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Purpose—We evaluated the ability of the ketogenic diet (KD) to improve thresholds to
flurothyl-induced seizures in two mouse lines with Scn1a mutations: one that models Dravet
syndrome (DS) and another that models genetic (generalized) epilepsy with febrile seizures plus
(GEFS+).
Methods—At postnatal day 21, mouse models of DS and GEFS+ were fasted for 12–14 hours
and then placed on either a 6:1 KD or a standard diet (SD) for two weeks. At the end of the twoweek period, we measured thresholds to seizures induced by the chemiconvulsant flurothyl. Body
weight, β-hydroxybutyrate (BHB) levels, and glucose levels were also recorded every two days
over a two-week period in separate cohorts of mutant and wild-type mice that were either on the
KD or the SD.
Key Findings—Mice on the KD gained less weight and exhibited significantly higher BHB
levels compared to mice on the SD. Importantly, thresholds to flurothyl-induced seizures were
restored to more normal levels in both mouse lines after two weeks on the KD.
Significance—These results indicate that the KD may be an effective treatment for refractory
patients with SCN1A mutations. The availability of mouse models of DS and GEFS+ also provides
an opportunity to better understand the mechanism of action of the KD, which may facilitate the
development of improved treatments.
Keywords
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Introduction
Among the growing number of epilepsy genes identified via mutation analysis studies are
several members of the voltage-gated sodium channel (VGSC) gene family. The most
frequently mutated VGSC gene is SCN1A, which encodes the α-subunit of the Nav1.1
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channel. Mutations in SCN1A are responsible for a number of epilepsy disorders, including
Dravet syndrome (also known as severe myoclonic epilepsy of infancy) and genetic
(generalized) epilepsy with febrile seizures plus (GEFS+) (Escayg et al., 2000; Claes et al.,
2001). Dravet syndrome (DS) is characterized by febrile seizures in the first year of life,
with progression to partial and/or generalized afebrile epilepsy, moderate to severe
intellectual disability, and ataxia. GEFS+ is characterized by febrile seizures that persist
beyond six years of age and afebrile seizures in adulthood. DS, the more severe disorder, is
often caused by loss-of-function SCN1A mutations, while GEFS+ results from subtle
changes in the biophysical properties of Nav1.1 channels (Escayg & Goldin, 2010). SCN1A
mutations account for approximately 85% and 10% of DS and GEFS+ cases, respectively
(Lossin, 2009; Claes et al., 2009; Escayg & Goldin, 2010).
Seizures in patients with DS are often inadequately managed with available antiepileptic
drugs (AEDs), and although GEFS+ is a less severe disorder, some members of GEFS+
families can also have severe, refractory epilepsy (Grant & Vazquez, 2005; Barela et al.,
2006; Mahoney et al., 2009). Since many patients with SCN1A mutations do not respond to
current AEDs, there is an urgent need for more effective treatments.
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The ketogenic diet (KD), which is high in fat and low in carbohydrates and protein, is
frequently used as an alternative treatment for refractory epilepsy. The KD causes elevated
circulating levels of the C4 ketone bodies, acetoacetate and β-hydroxybutyrate (BHB), and
acetone. The C4 ketone bodies are metabolized to two acetyl-CoA molecules that then enter
the tricarboxylic acid (TCA) cycle to provide cellular energy. The mechanism by which the
KD exerts its anticonvulsant action is not fully understood, but it has been suggested that
ketosis results in more available glutamate for the glutamate decarboxylase (GAD) enzyme
to use in GABA synthesis, potentially facilitating increased GABAergic inhibition (Yudkoff
et al., 2005).
Analysis of the biophysical properties of dissociated cortical and hippocampal neurons from
mouse models of DS and GEFS+ revealed reduced excitability of inhibitory interneurons.
This reduction in inhibitory tone likely contributes to seizure generation in SCN1A-derived
epilepsy (Yu et al., 2006; Ogiwara et al., 2007; Tang et al., 2009; Martin et al., 2010; Ohno
et al., 2010). Since the KD may act, in part, by increasing GABAergic inhibition, we
hypothesized that it would be efficacious in the treatment of SCN1A-derived epilepsy.
Indeed, the administration of the KD for two weeks to mouse models of DS (Scn1a+/−) and
GEFS+ (Scn1aRH/+) resulted in elevated seizure thresholds. These findings provide support
for use of the KD in the treatment of DS and GEFS+ and highlights the usefulness of these
mouse models to better understand the mechanism of the KD.
