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Abstract

Epilepsy is a highly prevalent seizure disorder which tends to progress in severity and become
refractory to treatment. Yet no therapy is proven to halt disease progression or to prevent the
development of epilepsy. Because a high fat low carbohydrate ketogenic diet (KD) augments
adenosine signaling in the brain and because adenosine not only suppresses seizures but also
affects epileptogenesis, we hypothesized that a ketogenic diet might prevent epileptogenesis
through similar mechanisms. Here, we tested this hypothesis in two independent rodent models of
epileptogenesis. Using a pentylenetetrazole kindling paradigm in mice, we first show that a KD,
but not a conventional antiepileptic drug (valproic acid), suppressed kindling-epileptogenesis.
Importantly, after treatment reversal, increased seizure thresholds were maintained in those
animals kindled in the presence of a KD, but not in those kindled in the presence of valproic acid.
Next, we tested whether a KD can halt disease progression in a clinically relevant model of
progressive epilepsy. Epileptic rats that developed spontaneous recurrent seizures after a
pilocarpine-induced status epilepticus were treated with a KD or control diet (CD). Whereas
seizures progressed in severity and frequency in the CD-fed animals, KD-fed animals showed a
prolonged reduction of seizures, which persisted after diet reversal. KD-treatment was associated
with increased adenosine and decreased DNA methylation, the latter being maintained after diet
discontinuation. Our findings demonstrate that a KD prevented disease progression in two
mechanistically different models of epilepsy, and suggest an epigenetic mechanism underlying the
therapeutic effects.

Corresponding author: Detlev Boison, PhD, Robert Stone Dow Neurobiology Laboratories, Legacy Research Institute, 1225 NE 2nd

Ave, Portland, OR 97232, USA, Phone: 1 (503) 413 1754, Fax: 1 (503) 413 5465, dboison@downeurobiology.org.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Author contributions

D.B. and S.A.M. designed the study and wrote the manuscript. T.A.L and D.R. analyzed data. K.K.A. and S.Q.C. performed
experiments.

Competing financial interests

The authors declare no competing financial interests.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lusardi et al. Page 2

Keywords
TLE; acquired epilepsy; chemoconvulsant; adenosine; epigenetics; DNA methylation

Introduction

Epilepsy affects about 50 million persons worldwide; it is estimated that up to 30-35% of all
cases are pharmacoresistant. In particular, seizures originating from the temporal lobe tend
to progress in severity and frequency and may become refractory to treatment.
Epileptogenesis refers to a complex process, involving epigenetic changes, inflammatory
mechanisms, glial activation, and reorganization of neuronal circuitry, during which a
normal brain becomes epileptic (Pitkanen and Lukasiuk, 2011; Vezzani et al., 2011).
Antiepileptogenic and disease-modifying therapies that halt disease progression are
therefore urgently needed. A ketogenic diet (KD) is a high-fat, low-carbohydrate and
restricted-protein diet that is often a last resort to treat epilepsy in children who are resistant
to antiepileptic drugs (Kossoff and Rho, 2009). Beyond its anticonvulsant effects, clinical
evidence suggests that a KD might also have antiepileptogenic effects. Follow-up studies of
epileptic children treated with a KD suggest that the diet may afford long-lasting seizure
protection even after its discontinuation (Caraballo et al., 2011). Whether this stems from an
antiepileptogenic effect of the diet or simply reflects spontaneous remission of seizures
cannot be decided. Unlike the clear anticonvulsant success of the KD, which has been
related to metabolic changes induced by the diet (Bough, 2008; Yellen, 2008), the potential
antiepileptogenic activity of a KD remains poorly documented and evaluated.

We recently provided direct evidence that changes in DNA methylation patterns are a key
determinant of the progression of epilepsy and that treatment with anticonvulsants that boost
adenosine may reverse DNA hypermethylation and break the cycle of increasing seizure
severity. Accordingly, adenosine has been identified as an endogenous agent of the brain
with potent and long-lasting antiepileptogenic properties (Williams-Karnesky et al., 2013).
Because a KD was shown to suppress seizures by augmenting adenosine signaling in the
brain (Masino et al., 2011) and because adenosine has not only anticonvulsive, but also
antiepileptogenic properties (Williams-Karnesky et al., 2013), we hypothesized that a KD
might prevent epileptogenesis or halt disease progression via augmentation of adenosine
signaling. We tested the antiepileptogenic effect of a KD in two different rodent models of
epileptogenesis and show consistent increases in seizure thresholds and decreases in
spontaneous seizure activity, which were maintained even after reversal to a normal diet.
Seizure suppression in KD-fed epileptic animals was in line with a rise in brain adenosine
and a sustained decrease in DNA methylation status.

2. Materials & Methods

2.1. Animals, drug, and diet treatment

All animal procedures were conducted in accordance with protocols approved by the Legacy
Institutional Animal Care and Use Committee (IACUC) and the principles outlined in the
NIH Guide for the Care and Use of Laboratory Animals. All studies were performed in adult
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male CD-1 mice or Wistar rats (Charles River Laboratories, Wilmington, MA, USA).
Pentylenetetrazole, pilocarpine, scopolamine, and valproic acid (all from Sigma Aldrich, St.
Louis, MO, USA) were dissolved in 0.9% w/v saline to achieve the desired dosages via the
intraperitoneal (i.p.) or subcutaneous (s.c.) routes. Ketogenic diet (KD: 8.6% protein w/w,
75.1% fat w/iw, 3.2% carbohydrates w/w) for rodents was obtained from Bio-Serv (#F3666,
Bio-Serv, Frenchtown, NJ, USA) and supplied ad libitum. Caloric composition of the KD is:
93.4% fat, 4.7% protein, and 1.8% carbohydrates. Standard chow (control diet, CD) with a
caloric composition of 13.5% fat, 28.5% protein, and 58.0% carbohydrates was used in
control animals or after diet reversal.

