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Abstract
Background: The high fat, low carbohydrate ketogenic diet (KD) was developed as an alternative
to fasting for seizure management. While the mechanisms by which fasting and the KD inhibit
seizures remain speculative, alterations in brain energy metabolism are likely involved. We
previously showed that caloric restriction (CR) inhibits seizure susceptibility by reducing blood
glucose in the epileptic EL mouse, a natural model for human multifactorial idiopathic epilepsy. In
this study, we compared the antiepileptic and anticonvulsant efficacy of the KD with that of CR in
adult EL mice with active epilepsy. EL mice that experienced at least 15 recurrent complex partial
seizures were fed either a standard diet unrestricted (SD-UR) or restricted (SD-R), and either a
KD unrestricted (KD-UR) or restricted (KD-R). All mice were fasted for 14 hrs prior to diet
initiation. A new experimental design was used where each mouse in the diet-restricted groups
served as its own control to achieve a 20–23% body weight reduction. Seizure susceptibility, body
weights, and the levels of plasma glucose and β-hydroxybutyrate were measured once/week over
a nine-week treatment period.
Results: Body weights and blood glucose levels remained high over the testing period in the SDUR and the KD-UR groups, but were significantly (p < 0.001) reduced in the SD-R and KD-R
groups. Plasma β-hydroxybutyrate levels were significantly (p < 0.001) increased in the SD-R and
KD-R groups compared to their respective UR groups. Seizure susceptibility remained high in both
UR-fed groups throughout the study, but was significantly reduced after three weeks in both R-fed
groups.
Conclusions: The results indicate that seizure susceptibility in EL mice is dependent on plasma
glucose levels and that seizure control is more associated with the amount than with the origin of
dietary calories. Also, CR underlies the antiepileptic and anticonvulsant action of the KD in EL mice.
A transition from glucose to ketone bodies for energy is predicted to manage EL epileptic seizures
through multiple integrated changes of inhibitory and excitatory neural systems.
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Background
Epilepsy is a neurological disorder involving recurrent
abnormal discharges of neurons that produce epileptic
seizures [1]. With the exception of stroke, epilepsy is one
of the most prevalent human neurological afflictions
affecting about 1% of the US population [2,3]. Many persons with epilepsy manifest partial or generalized seizures
without symptoms of brain abnormality, i.e., idiopathic
epilepsy [1,4,5]. In contrast to idiopathic epilepsy, symptomatic or acquired epilepsy often accompanies brain
trauma, injury, or neurostructural defects. While some idiopathic epilepsies are inherited as simple Mendelian
traits, most are multifactorial where more than one gene
together with environmental factors contribute to the disease phenotype [6,7].
Epilepsy animal models are used widely to test the influence of environmental and genetic factors on seizure
mechanisms. The epileptic EL mouse is a natural model
for human multifactorial idiopathic epilepsy and was first
discovered in 1954 in an outbred DDY mouse colony
[6,8-10]. EL mice experience complex partial seizures with
secondary generalization similar to those seen in humans
[6,10]. Seizures in EL mice commence with the onset of
puberty (50–60 days), originate in or near the parietal
lobe, and then spread to the hippocampus and to other
brain regions [6,11-13]. The seizures are accompanied by
electroencephalographic abnormalities, vocalization,
incontinence, loss of postural equilibrium, excessive salivation, and head, limb, and chewing automatisms
[10,12,14-17]. A reactive gliosis accompanies seizure progression in adult EL mice involving both astrocytes and
microglia [18,19]. Epileptic seizures in EL mice also
model Gowers' dictum, where each seizure increases the
likelihood of recurrent seizures [6]. Seizure susceptibility
can be managed with phenytoin and phenobarbital as
well as with diet therapies to include the ketogenic diet
and caloric restriction [20-22]. Gene-environmental interactions play a significant role in the determination of seizure frequency and onset in EL mice as with multifactorial
human idiopathic epilepsies [6,9,23].
Despite intensive antiepileptic drug (AED) research and
development, seizures remain unmanageable or refractory in many persons with epilepsy [24-26]. As an alternative to AEDs diet therapies can be effective in the
management or control of epilepsy. Fasting has long been
recognized as an effective antiepileptic therapy for a broad
range of seizure disorders [27-29]. Since fasting produces
ketonemia, it was originally thought that ketone bodies
(β-hydroxybutyrate and acetoacetate) might underlie the
antiepileptic effects of fasting [27,30]. Consequently, high
fat, low protein, low carbohydrate KDs were developed to
mimic the physiological effects of fasting [25,27,31,32].
Although the KD significantly elevates circulating ketone
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body levels, later studies showed that ketone bodies alone
were unable to account for the antiepileptic and anticonvulsant effects of the KD in humans or in animal epilepsy
models [20,31,33-38]. Since the KD manages epilepsy
best when administered in restricted amounts and since
fasting lowers blood glucose levels, Seyfried and co-workers suggested that caloric restriction might contribute to
the antiepileptic and anticonvulsant effects of the KD
[21,29,38].
CR is a natural dietary therapy that improves health,
extends longevity, and reduces the effects of neuroinflammatory diseases in rodents and humans [21,29,39,40]. CR
is produced from a total dietary restriction and differs
from acute fasting or starvation in that CR reduces total
caloric energy intake without causing anorexia or deficiencies of any specific nutrients [38]. In other words, CR
extends the health benefits of fasting while avoiding starvation. Besides improving health, CR has both antiepileptic and anticonvulsant effects in EL mice and in other
animal epilepsy models [20,21,41]. A reduction in blood
glucose with a corresponding elevation in blood ketone
bodies is thought to underlie the antiepileptic and anticonvulsant effects of CR [21,29,38].
Glucose uptake and metabolism increases more during
epileptic seizures than during most other brain activities
[42-44]. Blood glucose also positively correlates with
flurothyl-induced seizures in rats and high glucose may
exacerbate human seizure disorders [45]. Neuronal excitability and epileptic seizures are directly related to rapid
glucose utilization and glycolysis [42,43,45-51]. It is not
yet clear, however, to what extent enhanced glycolysis is
related to the cause or effects of seizure activity [29]. Nevertheless, a transition in brain energy metabolism from
glucose utilization to ketone body utilization reduces
neural excitation and increases neural inhibition through
multiple integrated systems [29,38]. Based on these and
other observations [50,52-54], we proposed that many
epilepsies, regardless of etiology, might ultimately involve
altered brain energy homeostasis [29].
In this study, we compared the antiepileptic and anticonvulsant effects of both the KD and CR in adult EL mice
that experienced at least 15 recurrent complex partial seizures. The results show that seizure control in EL mice is
more associated with the amount than with the origin of
dietary calories, and that CR underlies the antiepileptic
and anticonvulsant action of the KD in EL mice. A preliminary report of these findings was recently presented [55].