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Materials and methods
Animals
Heterozygous Scn1a knockout mice (Scn1a+/−, a model of DS) and heterozygous knock-in
mice with the human SCN1A GEFS+ mutation R1648H (Scn1aRH/+, a model of GEFS+)
were generated as previously described (Yu et al., 2006; Martin et al., 2010). Scn1a+/− mice
are maintained by backcrossing to the FVB/NJ background and Scn1aRH/+ mice are on a
mixed 129X1/SvJ X C57BL/6J background. Wild-type (WT) littermates from each line
were used as controls for all experiments to minimize variation due to differences in genetic
background and rearing conditions. Mice were reared on a 12-h light/dark cycle and food
and water were available ad libitum. The Emory University IACUC committee approved all
experimental protocols involving mice.
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Prior to administration of the KD, mouse pups were housed with dams that were fed a
standard diet (5001; Purina Mills, St Louis, MO, USA). On postnatal day 21 (P21), mice
were separated from their dams, group-housed by sex, and fasted overnight (12–14 h). The
mice were then weighed and assigned to one of two diet groups: (1) DS or WT littermates
(WTDS) and GEFS+ or WT littermates (WTGEFS+) on KD; (2) DS or WTDS and GEFS+ or
WTGEFS+ on the standard diet (SD). We chose to administer the diets for 14 days based on
previous studies that showed an anticonvulsant effect in rodents after two weeks on the KD
(Appleton & DeVivo, 1974; Rho et al., 1999; Samala et al., 2008). The mice were allowed
free access to water and food during the 14-day period. The KD used in the present study
(6:1 ratio of fat to proteins + carbohydrates; TD.07797; Harlan Teklad, Chicago, IL, USA)
has been described previously (Samala et al., 2008). The average daily consumption of each
diet was determined using a separate cohort of individually housed mice (three mice per
genotype) from the GEFS+ line.
Weight, β-Hydroxybutyrate (BHB) and glucose measurements
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Body weight, and BHB and glucose levels were measured every two days from male mice
of both lines (three mice per genotype) during the 14-day period of diet administration.
Plasma BHB (mM) and glucose levels (mg/dL) were obtained from blood samples collected
from the facial vein of each mouse using a test strip system and reader (Precision Xtra
Advance Diabetes Management System with Precision Xtra blood ketone test strips and
blood glucose test strips; Abbott Diabetes Care Inc., Alameda, CA, USA).
Flurothyl seizure induction
We measured latencies to flurothyl-induced seizures in additional cohorts of mice from each
line that had been on either the KD or SD for 14 days. Mice were placed in a clear Plexiglas
chamber, and flurothyl (2,2,2-trifluroethylether; Sigma-Aldrich, St Louis, MO, USA) was
slowly dripped into the chamber via a syringe pump at a rate of 20 µl/min and allowed to
volatilize. Thresholds to flurothyl-induced seizures are typically determined by measuring
latencies to the first myoclonic jerk (MJ) and to the generalized tonic-clonic seizure
(GTCS). However, previously we saw no differences in latencies to the MJ in the Scn1a
mutants compared with WT littermates (Martin et al., 2007; Martin et al., 2010), so we
chose not to evaluate the latency to the MJ in the present study. The GTCS is characterized
by convulsions of the entire body and a loss of posture. Data from males and females were
analyzed separately, but no sex differences were seen; therefore, the data from both sexes
were combined.
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Statistics
A repeated measures ANOVA (rANOVA) was used to detect differences in body weight,
and plasma BHB and glucose levels between genotypes and diet groups over the 14-day
period of diet administration. A two-way ANOVA was used to evaluate latencies to GTCS
between and within genotypes and diet groups. When statistically significant differences
were found, Tukey’s post hoc test was used for pairwise comparisons of the means.
Differences were considered statistically significant when the probability of error was less
than 0.05 (p < 0.05). All values are expressed as mean ± standard error of the mean (SEM).