2.2. Pentylenetetrazole (PTZ) kindling

Kindling is a process whereby repeated stimulation of the brain initiates permanent
alterations in neural circuitry, resulting in increased convulsive response to the same
stimulus. Kindling paradigms are therefore widely used to assess the efficacy of potential
antiepileptogenic treatments (Loscher, 2002). We used a chemical kindling paradigm, based
on the repeated administration of subconvulsant doses of PTZ (El Yacoubi et al., 2008).
Prior to the induction of kindling, 4 month old mice were randomly assigned to one of three
groups: CD, KD-I, or KD-II. Mice were fed either a KD or CD for 8 weeks, and KD
treatment was maintained throughout the 29 day kindling period. During chemical kindling,
sub-convulsive doses of PTZ were injected i.p. every other day (including weekends)
adhering to the following schedule: 25 mg/kg from study day 1-15 and 30 mg/kg from day
17-29. After each PTZ injection, mice were monitored 30 min for incidence and severity of
seizures using a modified Racine scale (0 = no response, 1 = mouth and facial jerks, 2 =
nodding or myoclonic body jerks, 3 = forelimb clonus, 4 = rearing, falling down, hindlimb
and forelimb clonus). For diet reversal, half of the animals on the KD received a glucose
injection (30% w/v; 2 g/kg) on study day 29 after the last kindled seizure, and those mice
were then reverted to CD feeding for the remainder of the experiment. Five days later, all
animals were subjected to a single 30 mg/kg, i.p. dose of PTZ to assess the maintenance of
previous seizure thresholds. Identical protocols for kindling and seizure threshold studies
were followed when kindling a different set of animals in the presence or absence of the
antiepileptic drug valproic acid (VPA, 200 mg/kg, i.p.). In those studies VPA was injected
30 min prior to each PTZ injection.

2.3. Pilocarpine model of epileptogenesis

Temporal lobe epilepsy (TLE) is characterized by repeated spontaneous seizures that are
initiated in the hippocampal formation. A period of prolonged status epilepticus (SE)
initiates epileptogenic processes leading to spontaneous convulsive seizures and histologic
changes associated with TLE (Dudek et al., 2006). SE was induced in adult male Wistar rats
(250-275 g) with pilocarpine (280 mg/kg, i.p.) (Klitgaard et al., 1998). Scopolamine (1
mg/kg, s.c.) was injected 30 min before pilocarpine to reduce peripheral cholinergic effects.
Animals that experienced no SE during 60 min after the first pilocarpine administration were
treated a second time with half the initial dose. Animals that did not develop SE after the
second dose were excluded from further experimentation. SE was terminated 2 hours after
its onset with diazepam (5 mg/kg, s.c.) to reduce post-ictal mortality. Only rats that
exhibited at least 2 hours of convulsive Racine stage-4 seizures were used. Control rats were
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treated with saline (0.9 % w/v NaCl, i.p.) instead of pilocarpine, but likewise received
scopolamine and diazepam. Starting 3 weeks after the initial SE, all animals were
intermittently (3—4 week bins) video monitored (24 hours/day, 7 days/week) to quantify the
number of convulsive stage 4-5 seizures. All rats were video monitored at the same time,
and all captured videos were included in the analysis. A custom “software robot” was
utilized to create sequential 8 hour video files. To account for occasional video loss due to
technical difficulties, seizures per week calculations were normalized to the number of hours
analyzed. Diet treatment was initiated after the conclusion of week 6 after the SE. At this
time point all animals had a seizure rate of at least 3 seizures per week. All animals were
monitored for up to 23 additional weeks by intermittent video monitoring and retrospective
scoring and analyses performed by investigators blinded to the experimental conditions.
Behavioral seizures were confirmed by EEG analysis in selected animals, with bilateral
recording screw electrodes implanted at stereotaxic coordinates: AP, —4.5 mm; ML, £4.0
mm. Electrical brain activity was amplified (Grass Technologies) and digitized (PowerLab;
AD Instruments). EEG seizure activity was defined as high-amplitude rhythmic discharges
that clearly represented a new pattern of tracing that lasted at least 5 seconds.

2.4. Quantification of p-hydroxybutyrate

Blood levels of B -hydroxybutyrate (BHB) were measured by Precision Xtra ketone test
strips (Abbott Laboratories). Blood was collected from the lateral tail vein on study day 18.
Increased blood concentration of BHB was taken as evidence of ketonemia in animals fed
with the KD.

2.5. Adenosine Quantification

After decapitation, the brain was removed and hippocampal tissue dissected out, frozen in
liquid nitrogen, and stored at =80 °C. Adenosine analyses were performed on a high
performance liquid chromatography (HPLC) system coupled to a multiple wavelength
detector (Agilent 1100 series). Samples were eluted on a C18 column with a particle size of
5 um and a flow rate of 0.8 mL/min using a mobile phase containing water, acetonitrile and
methanol (88:7:5, %v/v). The retention time of adenosine was around 6 min at a detection
wavelength of 258 nm. All peak areas were within the linear range of the standard curves.
Adenosine values were extrapolated from the linear regression curve calculated on the basis
of standard solutions. Extracellular adenosine levels are presented as the mean of four
samples.

