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Epileptogenesis in diacylglycerol kinase epsilon deficiency up-regulates
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Abstract

Diacylglycerol kinase (DGK) phosphorylates the second messenger diacylglycerol (DAG) to yield phosphatidic acid, two neural
signaling elements that function to modulate synaptic activity. Of the nine mammalian DGK isotypes known, DGK epsilon (DGKze)
shows specificity for arachidonoyldiacylglycerol (20:4-DAG) and selectively contributes to modulate brain signaling pathways linked
to synaptic activity and epileptic seizure activity. In this study, we examined changes in gene transcription in a mouse kindling model
of epileptogenesis using control DGKe (+/+) and DGKe-knockout (—/—) mice. Total RNA was isolated from the hippocampus and
analyzed using RNA and DNA arrays. Significantly altered gene-expression levels were confirmed independently using Western immu-
noblot analysis. In agreement with our previous studies, a very few number of genes reached a significance of twofold or greater
(either up- or down-regulated; p < 0.05). Among the most significantly up-regulated genes in DGKe (+/+) mice included those encod-
ing the inducible prostaglandin synthase cyclooxygenase-2 (COX-2) and tyrosine hydroxylase (TH), also known as tyrosine 3-mono-
oxygenase, the rate-limiting enzyme of catecholamine biosynthesis. Kindled DGKe (—/—) animals exhibited no large increases in
COX-2 or TH gene expression. These data, plus our previous findings that DGKe (—/—) mice show higher resistance to electrocon-
vulsive shock, suggest an interplay between, and a regulatory role for, DGKe, COX-2, and catecholamine signaling during kindling

epileptogenesis.
© 2005 Elsevier Inc. All rights reserved.
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The second messenger arachidonic acid (20:4) and inosi-
tol lipid-derived diacylglycerol (DAG), two highly bioac-
tive lipids, have been implicated in epileptogenesis [1,2].
Enzymes responsible for inositol lipid biosynthesis may
use 20:4 lipids as substrates; DAG kinase epsilon (DGKe),
a member of the DGK gene family, selectively phosphory-
lates 20:4-DAG, generating phosphatidic acid. DGKe
thereby regulates neural signal transduction by modulating
the balance between the two abundant signaling lipids
DAG and phosphatidic acid. Targeted deletion of the
DGKze gene in DGKe (—/—) mice has been an effective ap-
proach to assess the contribution of DGKe to arachidonate
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enrichment and seizure response [2]. The following experi-
ments were undertaken to identify gene-expression changes
that accompany kindling epileptogenesis in DGKe (—/—)-
knockout and control DGKe (+/+) mice. Surprisingly,
very few large changes in gene expression were observed.
Among the most significantly up-regulated changes in gene
expression in DGKe-knockout (—/—) mice included those
encoding the neuronal-enriched inducible prostaglandin
synthase cyclooxygenase-2 COX-2 [3-7], and tyrosine
3-monooxygenase (also known as tyrosine hydroxylase,
TH), which catalyzes the first committed step in catechol-
amine synthesis [8—11]. These findings further support the
idea that elements derived from 20:4-inositol lipid signaling
are involved in the basic genetic responses to kindling

epilepsy.
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Methods

Experimental design. Two-month-old control DGKe (+/+) or DGKe-
knockout (—/—) mice were implanted with electrode units (Tripolar,
Plastic One, Roanoke, VA) in the right dorsal hippocampus; a ground
electrode was attached to the occipital bone. At 10 days postsurgery,
kindling was accomplished after sub-convulsive electrical stimulation (6
times daily for 4 days, using a 10-s train of 50-Hz biphasic pulses of 75—
100-pA amplitude). Seizures were graded according to the Racine Scale.
Animals were killed, and total RNA and proteins were co-isolated after
the last stimulation of the fourth day.

RNA isolation and quality control. Left and right hippocampal total
RNA was isolated using Trizol reagent (Invitrogen Life Sciences, Carls-
bad, CA) and RNA quality was screened and quality-controlled using
RNA LabChips (Caliper Technologies, Mountain View, CA). Each total
RNA sample was scanned from 220 to 320 nm using a GeneSpec III
spectrophotometer (Hitachi Genetics, Alameda, CA) and the Ay60/280 Of
total RNA (based on peak area) was typically >1.8. RNA samples were
next analyzed for spectral purity and concentration (ng/pl) using RNA
Nano LabChip analysis Chips and a 2100 Bioanalyzer (Caliper Technol-
ogies, Mountainview, CA; Agilent Technologies, Palo Alto, CA) [11].
Ratios of 28S/18S all exceeded 1.4; total RNA samples not meeting the
strict specifications of an A,60/250 of >1.8 or 28S/18S ratios >1.4 were not
used in these experiments. Poly(A)" messenger RNA populations ranged
in size from 0.2 to about 9 kb (data not shown). Importantly, no signifi-
cant differences between the spectral purity, molecular size, or yield of
total RNA between kindled animals and controls were noted [11].

RNA labeling and DNA-array analysis. Total RNA was labeled using
the Enzo Bioarray High Yield RNA Transcript Labeling system
(Affymetrix, Santa Clara, CA), hybridized to the Test3 and analytical
GeneChips, washed, and scanned as previously described [12].

