differences in efficacy

between measuring metabolic output and behavioural loco-

motor assays in zebrafish epilepsy models.

Repurposing drugs to increase
translation to the clinic

Drugs are the mainstay of epilepsy therapy, and there is an

unmet medical need to identify therapeutic agents that can

help the 30–40% of patients who fail to respond to any

drug. We propose that to begin to make progress on find-

ing drugs for this refractory population, we need (i) better

genetic models for the discovery and validation of drugs;

and (ii) new molecular targets against which novel libraries

can be designed. Our lab’s strategy is to harness the power

of zebrafish genetics to create better vertebrate models of

epilepsy and then strategically screen repurposed libraries

with the intent of reverse-identifying novel molecular tar-

gets, and other preclinical compounds in the pipeline. Here,

we chose to use two libraries of approved drugs, with the

ultimate goal of speeding up the translation from discovery

to the clinic. This approach has been widely used, primarily

by academics (Oprea et al., 2011), and has the distinct

advantages of often enabling a phase IIa or phase IIb clin-

ical trial, bypassing years of preclinical and phase I safety

profiling. In addition, using clinically tested compounds in

drug screening allows researchers to capitalize on previous

investments. Of course, the restricted commercial applica-

tion of discovered compounds is a limitation, but with

refined in silico programs now available, this concern

may be circumvented with the design of similar but novel

compounds.

For us, the use of a repurposed library had the distinct

advantage of enabling us to reverse-identify unexpected

Figure 7 Inhibition of HDAC1 and HDAC3 blocks basal respiration in zebrafish. (A) MC1568, a HDAC1 inhibitor, reduced basal

respiration in kcna1-MO to wild-type levels, whereas RGFP966, a selective HDAC3 inhibitor did not. Furthermore, entinostat, SBHA, and RG2833

are HDAC1 and HDAC3 inhibitors that reduced elevated basal respiration in kcna1-MO to wild-type levels, along with the pan-HDAC inhibitors

quisinostat and belinostat. (B) RG2833 (100 mg/kg body weight/day) decreases the number of seizures/day following 6 days of treatment in

Kcna1-null mice. Data in B and C are shown as mean � SEM; *P5 0.05, **P5 0.001, ***P5 0.0001 (unpaired t-test); n = 6–7 fish per group and

n = 4–8 animals per group. See also Table 1.
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molecular targets, against which further drug design can be

leveraged. Because our readout assays are non-biased and

not tied to a particular protein, and we assay for drugs

that modulate mitochondrial function either directly or

indirectly, we are poised to uncover new targets.

Subsequently, by purchasing other commercially available

inhibitors, we can easily validate these targets for future

target-directed drug design. For example, from our current

screen, we discovered six lead compounds (vorinostat being

one), for which four compounds activated novel pathways.

Thus, we propose that our screening platform not only

uncovers drugs that can be exploited for future drug

design, but also unexpected pathways against which

targeted drug discovery could be used.

For a screening assay such as the one reported herein that

begins with zebrafish models, the demonstration of trans-

lation back to mammals, especially humans, is required. To

begin to translate our findings to mammals, we relied on

epileptic Kcna1-null mice (Smart et al., 1998; Rho et al.,
1999; Fenoglio-Simeone et al., 2009) and the fact that mu-

tations in the human homologue gene, KCNA1, cause

spontaneous seizures in humans (Zuberi et al., 1999).

Using this approach, we have shown that vorinostat can

reduce the number of daily seizures by 60% in Kcna1-null

mice. In addition, we have collaborated with the NIH-

sponsored ETSP to assay our top six leads across their

19 models of epilepsy. In contrast to our genetic knockout

mice that exhibit spontaneous seizures, ETSP relies on

acute electrical or pharmacological induction of seizures.

Interestingly, vorinostat showed efficacy in both genetic

and induction models, suggesting a robust clinical use for

this drug that should be further tested in humans. It is

worth noting that vorinostat displayed a different time

course of action in the zebrafish morphants than in the

mouse genetic models. Specifically, days of injection were

required in the Kcna1-null mouse model, consistent with a

potential epigenetic mechanism, whereas the effect was

almost immediate in the zebrafish assays. One potential

explanation for this difference is that brain concentrations

of vorinostat might be higher in the zebrafish given the

route of administration through the gills and skin that

could bypass gut metabolism and even the blood–brain

barrier, and potentially lead to non-specific effects in the

brain. Alternatively, vorinostat’s effects on bioenergetics (as

measured in the zebrafish) and spontaneous seizures (as

measured in the mouse) could be acting through different

mechanisms, and thus displaying different time courses of

action. Although additional experiments are needed to de-

termine between these two scenarios (not mutually exclu-

sive), it is important to note that a different drug (not a

HDAC inhibitor but a well-characterized ASD) in our

screen displayed the opposite effect, whereas it took over

8 h to show efficacy in our zebrafish models but acted

almost immediately in a mouse assay (data not shown),

thereby suggesting that the time course of action might

not always align between the two species for reasons not

well understood.