Results
Diet composition and tolerance
The composition of each diet is shown in Table 1 and in
the Methods. No adverse effects of the diets were observed
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Table 1: Composition (%) of the Standard Diet and the Ketogenic Diet 1

Components

Standard Diet (SD)

Ketogenic Diet (KD)

Carbohydrate
Fat
Protein
Fiber
Energy (Kcal/gr)

62
6
27
5
4.4

0
75
14
12
7.8

1 According

to manufacturer's specifications (see Methods).

Influence
Figure 1 of diet on body weight in adult EL mice fed the SD (A) or the KD (B)
Influence of diet on body weight in adult EL mice fed the SD (A) or the KD (B). Squares represent the pre-trial
period when all mice were fed the SD-UR. Circles and triangles represent the UR-fed and R-fed groups, respectively. Values
are expressed as the mean ± SEM (n = 6 mice per group). Arrow indicates initiation of CR.

in either R-fed mouse group. Despite the 20–23% body
weight reduction, mice in both R-fed groups appeared
healthy and were more active than the mice in the UR-fed
groups as assessed by ambulatory and grooming behavior.
With the exception of oily fur, the KD-fed mice appeared
active and healthy throughout the study as previously
found [20]. No signs of vitamin or mineral deficiency
were observed in the R-fed mice according to standard criteria for mice [56]. These findings are consistent with the
well-recognized health benefits of mild to moderate
caloric restriction in rodents [57], and support our previ-

ous findings that both the KD and a moderate CR are well
tolerated by EL mice [20,21].
Influence of caloric restriction on body weight
All mice were matched for age (approximately 210 days)
and body weight (approximately 31.0 ± 1.5 g) before the
start of the dietary treatment (Fig. 1). All mice lost approximately 7–9% of their body weight during the 14 hr fast.
Body weight remained relatively stable over the nine-week
treatment period in both UR-fed mouse groups (Fig. 1).
The 20–23% body weight reduction was achieved in the
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R-fed groups after about two weeks of gradual food restriction. However, more difficulty was encountered initially
in maintaining a stable body weight reduction for the KDR group than for the SD-R group. This difficulty may result
from the high caloric content of the KD that produces
greater body weight changes per calorie adjustment than
the SD. We also estimated that the degree of CR necessary
to maintain the 20–23% body weight reduction was
about 38–45% for the SD and about 45–52% for the KD.
Influence of diets on seizure susceptibility in adult EL mice
All mice had at least 15 recurrent seizures before the start
of dietary treatment (arrow, Fig. 1). The seizures occurred
occasionally during routine cage changing prior to the
pre-trial period and regularly from handling during the
pre-trial test period. Seizure susceptibility was analyzed in
all mouse groups after the R-fed mice achieved a stable
body weight reduction, i.e., week five of treatment (Figs. 1
and 2). Seizure susceptibility was high for both UR-fed
groups throughout the study. In both R-fed groups, seizure susceptibility decreased from 1.0 to about 0.3 after
two weeks and remained significantly lower than that of
the UR-fed control groups from treatment weeks 5–12
(Fig. 2). Only a single mouse in the KD-R group had a
break-through seizure on week 8. Taken together, our
findings show that seizure management in EL mice is
more associated with the amount than with the origin of
dietary calories.
Influence of diets on plasma glucose and βhydroxybutyrate levels
Plasma glucose levels were analyzed in all mouse groups
after the R-fed mice achieved a stable body weight reduction (Figs. 1 and 3). Glucose levels remained high for both
UR-fed groups throughout the study and were stable over
treatment weeks 5–12. However, plasma glucose levels
were somewhat lower (about 8 mM) in both UR-fed
groups between treatment weeks 3–5 compared to the
pre-trial glucose levels (about 10 mM). This reduction
might result from a combination of repetitive handling,
seizures, blood collection, and the initial fast. In both Rfed mouse groups, the plasma glucose levels decreased
from about 10 mM to about 5.0 mM after three weeks and
remained significantly lower than those of their respective
UR-fed control groups (Fig. 3).

Plasma β-hydroxybutyrate levels were also analyzed in all
mouse groups after the R-fed mice achieved a stable body
weight reduction (Figs. 1 and 4). These levels remained
low in the SD-UR group throughout the study and were
stable for treatment weeks 5–12. β-hydroxybutyrate levels
were significantly higher in the R-fed groups than in their
respective UR-fed control groups (Fig. 4). These levels
were also significantly higher in the KD-UR group than in
the SD-UR group. The levels increased from about 0.4 mM
to about 1.7 mM in the SD-R group and to about 3.0 mM

Figure 2 of diet on seizure susceptibility in adult EL mice
Influence
Influence of diet on seizure susceptibility in adult EL
mice. Asterisks indicate that seizure susceptibility was significantly lower (p < 0.001) in the R-fed groups than in their
respective UR-fed groups. Values were pooled from treatment weeks 5–12 (see Fig. 1) and are expressed as the mean
± SEM (n = 6 mice per group).