2.6. DNA methylation assay

Total genomic DNA was isolated from fresh frozen tissues using a DNeasy Blood and
Tissue Kit (Qiagen). Global DNA methylation status was assessed using commercial 5-mC
DNA ELISA kits (Epigentech or ZymoResearch) as per the manufacturer’s instructions and
as described previously (Williams-Karnesky et al., 2013). Samples shown in each figure
were run in a single assay, and are normalized to the control CD group.
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2.7. Statistics

3. Results

Quantitative data were analyzed using GraphPad Prism software (Version 6.02). Data
sampled at continuous intervals was analyzed by repeated measures ANOVA (RM-
ANOVA), with post hoc Fisher’s least significant differences (LSD) comparisons and
presented as mean + SEM in a line graph. Data sampled at non-continuous intervals was
analyzed by t-Test at representative time points and presented in a bar graph, unless
otherwise noted. Changes in mouse ketone levels, and rat average seizure durations were
analyzed by one-way ANOVA, with post hoc Fisher’s LSD comparisons. Rat seizure rates
were compared at each time point examined by t-Test. Rat adenosine and 5-mC levels were
analyzed using two-way ANOVA, with post hoc Fisher’s LSD comparisons. Significance
indicated in figures is by post hoc test, unless noted.

3.1. A ketogenic diet attenuates kindling epileptogenesis in mice

To test whether KD therapy can attenuate the development of kindling-epileptogenesis in
adult animals, we fed 4 month old male CD-1 mice KD chow (two separate groups KD-I
and KD-Il, n=9-10 each). Age-matched controls (n=10) were maintained on a CD. PTZ
kindling was initiated after 8 weeks of KD induction (Fig. 1A). Seizures gradually became
more severe towards the end of the PTZ kindling period, and maintenance of the kindled
state in CD-fed animals after a challenge 4 days later suggested acquisition of a kindled
state. Overall, the average seizure scores in the KD-fed animals were substantially lower
during the later stages of kindling when compared with CD-fed animals (RM-ANOVA,

F2 26 = 13.25, P = 0.0001) (Fig. 1B). Post hoc comparison of the KD-1 and KD-II groups
demonstrated no difference between the two groups at any time point prior to the diet switch
(study day 1 — 29). Seizures became more severe towards the end of the PTZ kindling
period, regardless of diet. After 15 stimulations, 100% of all CD-fed animals displayed
stage-3 seizures or higher, whereas in KD-fed animals only 37% of all animals reached
comparable seizure stages. Overall, more PTZ injections were necessary to induce seizures
of similar severity in animals maintained on a KD compared to animals fed with a CD
(right-shift of kindling curve), indicating that the KD delayed kindling epileptogenesis. This
finding is in contrast to an acute seizure test, in which a single ictogenic dose of PTZ (50
mg/kg) was delivered to an independent set of seizure naive animals after 8 weeks of KD or
CD feeding. In this experiment, KD treatment did not significantly modify seizure severity
(CD: 3.0+ 0.4, n=10; KD: 3.8 + 0.1, n=10, p = 0.068), a finding consistent with previous
experiments showing no effect of a KD on acute PTZ-induced seizures after 2—4 weeks of
KD feeding (Samala et al., 2008; Uhlemann and Neims, 1972). Thus, the effects of a KD on
PTZ seizures are restricted to a chronic PTZ administration protocol. Together, these results
corroborate earlier studies (Hansen et al., 2009) demonstrating that a KD exhibits
antiepileptogenic effects in the mouse PTZ kindling model. Regardless of diet, animals
continuously gained weight until week 8, after which bodyweight stabilized and remained
constant until the end of experimental testing (Fig. 1D). KD-induced ketonemia was
confirmed by a significant increase in blood -ketone levels in animals fed with a KD (one-
way ANOVA, F; 15=39.12, P=0.0001) (Fig. 1E). These findings validate the effectiveness
of the KD in elevating blood ketone levels.
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3.2. Antiepileptogenic effect of the KD is maintained after diet reversal

A single injection of glucose is known to terminate the acute effects of KD therapy
immediately (Kawamura et al., 2014; Masino et al., 2011). Therefore, glucose injection of
KD-fed animals followed by reversal to a CD is an experimental strategy to distinguish
antiictogenic effects of KD therapy during kindling from lasting antiepileptogenic effect
after diet reversal. To distinguish between both possibilities we used a diet reversal design
whereby the KD-II group was injected with glucose (30% wi/v; 2 g/kg) and reverted to CD
(KD-CD, n=10) after completion of PTZ kindling (day 29) (Fig. 1A). Four days following
the diet switch, all three groups of mice (CD, KD-I, and KD-CD) were challenged with a
single injection of PTZ (30 mg/kg) to quantify seizure susceptibility (D33) (Fig. 1C). We
found a significant main effect of the challenge (RM-ANOVA, F1 56 = 12.41, P = 0.0016),
and of the diet (RM-ANOVA, F; 56 = 9.469, P = 0.0008). After 4 days of diet reversal
(D33), the mean seizure scores in the KD-1 and KD-CD groups were significantly lower
compared to the CD group (***P < 0.005), whereas the KD-I1 and KD-CD groups did not
differ from each other (P = 0.942), indicating a lasting antiepileptogenic effect of the KD.
Furthermore, while mean seizure scores in the CD subjects were similar at D29 and D33 as
would be expected in successfully kindled animals, KD-1 and KD-CD subjects showed
lower seizures scores on D33 compared to D29 (1P < 0.05, 1P < 0.01). Together, these
results indicate that a KD exerts long-lasting protective effects against seizures induced by
PTZ even after discontinuation of diet therapy, consistent with an antiepileptogenic effect.