Results
Mice on the KD show less weight gain
Both mutants (DS and GEFS+) and their respective WT littermates lost similar amounts of
weight after the overnight fast (Figure 1A–B). There were no statistically significant
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differences in average weight gain between mutants (DS and GEFS+) and their respective
WT littermates on the same diet during the 14-day period, indicating that weight gain was
not affected by the heterozygous Scn1a mutations. Analysis of daily food consumption from
singularly housed mice from the GEFS+ line showed that there was no difference in the
amount of food consumed between the GEFS+ mutants and their WTGEFS+ littermates
within either the SD or the KD groups. However, mice on the KD consumed less food and
consequently fewer calories (KD: 12.4 ± 0.2 kcal vs. SD: 17.9 ± 0.2 kcal). As a result, the
type of diet had a major effect on weight gain: mice from both lines gained significantly
more weight on the SD compared with mice on the KD, regardless of genotype (DS line:
main effect of diet: F(1,8) = 37.8, p < 0.001; GEFS+ line: main effect of diet: F(1,8) = 22.0, p
< 0.001).
Mice on the KD show increased BHB levels
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To determine the level of ketosis induced by the diets, plasma BHB levels were examined
throughout the 14-day period. After the overnight fast, both mutants (DS and GEFS+) and
their respective WT littermates showed an increase in BHB levels (Figure 1C–D). During
the 14-day period, there were no statistically significant differences in average BHB levels
between DS and GEFS+ mutants and their respective WT littermates that were on the same
diet, indicating that the Scn1a mutations do not affect ketone metabolism. However, for both
lines, average BHB levels differed significantly between SD- and KD-fed mice (DS line:
main effect of diet: F(1,8) = 251.8, p < 0.0001; GEFS+ line: main effect of diet: F(1,8) =
555.9, p < 0.001). BHB levels peaked within four days, and then began to decline for both
mutants and WT littermates on the KD; however, plasma BHB levels did not decline to
baseline levels and remained elevated for the duration of the study in all mice on the KD
compared with groups on the SD (Figure 1C–D).
Variable affect of the KD on glucose levels
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Mice within each line showed a decrease in glucose levels following the overnight fast
(Figure 1E–F). During the 14-day period, there were no statistically significant differences
in average glucose levels between mutants (DS and GEFS+) and their respective WT
littermates that were on the same diet, indicating that the Scn1a mutations do not affect
glucose metabolism. However, the effect of the diet on glucose levels differed between the
lines. While the DS line showed no statistically significant differences in average glucose
levels between SD- and KD-fed mice (main effect of diet: F(1,8) = 2.8, p = 0.13), GEFS+
mutants and WTGEFS+ littermates on the KD showed significantly lower average glucose
levels compared to levels on the SD (main effect of diet: F(1,8) = 7.9, p < 0.05) (Figure 1E–
F). Post-hoc analysis revealed statistically significant hypoglycemia on days 2 and 4 in KDfed mice from the GEFS+ line (Figure 1F).
The KD elevates seizure thresholds
The average latency to flurothyl-induced GTCS in DS mice on the SD was 26.7% lower
than WTDS littermates on the SD (main effect of genotype: F(1,99) = 16.3, p < 0.005, Figure
2A), and the average latency to the GTCS in GEFS+ mice on the SD was 23.7% lower than
WTGEFS+ littermates on the SD (main effect of genotype: F(1,97) = 28.0, p < 0.001; Figure
2B). The KD was successful in significantly increasing the average latency to GTCS in both
mutants and WT littermates from the DS line (main effect of diet: F(1,99) = 10.2, p < 0.002,
Figure 2A) and the GEFS+ line (main effect of diet: F(1,97) = 28.0, p < 0.001, Figure 2B).
To determine whether the KD could elevate thresholds to flurothyl-induced GTCS in the
mutants to that of WT littermates on the SD, we compared the average latencies to GTCS of
the mutant mice on the KD to their respective WT littermates on the SD. The average
latency for DS mice on the KD (368 ± 13 s) was 9.2% lower than WTDS mice on the SD
Epilepsia. Author manuscript; available in PMC 2012 November 1.
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(405 ± 14 s), which is not a statistically significant difference (Tukeys post-hoc, p > 0.05,
Figure 2A). Likewise, the average latency for GEFS+ mice on the KD (393 ± 11 s) was
almost identical to the WTGEFS+ mice on the SD (394 ± 16 s, Tukeys post-hoc, p > 0.05,
Figure 2B). Thus, the KD increased thresholds to flurothyl-induced GTCS in both Scn1a
mutants to the levels seen in their respective WT littermates on the SD.