Figure 3 of diet on plasma glucose levels in adult EL mice
Influence
Influence of diet on plasma glucose levels in adult EL
mice. Asterisks indicate that the plasma glucose levels were
significantly lower (p < 0.001) in the R-fed groups than in
their respective UR-fed groups. Other conditions are as in
Figures 1 and 2.

in the KD-R group. These findings demonstrate that circulating β-hydroxybutyrate levels were inversely related to
circulating glucose levels and that elevated β-hydroxybu-
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Figure
Influence
EL
mice 4 of diet on plasma β-hydroxybutyrate levels in adult
Influence of diet on plasma β-hydroxybutyrate levels
in adult EL mice. Asterisks indicate that the plasma βhydroxybutyrate levels were significantly higher (p < 0.001)
in the R-fed groups than in their respective UR-fed groups.
The cross indicates that the plasma β-hydroxybutyrate levels
were significantly higher (p < 0.001) in the KD-UR group
than in the SD-UR group. Other conditions are as in Figures
1 and 2.
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Figure
Association
adult
EL5miceof plasma glucose and seizure susceptibility in
Association of plasma glucose and seizure susceptibility in adult EL mice. Data were obtained from all four
dietary groups over treatment weeks 3–12 for a total of 234
seizure and glucose measurements. Seizure frequency in the
three plasma glucose groups (< 6.5 mmol, 6.5–8.5 mmol, and
> 8.5 mmol/L) was 8/234, 44/234, and 70/234, respectively.
The association between glucose and seizure susceptibility
was highly significant as determined by Chi-square analysis (p
< 0.001).

tyrate levels alone are not associated with seizure
susceptibility.
Statistical relationships among variables
The relationship between body weight, food intake,
plasma glucose levels, plasma β-hydroxybutyrate levels,
and seizure susceptibility was determined using Pearson
bivariate correlation analysis (Table 2). All variables were
significantly (p < 0.01) correlated with each other. Positive correlations were found among body weight, food
intake, glucose, and seizure susceptibility. On the other
hand, β-hydroxybutyrate was negatively correlated with
all variables. The correlations among glucose, β-hydroxybutyrate, and seizure susceptibility were also apparent
from the data in Figures 2,3,4. Plasma glucose was significantly (p < 0.001) associated with seizure susceptibility
in the EL mouse, as determined by chi-square analysis
(Fig. 5). These results support our previous findings that
glucose levels are predictive of seizure susceptibility in
adult EL mice [21,29].

Binary logistic regression was also used to determine the
relationship between seizure susceptibility, plasma glucose, and plasma β-hydroxybutyrate levels when mice
were fed either the SD and/or the KD. The data indicate
that regardless of diet, glucose could predict seizure

susceptibility with an approximate 75 to 78 % accuracy
(Table 3). Although β-hydroxybutyrate could also predict
seizure susceptibility, we previously showed that βhydroxybutyrate levels were dependent on and were
inversely related to plasma glucose levels [21].

Discussion
We found that restriction of either a high carbohydrate
low fat standard diet or a high fat low carbohydrate KD
was equally effective in reducing seizure susceptibility in
adult EL mice with active epilepsy. Moreover, seizure susceptibility remained similarly high in these mice when
either diet was fed ad libitum or unrestricted. These findings indicate that the KD, when fed unrestricted, is unable
to reduce seizure susceptibility in adult EL mice. Although
the KD delays epileptogenesis in young seizure naïve EL
mice when fed ad libitum, the effect is transient [20]. These
findings are interesting since previous observations with
children suggest that the antiepileptic and anticonvulsant
effects of the KD are best when the diet is administered in
restricted amounts [25,31]. Indeed, seizure protection is
often less in children that gain weight than in those who
maintain or reduce body weight on the KD (Freeman, personal communication). Previous studies also indicate that
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Table 2: Pearson bivariate correlation of body weight, food intake, plasma glucose levels, plasma b-hydroxybutyrate levels, and seizure
susceptibility in adult EL mice 1

Parameter

Body weight (g)

Food Intake (Kcal)

Glucose (mM)

Ketones (mM)

1.000
0.488*
0.509*
-0.379*
0.512*

1.000
0.382*
-0.379*
0.464*

1.000
-0.429*
0.616*

1.000
-0.510*

Body weight (g)
Food Intake (Kcal)
Glucose (mM)
Ketones (mM)
Seizure Susceptibility

Seizure
Susceptibility

1.000

1 Data were obtained from all four dietary groups over the treatment weeks 3–12 for a total number of 210 seizure and glucose measurements (see
figure 1).
* All correlations were significant at the 0.01 level (2-tailed).

Table 3: Binary logistic regression analysis of the maximum likelihood estimates between plasma glucose, and seizure susceptibility in
adult EL mice fed either the SD or KD1

Dietary groups

Parameter

SD

Glucose
Constant
Glucose
Constant
Glucose
Constant

KD
Both Diets

Df2

B3

SEM4

Wald x2 5

p value6

1
1
1
1
1
1

0.774
-0.584
0.787
-5.801
0.752
-5.507

0.139
1.013
0.157
1.180
0.102
0.759

30.962
29.292
25.033
24.177
54.682
52.625

0.01
0.01
0.01
0.01
0.01
0.01

1 Data

were obtained from all four dietary groups over the treatment weeks 3–12 for a total number of 210 individual measurements of plasma
glucose and seizure susceptibility.
2 Df, degrees of freedom.
3 B, Estimate of the association between glucose and seizure susceptibility.
4 The estimated error of the mathematical weighting, indicating the precision of the estimated coefficient.
5 The Wald test statistic was computed from the data compared by using x2 distribution with 1 degree of freedom. The test statistic is used to
determine the p value.
6 The probability of Type I error.

restriction of high carbohydrate diets elevate seizure
threshold [58]. Our findings in EL mice support these
observations and suggest that CR may be necessary for the
antiepileptic and anticonvulsant effects of the KD.
We previously showed that mild to moderate CR delayed
epileptogenesis and reduced seizure susceptibility in
seizure naïve juvenile and adult EL mice by reducing
blood glucose and elevating ketone bodies [21]. Although
our data show that circulating β-hydroxybutyrate levels
are inversely related to circulating glucose levels, elevated
ketone body levels are not directly associated with
reduced seizure susceptibility in EL mice. This conclusion
derives from the finding that seizure susceptibility is high
in the KD-UR mice despite elevated β-hydroxybutyrate
levels and from finding that seizure protection was similar
in the SD-R and KD-R groups despite significantly higher