3.3. Attenuation of epileptogenesis is independent of seizure suppression during kindling

To investigate whether the antiepileptogenic effect in the PTZ kindling model can be
attributed to seizure suppression, two additional groups of mice were kindled in the presence
or absence of the antiepileptic drug valproic acid (VPA, 200 mg/kg, i.p.) (Fig. 2A). Overall,
kindling proceeded more slowly in the VPA-treated mice (F1 17=22.64, P = 0.0002, Fig. 2B).
After 5 days of VPA washout (D34), the mean seizure score increased significantly in both
the saline treated group (TP < 0.05) and in the VPA group (T11P < 0.005) as compared to
the kindled baseline of saline- or VPA-injected animals at D29 (Fig. 2C). Importantly, and
in contrast to the KD experiment in Fig. 1 both groups reacted similarly to the challenge at
D34 (P>0.05, Fig. 2C). The similarity of the challenge response at D34 and the lack of a
lasting effect of VPA after the washout period is in marked contrast to a lasting effect of KD
treatment (Fig. 1) and indicates that KD treatment, but not seizure suppression, is
mechanistically linked to the enduring antiepileptogenic effects of a KD.

3.4. KD prevents disease progression in a rat model of chronic epilepsy

While epilepsy can result from a variety of underlying triggers (e.g. febrile status epilepticus
or traumatic brain injury) the goal of this study was to target common mechanisms of
disease progression that become amenable to treatment after disease onset. We followed
here a unique approach by initiating antiepileptogenic treatment after disease onset, thereby
setting ourselves apart from most research efforts that initiate ‘antiepileptogenic’ treatments
before, during, or shortly after a precipitating event. To ascertain whether a KD can prevent
seizures and disease progression in a model of chronic epilepsy, we evaluated its effects in
the rat pilocarpine model, which is characterized by an initial precipitating injury, a latent
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period, hippocampal sclerosis and reorganization of neuronal networks leading to
spontaneous epileptogenicity in the limbic system (Curia et al., 2008). Spontaneous
convulsive seizures in this model increase in severity and frequency over time and reflect
ongoing disease progression and continuous epileptogenesis. A group of epileptic rats (n =
15) was prepared by pilocarpine-induced SE and subjected to CD or KD treatment followed
by diet reversal to allow a critical assessment of lasting antiepileptogenic effects (Fig. 3A).
Epilepsy progression was intermittently video monitored in 3 to 4 week bins starting 3
weeks after the systemic administration of pilocarpine (Fig. 3A). Continuous epileptogenesis
over 29 weeks in animals on the CD was evidenced by a progressive increase in the number
of seizures after the initial SE (Fig. 3B). KD treatment was initiated 6 weeks after the SE in
half of the animals and maintained for 15 weeks (Fig. 3A). At this time (week 21) all
animals received an intraperitoneal injection of glucose (30% w/v; 2 g/kg) to terminate the
effects of the KD, and the KD animals were switched to a CD (KD-CD), which was
maintained until termination of the experiment 8 weeks later (Fig. 3A). Seizure frequency
was assessed by video scoring in 3—4 week time bins. As expected, KD treatment had a
delayed onset, with no influence on seizure frequency during weeks 7-9 and 11-14 (P =
0.7161 and 0.2511, respectively). During weeks 18-21 after the SE, there was a significant
reduction of spontaneous recurrent seizures in the KD fed rats (P = 0.0184) compared to
spontaneous recurrent seizures in the CD fed rats during the same time frame. Seizure rate
and severity in the CD-fed animals increased throughout the 29 week study, reflecting
ongoing epileptogenesis and disease progression (Fig. 3B). During the first 3 weeks after
diet reversal (weeks 22-24), rats that had been on the KD had a slightly attenuated seizure
phenotype compared to CD-fed rats (P = 0.2744). The lack of statistical significance might
be due to an initial rebound effect after diet reversal in the KD-CD group. Importantly, 6-8
weeks after diet reversal (wk 27-29, Fig. 3B) the KD-CD group had significantly fewer
seizures than the CD group (P < 0.0001), indicating a lasting protective effect of the KD. To
confirm and validate the epileptic phenotype, four animals from each group received cortical
electrodes and seizures scored on video were validated in the EEGs of those animals from
week 27-29 after pilocarpine. Animals on the CD displayed robust prolonged seizures
showing typical evolution of seizure activity with different patterns and frequencies (Fig.
3C), while seizure activity was strikingly attenuated (Fig. 3C) in KD-fed rats after diet
reversal (Fig. 3D). After completion of the seizure recording in week 29 all brains were
harvested for adenosine and 5-methylcytosine (5-mC) analysis.