Functional readout assays for screen-
ing epileptic zebrafish larvae

To date, locomotion tracking in zebrafish has been an es-

tablished readout of ‘seizure behaviour’, with clonus-like

convulsive episodes followed by rapid hyperactive move-

ment and then a brief pause reminiscent of post-ictal freez-

ing (Baraban et al., 2005). Thus, a decrease in locomotion

in epileptic zebrafish is thought to signal an improvement in

repeated episodes of convulsive-type (Stage 3 in rodents)

activity. In fact, this behavioural assay is used by many

labs worldwide to discover new ASDs (Berghmans et al.,

2007; Baxendale et al., 2012; Dinday and Baraban, 2015),

resulting in the first ‘aquarium-to-clinic’ trial (Griffin et al.,

2017). In contrast, here we present an assay that measures

mitochondrial respiration as a readout of neuronal hyper-

excitability. Therefore, a decrease in basal respiration in

our epileptic zebrafish larvae to baseline levels observed

in wild-type animals is an indication that mitochondrial

function has stabilized. Both of these approaches have

valid scientific reasoning behind them; although what is

interesting is that we found no predictive correlation be-

tween these two. For example, in our epileptic zebrafish

larvae, drugs that decreased locomotion did not necessarily

decrease basal respiration and vice versa. This inconsistency

between these two assays is perhaps surprising given that

epileptic zebrafish larvae have been shown to have alter-

ations in bioenergetics (Kumar et al., 2016), and suggests

that mechanisms underlying behavioural locomotion in epi-

leptic zebrafish larvae do not involve mitochondrial

changes. Further studies are required to determine if the

pathophysiology underlying increased locomotion in epilep-

tic zebrafish models correlates with ‘seizures’ per se, or in-

stead a generalizable hyperexcitable phenotype.

The impact of genetics on drug
discovery in ‘epileptic’ zebrafish

Epilepsy is a heterogenous disease, with both genetic and

environmental factors contributing to its aetiology. Indeed,

various sequencing projects in typical and refractory epi-

lepsy are starting to shed insight into the complex genetics

underlying this disorder. At the same time, the development

of gene editing tools (e.g. CRISPR technology) make it now

possible to create a seemingly limitless number of mouse

and zebrafish genetic models to both better understand the

underlying aetiology of epilepsy and also to use in drug

screening. Although the advancements from these models

will be significant, it does raise the question as to whether

drug screening in individual genetic models will yield drugs

that are efficacious in only that genetic background, or will

be more widely useful. Here, we demonstrate striking dif-

ferences between PTZ-induction and kcna1-MO, although

our comparison between kcna1-MO and other genetic

models created in the lab shows similarity across genetic

lines and dissimilarity between induction and knockout
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models (unpublished results). Although future work is

needed, it is tempting to speculate that an underlying gen-

etic aetiology of epilepsy will affect the cellular milieu dif-

ferently than modulating hyperexcitability at the synapse

(e.g. via treatment with PTZ or electric current), and per-

haps makes an argument for using genetic lines in drug

screening. Our platform allows us to test this notion dir-

ectly by comparing efficacy of different drugs across mul-

tiple models, genetic and induction. By keeping the readout

assays the same and simply changing the zebrafish epilepsy

model, we can ask whether drugs behave similarly across

different genetic backgrounds, and also obtain evidence as

to whether a drug might be equally efficacious across a

broad population or specific to a particular genetic cause.

And finally, our screening platform allows us to make gen-

etic models of rare epilepsies, for which no therapeutic op-

tions exist. This approach can be of benefit especially to

paediatric epilepsy populations, which usually suffer the

most severe monogenic epilepsies.

A limitation of our study is the use of MOs as our zebra-

fish knockdown model, instead of CRISPR-associated sys-

tems (CRISPR/cas9)-generated mutants. MOs are injected

at the one-cell stage and bind tightly to the target sequence

to block translation of protein, and are thereby considered

a knockdown (versus knockout) approach. With the advent

of CRISPRs, the popularity of MOs has decreased; how-

ever, laboratories worldwide are starting to report a lack of

phenotype in many CRISPR/cas9-generated mutants, espe-

cially when compared with earlier studies conducted with

MOs (Schulte-Merker and Stainier, 2014; Kok et al.,

2015). This lack of phenotype is proposed to be due to

compensation by other genes as the embryo seeks to main-

tain homeostasis (Schulte-Merker and Stainier, 2014).

Thus, although we have since gone on to create CRISPR

zebrafish mutants for all future drug discovery (Meza

Santoscoy et al., in preparation), our strategy herein was

to develop this proof-of-principle platform using MOs that

we have demonstrated to have robust and reproducible

spontaneous seizure phenotype in larval zebrafish. All

future drug screening take place using our newly character-

ized CRISPR/cas9 ‘epileptic’ zebrafish lines.

Conclusion
In conclusion, we describe a novel drug screening platform

that relies on bioenergetics to identify new molecular tar-

gets for the treatment of epilepsy. We found that vorinostat

can decrease seizures in both genetic and induction models

of epilepsy, and propose combined HDAC1 and HDAC3

inhibition as a novel anti-seizure paradigm. Further, we

suggest that our unbiased screening platform can be utilized

across a variety of CNS disorders for which alterations in

mitochondrial function have been implicated, by simply

creating disease-relevant and gene-specific zebrafish mu-

tants and using a similar workflow.
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