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Abstract The ketogenic diet (KD) has been shown to be ef-
fective as an antiepileptic therapy in adults, but it has not been
extensively tested for its efficacy in neonatal seizure-induced
brain damage. We have previously shown altered expression
of zinc/lipid metabolism-related genes in hippocampus fol-
lowing penicillin-induced developmental model of epilepsy.
In this study, we further investigated the effect of KD on the
neurobehavioral and cognitive deficits, as well as if KD has
any influence in the activity of zinc/lipid transporters such as
zinc transporter 3 (ZnT-3), MT-3, ApoE, ApoJ (clusterin), and
ACAT-1 activities in neonatal rats submitted to flurothyl-
induced recurrent seizures. Postnatal day 9 (P9), 48 Sprague-
Dawley rats were randomly assigned to two groups: flurothyl-
induced recurrent seizure group (EXP) and control group
(CONT). On P28, they were further randomly divided into
the seizure group without ketogenic diet (EXP1), seizure plus
ketogenic diet (EXP2), the control group without ketogenic
diet (CONT1), and the control plus ketogenic diet (CONT2).
Neurological behavioral parameters of brain damage (plane
righting reflex, cliff avoidance reflex, and open field test) were
observed from P35 to P49. Morris water maze test was per-
formed during P51–P57. Then hippocampal mossy fiber
sprouting and the protein levels of ZnT3, MT3, ApoE, CLU,
and ACAT-1 were detected by Timm staining and Western

blot analysis, respectively. Flurothyl-induced neurobehavioral
toxicology and aberrant mossy fiber sprouting were blocked
by KD. In parallel with these behavioral changes, rats treated
with KD (EXP2) showed a significant down-regulated expres-
sion of ZnT-3, MT-3, ApoE, clusterin, and ACAT-1 in hippo-
campus when compared with the non-KD-treated EXP1
group. Our findings provide support for zinc/lipid transporter
signals being potential targets for the treatment of neonatal
seizure-induced brain damage by KD.
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Introduction

Zinc (Zn) is a typical metal ion that contributes to the
epileptogenesis under pathologic conditions such as seizure
attack, ischemia, traumatic brain injury, autism spectrum dis-
orders, etc. [1–4]. Hippocampal mossy fibers (MFs), which
contains abundant zinc and is important in keeping the bal-
ance between excitatory and inhibitory system, has been well
established to be involved in the pathological process of
epileptogenesis following an initial brain-damaging insult
[5], which is represented by the aberrant MF regenerative
sprouting revealed by Timm staining. Previous studies have
demonstrated that up-regulated expression changes of zinc
transporter 3 (ZnT-3) in the rat hippocampus may be respon-
sible for this pathological hallmark using adult or develop-
mental seizure models [6, 7]. However, few studies have in-
vestigated the post-seizure modulation of ZnT-3 and its asso-
ciation with neurobehavioral and cognitive changes.
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In this study, we investigated the effect of a high-fat low-
carbohydrate ketogenic diet (KD) on neonatal seizure-induced
neurobehavioral deficits, as well as if KD has any influence in
the activity of ZnT-3 in hippocampus. KD has been used for
drug-resistant refractory epilepsy since the 1920s. Consider-
ing the fact that 20–25 % patients develop therapeutic failure
with conventional antiepileptic drugs (AEDs) [8] and the se-
rious physiological and psychological harm to patients of
AEDs, this traditional diet therapy has attracted intensive at-
tention in recent clinical practice.

Hypothesized anticonvulsant mechanisms of KD focus on
decreased excitability and/or increased inhibition through
energy metabolism mechanism, especially the partitioning
of ketone bodies toward GABA [9, 10]. Yet the key meta-
bolic pathways in vivo remains poorly understood with neu-
ronal effects. Despite transient ketosis, the classic high-fat
ketogenic diet could also induce marked changes in fatty
acid metabolism, which may contribute to the seizure pro-
tection by KD as well [11]. We have recently found up-
regulated expressions of lipid metabolism-related genes in
hippocampus following developmental seizures, such as
apolipoprotein J (clusterin), apolipoprotein E, and ACAT-1,
which could be down-regulated by pretreatment with au-
tophagy inhibitors before the acute seizure attacks [12]. Co-
incidently, Lee JY et al. reported that the level of histochem-
ically reactive zinc (principally synaptic zinc) was signifi-
cantly reduced in the ApoE-deficient brain compared to wild
type, suggesting that ApoE may affect the cerebral free zinc
pool that contributes to Alzheimer’s disease pathology [13].
This prompts us to predict that the interaction of Zn2+ with
lipid metabolism signals may exist in experimental neonatal
seizure model.