β-hydroxybutyrate levels in the KD-R than in the SD-R
group. These results are consistent with previous studies
in EL mice and in non-genetic seizure models that elevated ketone bodies alone are unable to account for the
antiepileptic or anticonvulsant action of the KD
[20,31,33-38].
Under normal physiological conditions brain cells derive
most of their energy from glucose or glucose-derived
metabolites, e.g., lactate [46,59,60]. Also, brain glucose
uptake is greater during epileptic seizures than during
most other brain activities [43]. During fasting or caloric
restriction, however, circulating glucose levels fall causing
brain cells to rely more heavily for energy on ketone bodies that gradually increase with food restriction [29,61]. It
is the transition from glucose to ketone bodies for brain
energy that is thought to underlie the antiepileptic and
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anticonvulsant effects of caloric restriction [29]. Although
the KD we used contained no carbohydrates, the mice eating this diet maintained high glucose levels and seizure
susceptibility. The persistence of high glucose levels in the
KD-UR group would prevent the transition to ketones for
energy despite high levels of circulating ketone bodies.
Our results show that circulating glucose levels accurately
predict seizure susceptibility in EL mice regardless of diet
composition or circulating ketone body levels.
We used a new experimental design for caloric restriction
in this study. Instead of restricting calories in the R-fed
mice based on the average food consumption of the UR
control mice as we did previously [21], each R-fed mouse
served as its own control to achieve and maintain a 20–
23% body weight reduction. We found in a pilot study
that isocaloric restriction of the KD was unable to reduce
body weight to the same degree as that observed for a similar restriction of the SD. The new experimental design
reduces variability in body weights and in caloric intake
among mice fed diets widely different in nutritional composition and caloric content. In using body weight, rather
than caloric intake, as an independent variable we were
able to more accurately measure the statistical associations among circulating energy metabolites and seizure
susceptibility. Thus, this type of experimental design is
recommended for those studies attempting to evaluate the
relationships among nutrition, metabolism, and disease
phenotype.
We previously discussed the potential mechanisms by
which CR might reduce seizure susceptibility [21,29,38].
Some of the cellular systems potentially modulated
through CR that could influence brain excitability are
illustrated in Fig. 6. We suggest that the transition from
glucose to ketone bodies as a major energy fuel for the
brain produces multiple changes in gene-linked metabolic networks. It is these changes that gradually adjust
neurotransmitter pools and membrane excitability to
restore the physiological balance of excitation and inhibition [29]. CR could also influence seizure susceptibility
through the neuroendocrine system involving leptin signaling and increased levels of neuropeptide-Y, a peptide
with antiepileptic and anticonvulsant effects [62-65].
While the levels of γ-aminobutyric acid (GABA) are
increased in synaptosomes via the increased action of
glutamic acid decarboxylase during the metabolism of
ketone bodies for energy, the levels of aspartate decrease
due to the formation of glutamate [66]. In addition,
ketone body metabolism could increase membrane ionic
pump activity [67,68]. Increased pump activity could
increase membrane potential in neurons while also
increasing neurotransmitter uptake in glia [29]. We do not
exclude the possibility that CR may reduce seizure
susceptibility in EL mice through additional mechanisms
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[31,69]. It is our contention that CR reduces seizure
susceptibility through multiple integrated systems providing a multifactorial therapy to a multifactorial disease.
Further studies in the EL mouse and in other epilepsy
models are needed to identify the exact mechanisms of CR
action in managing epileptic events.

Conclusions
We conclude that seizure susceptibility in EL mice is
dependent on plasma glucose levels and that seizure control depends more on the amount than on the origin of
dietary calories. Also, we found that CR underlies the
antiepileptic action of the KD in EL mice. A transition
from glucose to ketone bodies for energy is predicted to
manage EL epileptic seizures through multiple integrated
changes of inhibitory and excitatory neural systems.

Methods
Mice
The inbred EL/Suz (EL) mice were originally obtained
from J. Suzuki (Tokyo Institute of Psychiatry). The mice
were maintained in the Boston College Animal Care Facility as an inbred strain by brother × sister mating. The mice
were group housed (prior to initiation of study) in plastic
cages with Sani-chip bedding (P.J. Murphy Forest
Products Corp., Montville, N.J.) and kept on a 12-hr light/
dark cycle at approximately 22°C. Cotton nesting pads
were provided for warmth when animals were individually housed. All cages and water bottles were changed
once per week. Only females were used for these studies as
adult males die sporadically with age from acute uremia
poisoning due to urinary retention [70]. The procedures
for animal use were in strict accordance with the NIH
Guide for the Care and Use of Laboratory Animals and
were approved by the Institutional Animal Care
Committee.
Seizure Susceptibility and Seizure Testing
Seizure onset in EL mice is generally between 60–70 days
of age as previously described [6]. These seizures occur
occasionally during routine cage changing. Our recently
developed seizure handling protocol was used to regularly
induce seizure susceptibility in EL mice [6,21]. Briefly, the
testing procedure included repetitive handling and simulated the stress normally associated with weekly cage
changing, i.e., picking the mouse up by the tail for short
intervals and transferring it to a clean cage with fresh bedding. The test included two trials that were separated by
30 min. In each trial, a single mouse was held by the tail
for 30 sec at approximately 10–15 cm above the bedding
of its home cage. After 30 sec, the mouse was placed into
a clean cage with fresh bedding for 2 min. The mouse was
then held again for 15 sec before being returned to its
home cage. Trial 2 was performed even if the mouse experienced a seizure in trial 1. The epileptic seizures com-
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Figure 6 on the metabolic management of epilepsy through a dietary reduction of glucose and elevation of ketone bodies
Perspectives
Perspectives on the metabolic management of epilepsy through a dietary reduction of glucose and elevation of
ketone bodies. A dietary reduction in blood glucose levels will increase ketone utilization for energy. This is expected to shift
the neural environment from excitation to inhibition through multiple integrated systems. Abbreviations: GLUT-1 (glucose
transporter), MCT (monocarboxylate transporter), PFK (phosphofructokinase), PDH (pyruvate dehydrogenase), SCOT (succinyl-CoA-acetoacetate-CoA transferase), β-OHB (β-hydroxybutyrate), β-HBDH (β-hydroxybutyrate dehydrogenase), NPY
(Neuropeptide Y), GABA (gamma-aminobutyric acid). Modified from Seyfried et al., 2004 [38].