Discussion
Under normal physiological conditions, cells derive most of their energy from glucose or
other carbohydrates, but when carbohydrates are not readily available, as happens during the
KD or fasting, blood glucose levels fall, and cells rely on ketone bodies such as BHB for
energy. Consumption of the KD typically leads to less weight gain compared to subjects on
normal diets (Thio et al., 2006). In addition, robust elevations in plasma BHB levels are
usually observed during KD administration (Bough et al., 1999; Thavendiranathan et al.,
2003), and higher ratios of fat:carbohydrate in the KD result in greater anticonvulsant effect
(Livingston & Berman, 1972; Bough et al., 2000). The transition from carbohydrates to
ketones as the primary energy source is thought to contribute to the anticonvulsant
mechanism of the KD (Schwartzkroin, 1999). As a result, clinical and experimental studies
suggest that reduced body weight, increased plasma BHB levels and reduced glucose levels
may be indicators of KD efficacy.
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To compare these expected metabolic endpoints with actual changes seen in our mice, we
measured weight and plasma BHB and glucose levels every two days during the
administration of the diet in both Scn1a mutants and their respective WT littermates. In
agreement with clinical and experimental observations, KD-fed mice from both lines gained
less weight compared to littermates on the SD. Also as expected, all mice on the KD
exhibited higher BHB levels compared to littermates on the SD. However, although average
pre-fast BHB levels were similar for both lines, during KD administration we saw higher
peak and average BHB levels in mice from the GEFS+ line. The KD also resulted in a
statistically significant reduction in plasma glucose levels on days 2 and 4 in mice from the
GEFS+ line, while glucose levels were not significantly altered in mice from the DS line.
Since the Scn1a mutations do not appear to affect BHB or glucose metabolism, the observed
differences in these parameters between the two lines likely reflect the contribution of the
different genetic backgrounds to KD metabolism. We previously demonstrated that the
efficacy of the KD in mice is influenced by genetic background (Dutton & Escayg, 2008).
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Despite the ability of the KD to cause a greater degree of ketonemia in the GEFS+ mice, the
average latency to flurothyl-induced GTCS was successfully elevated in both mutants. The
average latency of the GEFS+ mice on the KD was almost identical to WTGEFS+ mice on
the SD (0.2% difference). DS mice on the KD had thresholds that differed from WTDS mice
on the SD by 9.2%; however, this difference was not statistically significant. We chose to
induce seizures with flurothyl because it provides a sensitive and reliable method of
examining seizure susceptibility in mice and we have previously demonstrated that both
Scn1a mutants have reduced thresholds to this chemiconvulsant compared to their respective
WT littermates (Martin et al., 2007; Martin et al., 2010; Hawkins et al., 2011). Furthermore,
the KD has been shown to be effective at increasing thresholds to flurothyl-induced seizures
in some inbred strains of mice (Rho et al., 1999; Dutton & Escayg, 2008) as well as
heterozygous dopamine β-hydroxylase knockout mice (Szot et al., 2001).
Mice on the KD showed an approximately 31% reduction in calorie intake when compared
to those on the SD, indicating that the KD may have resulted in moderate calorie restriction.
However, food consumption was based on measurements from individually housed mice
which typically do not feed as well as group housed mice. Therefore, a more modest level of
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calorie restriction would likely have occurred in the group-housed mice that were used for
measurements of metabolic endpoints and determination of seizure thresholds. Nevertheless,
there is data to suggest that calorie restriction may contribute to the anticonvulsant
mechanism of the KD. Similar to our findings, Samala et al. (2008) found that without
intentionally restricting food intake, mice on the 6:1 KD gained less weight. In addition,
calorie-restricted standard and ketogenic diets were shown to be anticonvulsive compared to
unrestricted diets in EL mice (Greene et al., 2001; Mantis et al., 2004). As a result, we
cannot exclude the possibility that calorie restriction may have contributed to the effects of
the KD in our mice.