In this study, we investigated the effect of KD on neurobe-
havioral deficits, as well as if KD has any influence in the
activity of zinc/lipid signal-related genes, such as ZnT-3,
ApoE, ApoJ, and ACAT-1 in Sprague-Dawley rats submitted
to recurrent neonatal seizures.

Materials and Methods

Animal Preparation

Sprague-Dawley rats (number=48) at postnatal day 8 (P8,
weighing between 12.59 and 15.30 g) were obtained from
the Chinese academy of sciences, Shanghai Experimental
Animal Center, China. Rats were kept in an environment-
controlled room which was away from bright light and noise
under a 12 h/12 h light/dark cycle. The animals were
adapted for 1 day before the study and had free access to
standard laboratory food and water ad libitum. The animals
were treated in accordance with the guidelines set by the
National Institutes of Health for the humane treatment of

animals. Attempts were made to reduce animal suffering
and the number of animals used. Forty-eight Sprague-
Dawley rats were randomly assigned to two groups:
flurothyl (bis-2,2,2-triflurothyl ether; Sigma-Aldrich Chemi-
cal, WI, USA)-induced recurrent seizure group (EXP, n=24)
and control group (CONT, n=24). Seizures were induced in
EXP rats with volatile flurothyl (bis-2,2,2-triflurothyl ether,
Aldrich-Sigma Chemical, WI, USA), a potent and rapidly
acting central nervous system stimulant that produces sei-
zures within minutes of exposure once a day for eight con-
secutive days, from P9 to P16. The procedure of seizure
induction had been described in detail previously [14].
CONT rats were placed into the container for an equal
amount of time to their counterpart without exposing to
flurothyl.

At weaning day P21, rats were further randomly divided
into four groups: the seizure group without KD (EXP1, n=
12), the seizure plus KD (EXP2, n=12), the control group
without KD (CONT1, n=12), and the control plus KD
(CONT2, n=12). At P28, rats in EXP2 and CONT2 groups
received KD, while rats in EXP1 and CONT1 groups received
normal diet. The formula of KD was reported in detail previ-
ously [15]. KD (70 % fat, 20 % protein, and no carbohydrate)
and normal diet (50 % fat, 20 % protein, and 4.5 % carbohy-
drate) were obtained from Chinese Academy of Sciences,
Shanghai Experimental Animal Center, China. All rats were
given food and water ad libitum for 4 weeks.

Neurobehavioral Tests

Neurological behavioral parameters of brain damage (plane
righting reflex, cliff avoidance reflex, and open field test) were
observed on P35, P42, and P49 according to the procedure
previously described [16, 17].

Morris Water Maze Test

During the five consecutive days (P51–P55), rats (n=12 each
group) were tested in the Morris water maze to evaluate
visual-spatial learning and memory ability. The procedure
has been described previously [18, 19]. In brief, for the place
navigation test, each rat was allowed to find the hidden plat-
form for a maximum of 60 s. If an animal did not find the
platform in the special time, it would be placed onto the plat-
form for 10 s to identify spatial cues before being returned to
the cage. The escape latency (the duration for finding the
platform) was automatically recorded by a video/compute sys-
tem. For the spatial probe test, the platformwas removed from
the pool on alternate days after the navigation test (P57). Then
each rat was placed in the water for 60 s and the frequency
(number of times) of passing through the platform quadrant
was recorded to reflect the spatial memory ability.
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Timm Staining

On P58, a subset of rats was sacrificed by decapitation for
Timm staining (n=6/each group). The pyramidal/infra-
pyramidal CA3 region and the inner molecular layer of the
dentate gyrus of hippocampus were assessed on each section.
Mossy fiber sprouting was analyzed using a semiquantitative
scale for terminal sprouting in the CA3 and the dentate gyrus
[20].