menced during holding or soon after the mice were placed
on the clean bedding. Mice that developed an epileptic
seizure while handling were placed immediately in either
the clean cage or their home cage depending on the testing
stage. Mice were tested each week for a total of 13
measurements over a 12-week period using this method.
Mice were undisturbed between testing phases (no cage
changing) and testing was performed between 12 to 3 pm.
Seizure Phenotype
Mice were designated seizure susceptible if they experienced a generalized seizure during seizure testing. Gener-

alized seizures in EL mice involve loss of postural
equilibrium and consciousness, together with excessive
salivation, head, limb, and chewing/swallowing
automatisms. An erect forward-arching Straub tail, indicative of spinal cord activation, was also seen in most mice
having generalized seizures. Mice that displayed only
vocalization and twitching without progression to generalized seizure were not considered seizure susceptible
[6,21]. Seizure susceptibility scores were generated for
each mouse according to the seizure severity scores previously described [6]. Mice having a score of 4 or 5 were
assigned a susceptibility score of 1.0, whereas mice having
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a seizure severity score less than 4 were given a susceptibility score of 0. The seizure susceptibility for each mouse
was then averaged over multiple tests and the mean seizure susceptibility for a mouse dietary group was
determined.
Diets
All mice received PROLAB RMH3000 chow diet (LabDiet,
Richmond, IN, USA) prior to the experiment. This is the
standard food pellet diet (SD) and contained a balance of
mouse nutritional ingredients. According to the manufacturer's specification, this diet delivers 4.4 Kcal/g gross
energy, where fat, carbohydrate, protein, and fiber comprised 55 g, 520 g, 225 g, and 45 g/Kg of the diet, respectively. The ketogenic diet (KD) was obtained from the
Zeigler Bros., Inc. (Gardners, PA, USA) in butter-like form
and also contained a balance of mouse nutritional ingredients. According to the manufacturer's specification, the
KD delivers 7.8 Kcal/g gross energy, where fat,
carbohydrate, protein, and fiber comprised 700 g, 0 g, 128
g, and 109 g/Kg of the diet, respectively. The fat in this diet
was derived from lard and the diet had a ketogenic ratio
(fats: proteins + carbohydrates) of 5.48:1. The individual
% composition of each dietary energy component for the
SD and KD diet is shown on Table 1.
Pre-Trial Period
Seizure susceptibility, body weight, and food intake was
measured four times over a three-week period in 24 singly
caged female EL mice (approximately 210 days of age). All
mice received the SD during the pre-trial period and food
intake was determined by subtracting the weight of food
pellets remaining in the food hopper after one week from
the initial amount given (200 g). The difference was then
divided by seven to estimate the average daily food intake.
Thus, all mice were highly seizure susceptible at the initiation of the diet therapy.
Dietary Treatment
After the three-week pre-trial period, the mice were placed
into four groups (n = 6 mice/group) where the average
body weight of each group was similar (about 31.0 ± 1.5
g) (Fig. 1). All mice were then fasted for 14 hr to establish
a similar metabolic set point at the start of the experiment
(arrow, Fig. 1). The mice in each group were then given
one of four diets to include: 1) the standard diet fed ad
libitum or unrestricted (SD-UR), 2) the KD fed ad libitum
or unrestricted (KD-UR), 3) the SD restricted to achieve a
20–23% body weight reduction from the pre-trial weight
(SD-R), and 4) the KD restricted to achieve a 20–23%
body weight reduction from the pre-trial weight (KD-R).
Each mouse in the two R groups served as its own control
for body weight reduction. Based on food intake and body
weight during the pre-trial period, food in the R-fed
mouse groups was reduced until each mouse achieved the
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target weight reduction of a 20–23%. In other words, the
daily amount of food given to each R mouse was reduced
gradually until it reached 77–80% of its initial (pre-trial)
body weight.
The mice in the SD-UR group received 200 g of food in the
hopper/week as in the pre-trial period. For mice in the SDR group, weighed food pellets were dropped directly into
each cage for easy access. The KD was administered to the
mice in a modified plastic Falcon tissue culture dish (60
mm × 15 mm). The dish edges were shaved to reduce the
height from 15 mm to about 6 mm. After placing about 5
g of KD in the dish for the KD-UR mice, the dish with the
weighed KD was inverted and placed on the top of the
food hopper. An empty water bottle was placed on top of
the dish to prevent dish movement during animal feeding. The butter-like consistency adhered the KD to the
inverted dish. This feeding apparatus allowed the mice
easy access to the KD and prevented KD contact with bedding material. After about 24 hr, the amount of KD consumed was determined and another 5 grams of fresh KD
were added to the dish. The KD was therefore given fresh
every day without moving or disturbing the mice. The
total amount of KD consumed per day was summed each
week and divided by 7 to obtain the average weekly food
intake of each mouse. For the KD-R mice, a calculated
restricted amount of KD was placed directly on top of the
food hopper bars for easy access. The R-fed mice licked the
bars clean of the KD.
Measurement of plasma glucose and β-hydroxybutyrate
Blood was collected approximately 1 h after seizure testing except for the pre-trial period where blood was not
collected. Blood was first collected from all mice about 24
hr prior to the initiation of the 14 hr fast (Fig. 1). Mice
were anesthetized with isoflurane, USP (Halocarbon,
River Edge, NJ, USA) and blood was collected in
heparinized tubes by puncture of the retro-orbital sinus
using a borosilated capillary tube (FHC, Bowdoinham,
ME, USA). The blood was centrifuged at 6,000 × g for 10
min, the plasma was collected, and aliquots were stored at
-80°C until analysis. Plasma glucose concentration was
measured spectrophotometrically using the Trinder Assay
(Sigma-Aldrich, St. Louis, MO, USA). Plasma β-hydroxybutyrate concentration was measured using either the
Stanbio β-Hydroxybutyrate LiquiColor® procedure
(Stanbio, Boerne, TX, USA), or a modification of the Williamson et al procedure [71].
Statistical Analysis
Both ANOVA and a two-tailed t test were used to evaluate
the significance of differences of body weight, seizure
susceptibility, plasma glucose levels, and plasma βhydroxybutyrate levels between unrestricted and restricted
groups. Chi-square analysis was performed on the associ-
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ation between glucose and seizures. Pearson bivariate correlation analysis (SPSS software) was used to determine
the relationship between body weight, food intake,
plasma glucose levels, plasma β-hydroxybutyrate levels,
and seizure susceptibility. Binary logistic regression
(SPSS) was used to determine the relationship between
seizure susceptibility, plasma glucose, and β-hydroxybutyrate levels on mice fed either the SD or the KD. Differences were considered significant at p < 0.01. All values
are expressed as mean ± SEM. All statistical data were presented according to the recommendations of Lang et al.,
[72].