3.5. KD increases adenosine in the epileptic brain

To provide mechanistic insight into the antiepileptic effects of the KD in this model, an
additional set of CD and KD fed epileptic animals was generated and sacrificed in week 21,
while still on the diet regimen. We found a significant interaction between epilepsy and diet
on hippocampal adenosine levels (F1 1o = 6.004, P = 0.0306). Epileptic animals on the CD
showed a significant reduction in hippocampal adenosine levels (**P < 0.01) compared to
non-epileptic controls, in line with adenosine deficiency being a pathological hallmark of the
epileptic brain (Aronica et al., 2013; Boison, 2012). Importantly, a KD restored adenosine
levels in epileptic animals to those commonly found in healthy control animals (P =

0.2561), indicating that a KD restores adenosine homeostasis in epileptic animals (Fig. 4A).
This finding is in line with our previous demonstration that a KD suppressed seizures in
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transgenic mice by augmentation of adenosine signaling in the brain (Masino et al., 2011).
In contrast to brains that were harvested during KD treatment, an elevation of adenosine in
the hippocampus of epileptic animals treated with a KD was no longer present 8 weeks after
diet reversal, indicating that the increase of hippocampal adenosine observed earlier is a
direct effect of the KD (Fig. 4B). We found a significant main effect of epilepsy (F1 19 =
15.17, P = 0.0010), but no remaining influence of diet. Adenosine levels in the epileptic
animals were significantly reduced compared to non-epileptic control animals (**P < 0.01
for the CD, *P < 0.05 for the KD-CD) regardless of prior exposure to the KD and consistent
with an increased incidence of seizures in the KD-CD group at week 27-29 (adenosine
deficient) compared to week 18-21 (adenosine augmentation by KD).

3.6. Ketogenic diet therapy reverses DNA hypermethylation long-term

We have previously shown that an adenosine deficit causes DNA hypermethylation through
receptor-independent interference with the transmethylation pathway (Williams-Karnesky et
al., 2013). Therefore, we reasoned that a KD might affect DNA methylation in the epileptic
brain. To test this hypothesis, we quantified the hippocampal 5-methylcytosine (5-mC)
content with an ELISA based assay. In line with general hypermethylation of hippocampal
DNA in the epileptic brain (Kobow and Blumcke, 2011; Qureshi and Mehler, 2010), the
global DNA methylation status in whole hippocampal isolates was increased in epileptic
animals maintained on a CD compared with the hippocampal DNA methylation status from
non-epileptic control animals maintained on the CD (**P < 0.01). In contrast, the DNA
methylation status in KD-fed epileptic animals was reduced to levels similar to those found
in either CD- or KD-fed non-epileptic controls (Fig. 4C). In contrast to the acute diet-
dependent changes in adenosine levels, the reduction of the global hippocampal 5-mC status
in the KD-CD group was maintained over at least 8 weeks after diet reversal, indicating
long-lasting epigenetic changes induced by the KD treatment (Fig. 4C). The maintenance of
DNA methylation changes even after diet reversal supports the hypothesis that the reduced
seizure incidence in weeks 27-29 in the KD-CD group compared to the CD group (Fig. 3B)
is due to an antiepileptogenic effect of the KD, linked to a long-lasting epigenetic
mechanism, but independent of an adenosine-dependent antiictogenic effect.

4. Discussion

Here, we provide direct evidence in two mechanistically different models of epilepsy (i) that
a KD increases hippocampal adenosine, an effect limited to the duration of the KD
treatment, (i) that a KD effectively suppresses seizures in adult mice and rats, and (iii) that a
KD attenuates disease progression and epileptogenesis long-term. We further show that this
antiepileptogenic disease-modifying effect was specific to KD therapy and independent of
seizure suppression. Because KD therapy increases adenosine signaling in the brain and
because adenosine prevents epileptogenesis through an epigenetic mechanism (Williams-
Karnesky et al., 2013), we suggest that the profound antiepileptogenic activity of KD
therapy demonstrated here is directly dependent on the adenosine augmenting properties of
KD therapy.
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4.1. Evidence for antiepileptogenic effects of KD therapy

Although limited clinical studies suggest remission of epilepsy following KD therapy in at
least a subset of pediatric patients (Caraballo et al., 2011), controlled clinical studies to
assess antiepileptogenic effects of KD therapy have not been undertaken. Clinical
antiepileptogenesis studies are limited by the fact that KD therapy is often used as a ‘last
resort’ in highly refractory patients. A valid clinical study would need to initiate KD therapy
immediately after the initial diagnosis of epilepsy. This is a challenging approach in terms of
clinical study design and regulatory requirements. In addition, the underlying mechanisms of
long-lasting effects of KD therapy are poorly understood and rodent studies have yielded
conflicting results. Importantly, our studies were performed in adult mice and rats to avoid
developmental confounds associated with KD therapy in developing rodents. Immature
weanling rats subjected to lithium/pilocarpine induced SE and then treated with KD therapy
developed significantly less spontaneous seizures when reaching adulthood, but showed
impaired brain growth and deficits in visual-spatial memory, suggesting that KD therapy
might interfere with normal brain development in immature rodents (Zhao et al., 2004). In
contrast, adult rats that were subjected to lithium/pilocarpine induced SE three weeks after
the onset of KD treatment showed neuroprotection in the hippocampus (Linard et al., 2010),
but antiepileptogenic effects in this study could not be determined because epileptogenesis
might have been confounded by onset of diet treatment prior to triggering epileptogenesis
and because of the high experimental variability within the diet treatment groups. Although
not statistically significant, in this study 3 out of 24 KD treated animals did not develop
epilepsy within 70 days after the SE, whereas all of 15 control diet fed animals developed
epilepsy during the same time frame (Linard et al., 2010). A more recent study demonstrated
robust attenuation of pilocarpine-induced SE in rats that were pretreated with a triheptanoin
supplemented KD (Gama et al., 2015). Similarly, rats electrically kindled in the amygdala in
the presence of a KD showed attenuation of kindling epileptogenesis, however a diet
reversal paradigm to study lasting antiepileptogenic effects has not been performed (Jiang et
al., 2012). Although the latter three studies show beneficial effects of KD therapy, disease
progression after onset of epilepsy has not previously been investigated. The studies above
including our own are limited to chemoconvulsants and electrical kindling-based epilepsy
models. It would be worthwhile to investigate whether KD therapy exerts similar
antiepileptogenic effects in pediatric and symptomatic generalized epilepsies.