Western Blot Analysis

Protein levels were detected by Western blot method [19]
on P58 from the rest part of rats after water maze test (n=
6/each group). Polyvinylidene fluoride membrane blots af-
ter blocking solution TBST were incubated with one of the
following antibodies: a rabbit anti-ACAT-1 polyclonal anti-
body (1:200, Cayman Chemical), a goat anti-ApoE poly-
clonal antibody (1:200, Santa Cruz), a goat anti-clusterin
polyclonal antibody (1:500, Santa Cruz), a goat anti-ZnT-
3 (1:200, Santa Cruz) or MT3 (1:200, Santa Cruz) poly-
clonal antibody in Tris-buffered saline containing 0.2 %
Tween-20 (TBST), and 5 % nonfat dry milk overnight at
4 °C. The blot was then incubated with the secondary
antibody for about 2 h at ambient temperature. Antibody
reactions were exposed with Kodak X-ray film using the
ECL detection system Amersham. The relative changes of
the intensity of each immunoreactive band were evaluated
with Sigma Scan Pro 5 and were normalized to a loading
control GAPDH.

Statistical Analysis

The behavioral measures, escape latency of place navigation
test, the frequency of passing through the platform quadrant of
spatial probe test in the water maze, Timm staining, and the
protein levels were analyzed with post hoc comparisons using
a Bonferroni test after ANOVA by SAS 8.0 statistical soft-
ware. Data were presented as the mean±SD, and statistical
significance was considered as a P<0.05.

Results

Neurological Behavior

The effects of neonatal seizure and chronic treatment by KD
on neurological development may be presented by different
neurological reflexes and open field test. As a result, the EXP1
group showed a significant delay or reduction of plane
righting reflex and cliff avoidance reflex, as well as poor per-
formance in open field test (Fig. 1a–d). On the other hand,
these deleterious changes were reversed by KD post-seizure

treatment in the EXP2 group compared with those in the
EXP1 group (Fig. 1a–d).

Morris Water Maze Test

It could be seen from Fig. 1e that the escape latencies from the
water maze were significantly longer in rats of the EXP1
group from P51 to P55 than in control rats; on the other hand,
however, the latency was significantly decreased in rats of the
KD-treated EXP2 group than that of the EXP1 group at P54
and P55. As far as spatial probe test was concerned, the fre-
quency of passing through the platform quadrant was signifi-
cantly lower in the EXP1 group than in the control. This de-
crease was reversed by KD as compared between the EXP1
and EXP2 groups in the probe tests (Fig. 1f).

Timm Staining

The Timm staining pattern in rats subjected to recurrent
seizures differed from the control rats. In rats of EXP1
(Fig. 2c) and EXP2 (Fig. 2d) groups, there was an increased
distribution of Timm granules in the region of stratum
pyramidale of CA3 subfield and supragranular of dentate
gyrus, while remaining barely visible in CONT1 (Fig. 2a)
and CONT2 (Fig. 2b). In addition, the Timm score de-
creased remarkable in EXP2 group compared with that in
EXP1 group (Fig. 2c).

Western Blot Analysis

Western blot was employed to evaluate the relative protein
levels of ZnT3,MT3, ApoE, CLU, and ACAT-1 in hippocam-
pus after Morris water maze analysis. As shown in Fig. 3,
EXP1 rats had a higher amount of ZnT3, MT3, ApoE, CLU,
and ACAT-1 in hippocampus when compared with control
rats. In addition, there were long-term decrease of ZnT3,
MT3, ApoE, CLU, and ACAT-1 of KD-treated EXP2 rats
compared with that in EXP1 group.

Discussion

Recent clinical and experimental studies have shown that
KD could decrease peripheral vitamin and mineral levels,
including zinc [21–23]. To our knowledge, alteration of
zinc metabolism-related gene expressions in the brain after
KD treatment, however, has not been investigated so far.
In the current study, we found increased expression of
ZnT-3 and MT-3 in hippocampus following neonatal sei-
zures which was inhibited by chronic KD treatment. It has
been documented that the physiological activity of free
zinc in the normal brain might largely depend on the pool
of synaptic vesicle zinc that is determined by ZnT-3, as
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well as MT-3 [24, 25]. Thus, the increased level of ZnT-3
and MT-3 in this study would, in principle, imply a raised
hippocampal synaptic vesicle zinc levels [26]. It is report-
ed that ZnT-3 is regulated by age, hormones, fatty acids,
zinc chelation, and glucose [27]. Lee JY et al. showed that
estrogen decreased ZnT-3 expression and synaptic vesicle
zinc levels in mouse brain through changing AP-3 delta
expression [28]. Here, we provided additional evidence that
KD could modulate not only the expression of hippocampal
ZnT-3 and MT-3 but also lipid metabolism-related ApoE,
ApoJ, and ACAT-1 following neonatal seizure-induced
brain damage, which may provide new insights into the
mechanism of ZnT-3 regulation in the brain.