8.

Lists of abbreviations

13.

AED, antiepileptic drug; CR, caloric restriction; KD,
ketogenic diet; R, restricted; SD, standard diet; UR,
unrestricted.

14.

9.
10.

11.

12.

15.

Competing interests
The authors declare that they have no competing interests.

16.
17.

Authors' contributions
JGM carried out all described methods and drafted the
manuscript. NAC helped with the blood assays, participated in the feeding of the mice and carried out the incorporation of the data in Excel spreadsheets. MTT helped
with the design of the study. RM participated in the data
discussion and the statistical analysis. TNS conceived the
study, participated in its design and coordination and
helped prepare the manuscript. All authors read and
approved the final manuscript.

18.

19.
20.
21.
22.

Acknowledgements
This research was supported by the Boston College Research Fund, and
NIH grant (HD 39722). Also, "this project was supported by the Epilepsy
Foundation through the generous support of the Roger F. and Edna F. Evans
Fund". The authors would like to thank Christina Y. Kim for technical help
and her contribution in the early phases of the study.

23.
24.
25.

References
1.
2.
3.
4.
5.

6.
7.

Engel J. Jr., Pedley TA: Introduction: What is Epilepsy? In Epilepsy:
A Comprehensive Textbook Volume 1. Edited by: Engel J Jr and Pedley T
A. New York, Lipponcott-Raven; 1997:1-10.
Seyfried TN, Todorova M: Experimental models of epilepsy. In
The Epilepsies: Etiologies and Prevention Edited by: Kotagal P and Luders
HO. New York, Academic Press; 1999:527-542.
Hauser WA: Incidence and prevalence. In Epilepsy: A Comprehensive Textbook Volume 1. Edited by: Engel J Jr and Pedley T A. New York,
Lippincott-Raven; 1997:47-57.
Baumann RJ: Classification and population studies of epilepsy.
In Genetic basis of the epilepsies Edited by: Anderson VE, Hauser WA,
Penry JK and Sing CF. New York, Raven Press; 1982:11-20.
Wolf P: Historical aspects: the concept of idiopathy. In Idiopathic generalized epilepsies: clinical, experimental, and genetic aspects
Edited by: Malafosse A, Genton P, Hirsch E, Marescaux C, Broglin D
and Bernasconi R. London, John Libbey & Company Ltd.; 1994:3-6.
Todorova MT, Burwell TJ, Seyfried TN: Environmental risk factors for multifactorial epilepsy in EL mice. Epilepsia 1999,
40:1697-1707.
Berkovic SF: Genetics of epilepsy syndromes. In Epilepsy: A comprehensive textbook Volume 3. Edited by: Engel JJ and Pedley T A. Philadelphia, Lippincott-Raven; 1998:217-224.

26.
27.
28.
29.

30.
31.
32.
33.

Naruse H, Kurokawa M: The beginnings of studies on EL mice.
Neurosciences 1992, 18 (Suppl. 2):1-3.
Frankel WN, Johnson EW, Lutz CM: Congenic strains reveal
effects of the epilepsy quantitative locus, El2, separate from
other El loci. Mamm Genome 1995, 6:839-843.
Seyfried TN, Poderycki MJ, Todorova MT: Genetics of the EL
mouse: a multifactorial epilepsy model. In Genetics of Focal Epilepsies Edited by: Genton P, Berkovic S F, Hirsch E and Marescaux C.
London, John Libbey & Company Ltd.; 1999:229-238.
Uchibori M, Saito K, Yokoyama S, Sakamoto Y, Suzuki H, Tsuji T,
Suzuki K: Foci identification of spike discharges in the EEGs of
sleeping El mice based on the electric field model and wavelet decomposition of multi monopolar derivations. J Neurosci
Methods 2002, 117:51-63.
Ishida N, Kasamo K, Nakamoto Y, Suzuki J: Epileptic seizure of El
mouse initiates at the parietal cortex: depth EEG observation in freely moving condition using buffer amplifier. Brain
Res 1993, 608:52-57.
Suzuki J, Kasamo K, Ishida N, Murashima YL: Initiation, propagation and generalization of paroxysmal discharges in an epileptic mutant animal. Jpn J Psychiatry Neurol 1991, 45:271-274.
Suzuki J, Nakamoto Y: Seizure patterns and electroencephalograms of El mouse. Electroencephalogr Clin Neurophysiol 1977,
43:299-311.
Suzuki J: Paroxysmal discharges in the electroencephalogram
of the El mouse. Experientia 1976, 32:336-338.
Sato H: The development of EEG background activities in El
mouse. Folia Psychiatr Neurol Jpn 1985, 39:581-587.
Nakano H, Saito K, Suzuki K: Chronic implantation technique
for monopolar EEG monitoring of epileptic seizures in mice.
Brain Res Bull 1994, 35:261-268.
Brigande JV, Wieraszko A, Albert MD, Balkema GW, Seyfried TN:
Biochemical correlates of epilepsy in the El mouse: analysis
of glial fibrillary acidic protein and gangliosides. J Neurochem
1992, 58:752-760.
Drage MG, Holmes GL, Seyfried TN: Hippocampal neurons and
glia in epileptic EL mice. J Neurocytol 2002, 31:681-692.
Todorova M, Tandon P, Madore RA, Stafstrom CE, Seyfried TN:
Ketogenic diet inhibits epileptogenesis in EL mice: a genetic
model for idiopathic epilepsy. Epilepsia 2000, 41:933-940.
Greene AE, Todorova MT, McGowan R, Seyfried TN: Caloric
restriction inhibits seizure susceptibility in epileptic EL mice
by reducing blood glucose. Epilepsia 2001, 42:1371-1378.
Nagatomo I, Akasaki Y, Nagase F, Nomaguchi M, Takigawa M: Relationships between convulsive seizures and serum and brain
concentrations of phenobarbital and zonisamide in mutant
inbred strain EL mouse. Brain Res 1996, 731:190-198.
Poderycki MJ, Simoes JM, Todorova M, Neumann PE, Seyfried TN:
Environmental influences on epilepsy gene mapping in EL
mice. J Neurogenet 1998, 12:67-86.
Browne TR, Holmes GL: Epilepsy. N Engl J Med 2001,
344:1145-1151.
Freeman JM, Freeman JB, Kelly MT: The Ketogenic Diet: A Treatment for Epilepsy. 3rd edition. New York, Demos; 2000:236.
Jallon P: The problem of intractability: the continuing need for
new medical therapies in epilepsy. Epilepsia 1997, 38 (Suppl
9):S37-42.
Lennox WG: Epilepsy and Related Disorders. Volume 1. Boston,
Little, Brown and Company; 1960:1168.
Lennox WG, Cobb S: Studies in epilepsy VIII. The clinical effect
of fasting. Arch Neurol Psychiat 1928, 20:771-779.
Greene AE, Todorova MM, Seyfried TN: Perspectives on the metabolic management of epilepsy through dietary reduction of
glucose and elevation of ketone bodies. J Neurochem 2003,
86:529-537.
Wilder RM: The effects of ketonemia on the course of
epilepsy. Mayo Clinic Proc 1921, 2:307-308.
Stafstrom CE, Bough KJ: The ketogenic diet for the treatment
of epilepsy: a challenge for nutritional neuroscientists. Nutr
Neurosci 2003, 6:67-79.
Peterman MG: The ketogenic diet. J Amer Med Assoc 1928,
90:1427-1429.
Harney JP, Madara J, I'Anson H: Effects of acute inhibition of fatty
acid oxidation on latency to seizure and concentrations of
beta hydroxybutyrate in plasma of rats maintained on calo-