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The exact mechanism by which the KD produces its anticonvulsant effect is unclear,
although several mechanisms have been hypothesized. Proposed mechanisms include direct
modulation of ion channels via ketone bodies (Likhodii et al., 2008) activation of ATPsensitive potassium (KATP) channels via glucose restriction (Ma et al., 2007), increased
noradrenergic tone (Szot et al., 2001), and increased GABAergic inhibitory signaling
(Erecinska et al., 1996; Yudkoff et al., 1997). Ketone bodies have also been reported to
increase the amount of GABA in synaptosomes isolated from rat brains (Erecinska et al.,
1996; Yudkoff et al., 1997), and elevated GAD expression levels are seen in forebrain and
cerebellar homogenates of calorie-restricted and KD-fed mice (Cheng et al., 2004). In
addition, two clinical studies report significant increases in GABA levels in cerebrospinal
fluid (CSF) following KD administration, further supporting the hypothesis that the KD may
be functioning through enhanced GABAergic inhibition (Wang et al., 2003; Dahlin et al.,
2005). Conversely, in several studies, brain GABA levels were unchanged in KD-fed mice
and rats (Appleton & DeVivo, 1974; Al-Mudallal et al., 1996; Melo et al., 2006). In
addition, Dahlin et al. (2005) found elevated CSF GABA levels only when the KD was
administered to children less than 5.5 years of age; however, the KD is known to be
effective in patients of all ages (Sirven et al., 1999). Since Scn1a mutants are predicted to
have reduced GABAergic inhibitory signaling, we speculate that the restoration of more
normal seizure thresholds by the KD is due, in part, to enhancement of the GABAergic
system. Nevertheless, because the exact mechanism of the KD remains unclear, it may be
that multiple systems are working synergistically to improve seizure thresholds in the Scn1a
mutant mice.
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To date, the efficacy of the KD in DS patients has been examined in a small number of
clinical studies (Caraballo et al., 2005; Caraballo & Fejerman, 2006; Kroll-Seger et al.,
2006; Korff et al., 2007; Dressler et al., 2010). In one study, 77% of DS patients on the KD
saw their seizure frequency decrease by over 75% (Caraballo & Fejerman, 2006); however,
whether these patients were screened for SCN1A mutations is unknown. Similarly, Dressler
at al. (2010) reported favorable treatment outcomes in 62.5% of DS on the KD; likewise, it
is unknown whether these patients were screened for SCN1A mutations. Korff et al. (2007)
performed a retrospective study on 16 patients with DS, in which six patients were treated
with the KD. Of the 16 patients, six tested positive for SCN1A mutations, but it is unclear
whether the KD was administered to the patients with SCN1A mutations. Nevertheless,
taken together, the published clinical data and the results presented in the current study
provide support for the potential benefit of using the KD in the treatment of patients with
AED-resistant SCN1A-derived epilepsy, but prospective studies on well-defined groups of
patients with known SCN1A mutations are required to firmly establish the efficacy of this
treatment. In light of the influence of genetic background seen in both the current study and
in our prior study (Dutton & Escayg, 2008), genetic variation at other loci in patients with
SCN1A mutations is also likely to affect the magnitude of the protective effect conferred by
the KD. Finally, the availability of mouse models of SCN1A dysfunction that respond
positively to the KD now provides additional opportunities to explore the mechanism of
action of the KD and to develop improved treatment strategies for these severe disorders.
Epilepsia. Author manuscript; available in PMC 2012 November 1.
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Figure 1.

Changes in weight, BHB and glucose levels. (A, B) Mice on the KD gained less weight than
mice on the SD. (C, D) Mice on the KD had higher BHB levels than those on the SD. (E, F)
While glucose levels in mice from the DS line on the KD remained similar to mice on the
SD (E), mice from the GEFS+ line on the KD had lower average glucose levels than mice
on the SD (F). * p < 0.005 between diet groups (SD vs. KD). **p < 0.001 between diet
groups (SD vs. KD). Three mice of each genotype on each diet were evaluated at each time
point. Error bars represent mean ± SEM.
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Figure 2.
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The KD elevates seizure thresholds in Scn1a mutant mice. (A) On the SD, the average
latency to flurothyl-induced GTCS was 26.7% lower in DS mutants compared with WTDS
littermates. After 14 days on the KD, the average seizure latency of DS mice was 16% lower
than WTDS littermates. Average seizure latency of the DS mutants on the KD was 9.2%
lower than WTDS on the SD. n = 24–31 mice in each group. (B) On the SD, the average
latency to the GTCS was 23.7% lower in the GEFS+ mice compared with WTGEFS+
littermates. After 14 days on the KD, average seizure latency of the GEFS+ mice was 13%
lower than WTGEFS+ littermates. Average latency to the GTCS in the GEFS+ mutants on the
KD was comparable to WTGEFS+ littermates on the SD. n = 20–29 mice per genotype on
each diet. *p < 0.001 for mutants vs. WT littermates within a diet group. Error bars represent
mean ± SEM.
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