As long as zinc-induced lipid peroxidation is concerned,
clinical and experimental studies have demonstrated that
proper levels of zinc and antioxidant enzyme activity are
crucial for the brain in maintaining normal neurological
functions. Dietary zinc deficiency can cause increased lipid
peroxidation while zinc supplementation inhibited the in-
creased oxidative stress by activating the antioxidant sys-
tem [29–31]. In addition, acute zinc neurotoxicity involves
lipid peroxidation-dependent rises in intracellular levels of
reactive oxygen species (ROS) [32–34]. Furthermore, dis-
turbance of trace element level (including Fe, Cr, Se, and
Zn) combined with declined antioxidant activity plays a
significant role in responsible for the etiology of cerebral

Fig. 1 At P35, P42, and P49,
times of each group in plane
righting test and cliff avoidance
test (a, b). In open filed test, the
immobility time and the
frequency of locomotor activity
were recorded at P42 and P49 (c,
d). And in water maze test, during
the 5 days of training, mean
escape latency for each group is
plotted (e). The frequencies of
crossing the platform were
recorded at P57 (f).*P<0.05,
compared with CONT1;
#P<0.05, compared with EXP1.
(n=12/group)
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ischemia [35]. Whether this zinc-induced lipid peroxidation and
oxidative stress is also a cause of developmental neurodegener-
ative processes such as hippocampal mossy fiber sprouting and
neurobehavioral damage following developmental seizures, on
the other hand, has not been examined. Interestingly, recent
studies on Alzheimer’s disease and epilepsy highly suggest that
thismay quite be the case. For example,metal ions (copper, iron,
and zinc), ApoE, clusterin, and cholesterol affect parallel molec-
ular and biochemical pathways involved in the progression
of AD pathology [36–39]. Coincidently, elevated expression
of ApoE, clusterin, and acyl-coenzyme A:cholesterol

acyltransferase (ACAT1) in rat hippocampus, the enzyme in-
volved in cholesteryl ester biosynthesis has been found after
kainic acid excitotoxicity [40, 41], which could be prevented
by KD [42]. In addition, ApoE ablation decreases synaptic ve-
sicular zinc in the brain [13]. In this study, we found a long-term
increase in the expression of ZnT-3, MT-3, ApoE, clusterin, and
ACAT-1 in the hippocampus of rats following flurothyl-induced
neonatal seizures. These results are in line with hypothesized
changes in the aberrant sprouting of regenerative mossy fibers
and behavioral deficits. More importantly, chronic treatment
with a ketogenic diet (KD) reversed the adverse pathological,

A (1)

B (1)
B (2)

C (2)C (1)

D (2)D (1)

A (2)

Fig. 2 Example of mossy fiber
sprouting by Timm staining in
CONT1 [a (1)–(2)], CONT2 [b
(1)–(2)], EXP1 [c (1)–(2)], EXP2
[d (1)–(2)]. a (1)–d (1) represent
dentate gyrus subfield and a (2)–d
(2) represent CA3 subfield from
CONT1 to EXP2, respectively.
Note the excessive amount of
Timm staining in the inner
molecular layer of the granule
cells [c (1)] and the stratum
pyramidale of CA3 subfield [c
(2)] in EXP1 group (arrows).
Calibration bars=30 μm
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neurobehavioral, and neurochemical changes. Thus, this report
extends the observation in experimental epilepsy models sug-
gesting that adaptive energy metabolism changes in gene ex-
pression are involved in KD’s anticonvulsant effects [43, 44].

In conclusion, this study supports the notion that
zinc/lipid transporter pathways are involved in the

neurodegeneration following developmental seizures, espe-
cially the long-term aberrant mossy fiber sprouting in hip-
pocampus. The results may provide important clues to-
wards zinc/lipid transporter signals being potential targets
for the treatment of neonatal seizure-induced brain damage
by KD.

Fig. 3 Western blot analysis of
the expression of ZnT3, MT3,
ApoE, CLU, and ACAT-1 in
hippocampus compared with
CONT1, *P<0.05, and compared
with EXP1, #P<0.05. (n=6/
group)
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