Page 10 of 11
(page number not for citation purposes)

Nutrition & Metabolism 2004, 1:11

34.
35.
36.
37.
38.

39.
40.

41.
42.

43.

44.

45.
46.

47.
48.

49.

50.
51.

52.

53.
54.

rie restriction and/or the ketogenic diet. Epilepsy Res 2002,
49:239-246.
Likhodii SS, Musa K, Mendonca A, Dell C, Burnham WM, Cunnane
SC: Dietary fat, ketosis, and seizure resistance in rats on the
ketogenic diet. Epilepsia 2000, 41:1400-1410.
Bough KJ, Chen RS, Eagles DA: Path analysis shows that increasing ketogenic ratio, but not beta-hydroxybutyrate, elevates
seizure threshold in the Rat. Dev Neurosci 1999, 21:400-406.
Thio LL, Wong M, Yamada KA: Ketone bodies do not directly
alter excitatory or inhibitory hippocampal synaptic
transmission. Neurology 2000, 54:325-331.
Appleton DB, DeVivo DC: An animal model for the ketogenic
diet. Epilepsia 1974, 15:211-227.
Seyfried TN, Greene AE, Todorova MM: Caloric restriction and
epilepsy: Historical perspectives, relationship to the
ketogenic diet, and analysis in epileptic EL mice. In Epilepsy and
the Ketogenic Diet Edited by: Stafstrom C E and Rho J M. Totowa, NJ,
Humana Press Inc.; 2004:247-264.
Weindruch R, Walford RL: The retardation of aging and disease
by dietary restriction. Springfield, IL, Thomas; 1988:436.
Duan W, Guo Z, Jiang H, Ware M, Li XJ, Mattson MP: Dietary
restriction normalizes glucose metabolism and BDNF levels,
slows disease progression, and increases survival in huntingtin mutant mice. Proc Natl Acad Sci U S A 2003, 100:2911-2916.
Bough KJ, Valiyil R, Han FT, Eagles DA: Seizure resistance is
dependent upon age and calorie restriction in rats fed a
ketogenic diet. Epilepsy Res 1999, 35:21-28.
McIlwain H: Cerebral energy metabolism and membrane phenomena. In Basic Mechanisms of the Epilepsies Edited by: Jasper H H,
Ward A A Jr and Pope A. Boston, Little, Brown, and Co.;
1969:83-103.
Meldrum B, Chapman A: Epileptic seizures and epilepsy. In Basic
Neurochemistry: Molecular, Cellular and Medical Aspects 6th edition.
Edited by: Siegel G J, Agranoff B W, Albers R W, Fisher S K and Uhler
M D. New York, Lippincott-Raven; 1999:755-768.
Cornford EM, Shamsa K, Zeitzer JM, Enriquez CM, Wilson CL,
Behnke EJ, Fried I, Engel J: Regional analyses of CNS microdialysate glucose and lactate in seizure patients. Epilepsia 2002,
43:1360-1371.
Schwechter EM, Veliskova J, Velisek L: Correlation between
extracellular glucose and seizure susceptibility in adult rats.
Ann Neurol 2003, 53:91-101.
Clarke DD, Sokoloff L: Circulation and energy metabolism of
the brain. In Basic Neurochemistry: Molecular, Cellular and Medical
Aspects 6th edition. Edited by: Siegel G J, Agranoff B W, Albers R W,
Fisher S K and Uhler M D. New York, Lippincott-Raven;
1999:637-669.
Cornford EM, Nguyen EV, Landaw EM: Acute upregulation of
blood-brain barrier glucose transporter activity in seizures.
Am J Physiol Heart Circ Physiol 2000, 279:H1346-54.
Ackermann RF, Lear JL: Glycolysis-induced discordance
between glucose metabolic rates measured with
radiolabeled fluorodeoxyglucose and glucose. J Cereb Blood
Flow Metab 1989, 9:774-785.
Meric P, Barrere B, Peres M, Gillet B, Berenger G, Beloeil JC, Seylaz
J: Effects of kainate-induced seizures on cerebral metabolism: a combined 1H and 31P NMR study in rat. Brain Res 1994,
638:53-60.
Knowlton RC, Abou-Khalil B, Sawrie SM, Martin RC, Faught RE,
Kuzniecky RI: In vivo hippocampal metabolic dysfunction in
human temporal lobe epilepsy. Arch Neurol 2002, 59:1882-1886.
Ikemoto A, Bole DG, Ueda T: Glycolysis and glutamate accumulation into synaptic vesicles. Role of glyceraldehyde phosphate dehydrogenase and 3-phosphoglycerate kinase. J Biol
Chem 2003, 278:5929-5940.
Li X, Yokono K, Okada Y: Phosphofructokinase, a glycolytic
regulatory enzyme has a crucial role for maintenance of synaptic activity in guinea pig hippocampal slices. Neurosci Lett
2000, 294:81-84.
Ting YL, Degani H: Energetics and glucose metabolism in hippocampal slices during depolarization: 31P and 13C NMR
studies. Brain Res 1993, 610:16-23.
Vielhaber S, Von Oertzen JH, Kudin AF, Schoenfeld A, Menzel C, Biersack HJ, Kral T, Elger CE, Kunz WS: Correlation of Hippocampal
Glucose Oxidation Capacity and Interictal FDG-PET in
Temporal Lobe Epilepsy. Epilepsia 2003, 44:193-199.