4.2. Novel study design to assess antiepileptogenesis

A recent comprehensive review on antiepileptogenic strategies (Loscher and Brandt, 2010)
suggests that the majority of published ‘antiepileptogenesis’ studies are ‘prophylactic’. In
most cases the ‘antiepileptogenic’ treatment was initiated during or shortly after an epilepsy
precipitating event (e.g. SE). This common approach is problematic for two reasons: (i) The
proposed treatment may directly interfere with the quality and or quantity of the epilepsy
initiating trigger. Unless this potential confound is carefully controlled for, it may be
impossible to distinguish true antiepileptogenic effects from factors that modulate the
precipitating injury. For example an anticonvulsant or neuroprotective drug may reduce the
epilepsy precipitating seizure severity or neuronal cell loss, respectively. (ii) From a
translational standpoint, prophylactic therapies would require the identification of subjects
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that develop epilepsy after a precipitating event from those that don’t. Currently, a reliable
biomarker to identify persons at risk for developing epilepsy is not yet available. Therefore,
implementation of antiepileptogenic treatments immediately after the diagnosis of epilepsy
appears to be more pragmatic.

In many forms of epilepsy, including TLE, epileptogenesis is a continuous process leading
to a progressive course of epilepsy including an increased seizure load, an increase in
comorbid symptoms, and the development of pharmacoresistance (Kobow et al., 2012;
Kobow and Blumcke, 2011; Pitkanen and Engel, 2014; Pitkanen et al., 2007; Pitkanen and
Lukasiuk, 2009; Qureshi and Mehler, 2010; Stables et al., 2002; van Vliet et al., 2014).
Therefore, antiepileptogenic treatments initiated after disease onset, i.e. ideally immediately
after diagnosis would still have the potential to halt further disease progression, and to avoid
the development of pharmacoresistance and major comorbidities. With this rationale in mind
we designed a here a novel treatment paradigm tailored to (i) avoid interference with the
epileptogenesis triggering SE and (ii) to adhere to a clinically translatable scenario. Using
the rat pilocarpine model of progressive TLE we initiated KD treatment after the diagnosis
of epilepsy, i.e. at a time point when all animals had developed a seizure rate of several
spontaneous seizures per week. This novel procedure to assess antiepileptogenesis also
allowed us to reduce variation within groups and to monitor epilepsy progression long-term.

4.3. Distinction between anticonvulsant and antiepileptogenic effects

A conceptual challenge in the development of antiepileptogenic strategies is the distinction
between anticonvulsant effects that suppress seizures (“antiictogenic’) from those that
interfere with development and/or progression of epilepsy (‘antiepileptogenic’). This
challenge has elegantly been solved in the rat kindling model, where antiepileptogenic
properties of conventional antiepileptic drugs have been studied by first kindling the animals
in the presence of the drug, followed by a washout period, and continued kindling in the
absence of the drug. Reduced kindling stages after drug washout were interpreted as
antiepileptogenic (Silver et al., 1991). Using a similar experimental approach we previously
demonstrated antiepileptogenic effects of adenosine in the rat kindling model (Szybala et al.,
2009). Here we used an innovative diet reversal paradigm to distinguish antiictogenic from
antiepileptogenic effects in our two rodent models of epileptogenesis. KD therapy attenuated
seizure activity during PTZ kindling, an effect that could be attributed to the well
characterized anticonvulsant properties of KD therapy; however, following diet reversal to a
control diet significantly lower seizure scores were maintained, suggesting a prominent
antiepileptogenic effect (Fig. 1 B, C). In contrast, valproic acid did not have any effect on
seizure reduction following a 5 day drug washout period, suggesting that valproic acid in
this model is anticonvulsant, but not antiepileptogenic (Fig. 2). Likewise, in the rat
pilocarpine model we observed robust suppression of seizure activity during active KD
treatment, which might be due to seizure suppression and/or antiepileptogenic effects (Fig.
3B). Maintenance of seizure reduction compared to control animals 6 to 9 weeks after diet
reversal again suggests lasting antiepileptogenic effects of KD therapy several weeks
beyond the discontinuation of KD treatment. Future longer term studies over several months
will be needed to assess whether these antiepileptogenic effects lead to a permanent
modification of the epilepsy phenotype. In two different experimental paradigms we
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demonstrated at least partial antiepileptogenic effects of KD therapy. Since the therapeutic
effects of KD therapy require strict adherence to severe (and non-palatable) dietary
restrictions and are not apparent until the diet has been in effect for several weeks, it might
not be a practical approach for epilepsy prevention during the latent period of
epileptogenesis, when preventive therapies might be most effective. Therefore, mechanistic
understanding of the epileptogenic properties of KD therapy is essential to translate the KD
into a more widely accessible antiepileptogenic therapy.