http://www.nutritionandmetabolism.com/content/1/1/11

55.
56.
57.
58.

59.
60.
61.
62.
63.
64.

65.

66.
67.
68.
69.
70.

71.
72.

Mantis JG, Centeno N, Todorova MT, McGowan R, Seyfried TN:
Metabolic control of epilepsy in adult EL mice with the
ketogenic diet and caloric restriction. Epilepsia 2003, 44: 64-65.
Hoag WG, Dickie MM: Nutrition. In Biology of the Laboratory Mouse
2nd edition. Edited by: Green E L. New York, Dover; 1968.
Keenan KP, Ballam GC, Soper KA, Laroque P, Coleman JB, Dixit R:
Diet, caloric restriction, and the rodent bioassay. Toxicol Sci
1999, 52:24-34.
Eagles DA, Boyd SJ, Kotak A, Allan F: Calorie restriction of a highcarbohydrate diet elevates the threshold of PTZ-induced seizures to values equal to those seen with a ketogenic diet. Epilepsy Res 2003, 54:41-52.
Bouzier-Sore AK, Merle M, Magistretti PJ, Pellerin L: Feeding active
neurons: (re)emergence of a nursing role for astrocytes. J
Physiol Paris 2002, 96:273-282.
Kasischke KA, Vishwasrao HD, Fisher PJ, Zipfel WR, Webb WW:
Neural activity triggers neuronal oxidative metabolism followed by astrocytic glycolysis. Science 2004, 305:99-103.
Owen OE, Morgan AP, Kemp HG, Sullivan JM, Herrera MG, Cahill G.
F., Jr.: Brain metabolism during fasting. J Clin Invest 1967,
46:1589-1595.
Colmers WF, El Bahh B: Neuropeptide Y and Epilepsy. Epilepsy
Curr 2003, 3:53-58.
Mazarati A, Wasterlain CG: Anticonvulsant effects of four neuropeptides in the rat hippocampus during self-sustaining status epilepticus. Neurosci Lett 2002, 331:123-127.
Husum H, Bolwig TG, Sanchez C, Mathe AA, Hansen SL: Levetiracetam prevents changes in levels of brain-derived neurotrophic factor and neuropeptide Y mRNA and of Y1- and Y5like receptors in the hippocampus of rats undergoing amygdala kindling: implications for antiepileptogenic and moodstabilizing properties. Epilepsy Behav 2004, 5:204-215.
Richichi C, Lin EJ, Stefanin D, Colella D, Ravizza T, Grignaschi G, Veglianese P, Sperk G, During MJ, Vezzani A: Anticonvulsant and
antiepileptogenic effects mediated by adeno-associated
virus vector neuropeptide Y expression in the rat
hippocampus. J Neurosci 2004, 24:3051-3059.
Yudkoff M, Daikhin Y, Nissim I, Lazarow A, Nissim I: Ketogenic
diet, amino acid metabolism, and seizure control. J Neurosci
Res 2001, 66:931-940.
Veech RL, Chance B, Kashiwaya Y, Lardy HA, Cahill G. F., Jr.: Ketone
bodies, potential therapeutic uses. IUBMB Life 2001, 51:241-247.
Kaur G, Kaur K: Effect of acute starvation on monoamine oxidase and Na+,K(+)-ATPase activity in rat brain. Mol Chem
Neuropathol 1990, 13:175-183.
Schwartzkroin PA: Mechanisms underlying the anti-epileptic
efficacy of the ketogenic diet. Epilepsy Res 1999, 37:171-180.
Todorova MT, Dangler CA, Drage MG, Sheppard BJ, Fox JG, Seyfried
TN: Sexual dysfunction and sudden death in epileptic male
EL mice: inheritance and prevention with the ketogenic diet.
Epilepsia 2003, 44:25-31.
Williamson DH, Mellanby J, Krebs HA: Enzymic determination of
D(-)-beta-hydroxybutyric acid and acetoacetic acid in blood.
Biochem J 1962, 82:90-96.
Lang TA, Secic M: How to Report Statistics in Medicine. Philadelphia, Amer. College Physicians; 1997.

Publish with Bio Med Central and every
scientist can read your work free of charge
"BioMed Central will be the most significant development for
disseminating the results of biomedical researc h in our lifetime."
Sir Paul Nurse, Cancer Research UK

Your research papers will be:
available free of charge to the entire biomedical community
peer reviewed and published immediately upon acceptance
cited in PubMed and archived on PubMed Central
yours — you keep the copyright

BioMedcentral

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Page 11 of 11
(page number not for citation purposes)