4.4. Mechanisms of KD therapy

Ketogenic diets have been used to treat epileptic seizures for over 90 years, yet until recently
the underlying mechanisms of KD therapy have remained enigmatic. The exact combination
of acute vs. chronic mechanisms and their relative importance are still under investigation,
but it is likely that several combine to suppress seizures. Metabolic therapy with the KD
reduces available glucose and forces the brain to use ketones as a primary energy source
(Kawamura et al., 2014). Metabolic changes leading to disruption of glutamatergic synaptic
transmission, inhibition of glycolysis, increase in adenosine, and activation of ATP-sensitive
potassium channels are thought to underlie the therapeutic effects of this type of dietary
intervention (Bough, 2008; Lutas and Yellen, 2013; Masino et al., 2011; Yellen, 2008). In
addition, KD-therapy was shown to exert epigenetic effects on the DNA methylome,
however the underlying mechanism has not been identified (Kobow et al., 2013). A growing
body of evidence supports the idea that a ketogenic diet leads to increased adenosine
signaling in the brain most likely via reduced expression of adenosine kinase (ADK)
(Masino et al., 2011). Our findings of increased hippocampal adenosine in epileptic animals
fed with a KD, alongside with reduced seizures in those animals (Fig. 3B and 4A) provide
the first direct evidence to support previous work indicating that adenosine augmentation is
one of the anticonvulsant mechanisms of the diet. This effect was specific, since after diet
reversal, the adenosine concentrations of the previously KD-fed animals were equal to the
control group (Fig. 4B). Metabolic therapies can also affect gene expression, providing a
possible explanation for antiepileptogenic effects of the diet. It was shown that the
glycolytic inhibitor 2-deoxy-o-glucose potently reduced the progression of kindling
epileptogenesis and blocked seizure-induced increases in brain-derived neurotrophic factor
(BDNF) and its receptor, TrkB. This effect was dependent on neuron-restrictive silencer
factor, a transcription factor which recruits the NADH-binding C-terminal binding protein, a
co-repressor which generates a repressive chromatin environment around the BDNF
promoter (Garriga-Canut et al., 2006). However, recent work suggests neuron-restrictive
silencer factor may not be required for the effects of a KD (Hu et al., 2011) suggesting there
may be both common and disparate mechanisms among metabolic therapies. Together, these
findings suggest that metabolic therapies can affect epilepsy on multiple levels by a
combination of receptor mediated and epigenetic mechanisms, which may lead to long-term
alterations of neuronal circuitry. Although not investigated here, several of the mechanisms
of KD therapy mentioned here might contribute to the antiepileptogenic effects of the diet.
For example, KD therapy increases -hydroxybutyrate, an endogenous histone deacetylase
inhibitor, which could be a mechanistic basis linking KD therapy with epigenetic
modification of gene expression (Shimazu et al., 2013). Because KD therapy augments
adenosine (Masino et al., 2011) and because adenosine prevents epileptogenesis (Williams-

Neuropharmacology. Author manuscript; available in PMC 2016 December 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lusardi et al.

Page 12

Karnesky et al., 2013) we focused here on the adenosine-related effects of KD therapy,
which however does not exclude the possible contribution of additional mechanisms to the
antiepileptogenic effects of metabolic therapies.

4.5. Adenosine — an epigenetic mediator of KD therapy

The purine ribonucleoside adenosine is a well-recognized endogenous anticonvulsant and
seizure terminator (Dunwiddie, 1980). Its anticonvulsant effects are largely based on
activation of presynaptic G-protein coupled adenosine A; receptors (A1R), which provide
presynaptic inhibition of glutamate release, and by activation of postsynaptic A1Rs, which
stabilize the postsynaptic membrane potential by promoting G-protein coupled inwardly
rectifying potassium currents (Chen et al., 2013). Our data showing increased hippocampal
adenosine (Fig. 4A) and seizure suppression during KD treatment (Fig. 3B) are consistent
with the A1R-dependent mechanism of seizure suppression. Accordingly, adenosine
augmentation therapy is highly effective in the suppression of kindled seizures (Huber et al.,
2001). Recently, an additional, adenosine receptor-independent function of adenosine as
regulator of the DNA-methylome has been identified (Williams-Karnesky et al., 2013).
Adenosine is an obligatory end product of biochemical transmethylation reactions, which
transfer methyl groups from S-adenosylmethionine (SAM) to an acceptor, such as DNA and
result in the formation of S-adenosylhomocysteine (SAH), which subsequently is cleaved
into adenosine and homocysteine. If adenosine is not constantly removed by ADK, the
levels of SAH rise and inhibit DNA methyltransferases (Boison et al., 2002). We further
provided the first direct evidence that DNA hypermethylation contributed to the progression
of epilepsy, since the reversal of the hypermethylated state of hippocampal DNA to normal
levels induced by a transient therapeutic dose of adenosine halted ongoing epileptogenesis
long-term (Williams-Karnesky et al., 2013).

Since our current data show that a KD increases brain adenosine (Fig. 4A) and because
adenosine prevents epileptogenesis through an epigenetic mechanism (Williams-Karnesky et
al., 2013), we conclude by association that the antiepileptogenic effects of KD-therapy
described here can at least partly be attributed to an adenosine-associated epigenetic
mechanism. This conclusion is further supported by recent findings showing that KD-
therapy reduced DNA methylation in the hypermethylated epileptic brain (Kobow et al.,
2013). Accordingly, in epileptic animals we demonstrate an association of decreased
hippocampal adenosine with increased hippocampal 5-mC (Fig. 4A,C) suggesting that the
adenosine deficiency — a characteristic of the epileptic brain (Aronica et al., 2011) —
contributes to a state of DNA hypermethylation in epilepsy. Increased cytosine methylation
(5-mC) is indeed a characteristic finding in chronic epilepsy and thought to be involved in
the progression and maintenance of the epileptic state (Kobow and Blumcke, 2011).
Likewise, our current findings show a prolonged normalization of the global DNA-
methylation status — even after diet reversal — in conjunction with the antiepileptogenic
effects induced by a KD (Fig. 3B & 4D). Additional studies are warranted to provide direct
causal links between KD therapy, adenosine augmentation, DNA methylation changes and
antiepileptogenic effects, for example by combining KD therapy with agents that interfere
with the transmethylation pathway.
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5. Conclusions

Our present findings show that a KD exerts significant antiepileptogenic effects in two
etiologically different rodent models in conjunction with augmentation of adenosine and
restoration of global DNA methylation levels. The increase in adenosine is likely to exert
epigenetic effects on the landscape of the DNA-methylome, which has independently been
shown to be influenced by KD therapy (Kobow et al., 2013). Therefore, adenosine-related
epigenetic effects might contribute to the antiepileptogenic effects of the KD demonstrated
here. Thus, even transient KD therapy might be uniquely suited to reset the ‘epileptogenic
clock’ and to provide long-lasting relief from seizures even after discontinuation of the diet.
Clinical studies showing seizure freedom after diet discontinuation support this view
(Caraballo et al., 2011; Dressler et al., 2010). At this time, carefully controlled clinical
studies are urgently needed to critically assess specific opportunities whereby a KD could
lead to persistent seizure remission.
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Highlights

« Ketogenic diet therapy attenuates epileptogenesis and disease progression after
epilepsy onset in adult rodents.

» Ketogenic diet therapy increases adenosine in the brain.

« Ketogenic diet therapy restores DNA methylation status in epileptic
hippocampus, which is maintained after return to normal diet.
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Figure 1. Suppression of PTZ kindling epileptogenesis by a KD in adult mice
(A) Experimental design and timeline. Animals were maintained on a control diet (CD) or

on a ketogenic diet (two independent groups, KD-I and KD-11). Kindling started at D1 in all
groups. (B) Suppression of kindling epileptogenesis by a KD is suggested by a right-shift of
the kindling curve. Starting at day 19, the average seizure score was significantly reduced in
the KD-fed groups compared to control (** P < 0.01; * P < 0.05). (C) Following the
kindling stimulus on day 29, mice in the KD-1I group were returned to a control diet for 4
days, when they received a PTZ challenge. Kindling suppression is observed on D29 in both
KD groups, and maintained on D33, even after diet reversal (*P < 0.05, **P < 0.01, ***P <
0.005 with respect to the date matched CD fed group). Seizures in the CD fed mice were
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consistent between D29 and D33, and reduced in both KD-fed groups on D33 (1 P < 0.05,
t1 P < 0.01 with respect to the diet matched D29 group). (D) Weight increased during the
first 6 weeks on the diet, and was stable during kindling (weeks 8-12). (E) Blood ketone
levels as determined at study day 18 in a subset of CD and KD treated animals (n = 6 each);
*** P < (0.0001 with respect to CD.
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Figure 2. Effects of valproate (VPA) on PTZ kindling
(A) Mice were kindled with PTZ in the presence of VPA or saline. After VPA washout, the

seizure thresholds to PTZ (at D34) were assessed. (B) VPA attenuated kindled seizures (* P
< 0.05, ** P < 0.01, *** P < 0.005 vs saline). (C) Effects of a PTZ challenge before (D29)
and after (D34) the VPA washout period. At D29 the combination of VPA and PTZ resulted
in a significant attenuation of the mean seizure score compared to the saline treated mice
(*** P < 0.0001). Mean seizure score in the VPA washout group (D34) was the same as the
saline control, but significantly higher than the D29 VPA time point (fT1 P < 0.0001).
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Figure 3. Antiepileptogenic effects of a KD in the rat pilocarpine model of chronic epilepsy
(A) Experimental design. 6 weeks after pilocarpine induced SE, animals were randomly

assigned to ketogenic diet (KD) therapy or control diet (CD). Diet reversal to control diet
(KD-CD) was implemented in week 21. Spontaneous convulsive seizures were assessed by
intermittent video monitoring, with additional EEG recordings in weeks 28 and 29. (B)
Number of seizures per week as determined by video monitoring and analysis during
indicated weekly (wk) bins. Seizures in the KD-fed group were significantly reduced
compared to control in weeks 18-21 while still on KD (*P < 0.05), and in weeks 27-29,
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after diet reversal (***P < 0.005). (C) Sample EEG recorded from an animal fed control diet
in week 29. A single representative seizure is shown and split across 4 lines. (D) Sample
EEG recorded from KD-fed rat after diet reversal in week 29. A single representative seizure
is shown and split across 2 lines.
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Figure 4. Hippocampal adenosine and 5-methylcytosine content
(A) Hippocampal adenosine levels were measured from control or epileptic animals fed a

CD or KD. Adenosine deficiencies in the epileptic CD-fed rats were reversed in the KD-fed
rats (**P < 0.01 vs Control-CD, tt P < 0.01 vs Epileptic-CD). (B) Hippocampal adenosine

levels from control or epileptic animals fed a CD or reversed to CD following KD treatment.

(**P < 0.01, *P < 0.05 vs diet-matched Control). (C) Hippocampal 5-mC DNA from control
or epileptic animals fed a CD or KD. DNA hypermethylation observed in the epileptic CD
fed rats was reversed in the epileptic KD-fed rats (**P < 0.01 vs Control-CD, Tt P < 0.01 vs
Epileptic-CD). (D) Hippocampal 5-mC DNA from control or epileptic animals fed a CD or
diet reversed following KD treatment (KD-CD). DNA 5-mC levels were maintained at
control levels in the diet reversed (KD-CD) group (**P < 0.01 vs Control-CD, T P < 0.05 vs
Epileptic-CD).
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