Western analysis. Protein concentrations were determined using a
dotMETRIC microassay and bovine serum albumin (A7888; Sigma) as a
standard; levels of up-regulated genes were confirmed using Western
immunoblot analysis [11]. Total protein was extracted and analyzed by
Western blots using COX-1, COX-2, COX-3, or TH antibodies (kindly
supplied by Dr. D. Simmons, purchased from Alpha Diagnostics, San
Antonio, TX, or Santa Cruz Biotechnology, Santa Cruz, CA) that were
used as previously described [1,8,11]. COX-1, COX-2, and TH antibodies
used were sc-1752, sc-1745, and sc-7847, respectively, as used according to
the manufacturer’s instructions (Santa Cruz). Importantly, human COX-3
antibodies were derived from N-terminal peptides corresponding to the
first 13 amino acids of human COX-3 (MSRECDPGARWGC) [13];
COX-1 and COX-3 antibodies showed no cross-reactivity (Alpha Diag-
nostics, Cat. #COX-32A). Signal-intensity data were gathered by phos-
phorimaging onto molecular imaging screens (FUJIFILM) for 3-36 h
using a Typhoon Molecular Imager system (Amersham Biosciences) as
described previously [11-13].

Bioinformatics and statistical analysis. DNA-array data analysis and
feature extraction were performed using GeneSpring 7.2 (Silicon Genetics,
Redwood City, CA) analytical algorithms; Westerns were analyzed using
the internal control of BTUBIII as previously described [11-13].

Results

Gene-expression patterns can be effectively displayed by
plotting the data as ‘volcano plot’ (V-plot) representations
(Fig. 1), in which all significantly up- and down-regulated
genes are plotted according to their p value and fold-
change in a scatter plot on a semi-log graph, using
p < 0.05 and changes >2-fold (either up- or down-regulat-
ed) as cut-off values. For DNA-array analysis and
representation, p values are generated using a parametric
one-way ANOVA whereby the variances between groups
are not assumed to be equal. V-plot graphs are color-coded
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Fig. 1. Volcano plots of (A) kindled DGKg (+/+) versus control DGKe
(+/+) mice and (B) kindled DGKe (—/—) versus control DGKe (—/-)
mice in whole hippocampus. Arrows point to up-regulated oxygenase-
encoding genes TH and COX-2; for clarity the data of non-significant
genes in the region p < 0.05 (dashed horizontal line) and fold-changes
<1.0 are not shown.

by significance in order to highlight up- and down-regulat-
ed genes (by convention, color-coded red and blue, respec-
tively). Genes excluded from this stringent analysis are
termed ‘non-significant genes’ and are by convention col-
or-coded green. Fig. 1A shows the V-plot of kindling vs
control in DGKe (+/+) animals and Fig. 1B shows the
V-plot of kindling vs control in DGKe (—/—) animals.
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Fig. 2. Relative signal strength refers to fold-changes in the expression of
COX-1, COX-2, and TH RNA in control and kindled DGKze (+/+) mice
compared against BTUBIII (control) levels in the same sample. LH, left
hippocampus; RH, right hippocampus; *p < 0.05.
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Using the experimental cut-off of p < 0.05 and changes
>2-fold (either up- or down-regulated), only four genes
achieved these cut-off values in kindling vs control in
DGKe¢ (+/+) animals; and two of these encoded the oxy-
genases COX-2 and TH (Fig. 2). Interestingly, animals kin-
dled with electrode units in the right dorsal hippocampus
showed higher levels of both COX-2 and TH in the ipsilat-
eral (left) hippocampus, when compared against PTUBIII
RNA levels in the same sample (Fig. 2). No changes in
the levels of the ‘housekeeping’ genes BTUBIII or COX-1
RNA were noted in either the left or right hippocampus
after kindling. After Western immunoblot analysis of the
ipsilateral (left) hippocampus, up-regulation in the RNA
for COX-2 and TH was indeed reflected in higher COX-2
and TH protein levels; however, no corresponding increas-
es were noted for BPTUBIII, COX-1, or COX-3 protein
(Fig. 3).
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Fig. 3. (A) Western analysis of COX-1, COX-2, COX-3, and TH protein
in control and kindled, DGKe (+/+) and DGKe (—/—) mice. (B)
Graphed representation of data. COX-1, COX-2, COX-3, and TH each
migrated as one single major band (as shown). All fold-changes were
compared to that of COX-1 proteins levels in DGKe (4+/4) animals to
which was assigned the arbitrary value of 1.0 (dashed horizontal line).
N =3; *p <0.05.

Discussion

In this study, using DNA arrays, we used a global gene-
expression screening strategy to search for brain-enriched
genes that showed significantly altered RNA abundance
levels in kindled DGKe (+/+) and DGKe (—/—) mice vs
unkindled controls. From this initial gene screening, we
further identified specific oxygenases that were significantly
up- or down-regulated. In agreement with our previous
studies using the Murine Genome U74Av2 GeneChip ar-
ray (Affymetrix; 12,000 gene targets; unpublished observa-
tions), a surprisingly small number of genes reached a
significance of twofold or greater (either up- or down-reg-
ulated) with an ANOVA (p) < 0.05 under the experimental
conditions described. Among the most significantly up-reg-
ulated oxygenase genes in DGKe-knockout (—/—) mice
included those encoding the inducible prostaglandin syn-
thase COX-2 and tyrosine hydroxylase (TH; also known
as tyrosine 3-monooxygenase), the first enzyme in the path-
way of catecholamine synthesis. That DGKe (—/—) mice
show higher resistance to electroconvulsive shock with
shorter tonic seizures and faster recovery than do DGKg
(+/+) mice suggests that the major catalytic end-products
of COX-2 and TH, prostaglandins and catecholamines,
respectively, contribute significantly toward seizure devel-
opment, activity, and/or propagation.

Cyclooxygenase isozymes and epilepsy

Cyclooxygenase (COX) enzymes are critical regulators
of the inflammatory and immune response, fever, and pain,
and are also ubiquitous autocrine/paracrine modulators of
cellular responses that are likely to play roles in mitogenesis
and apoptosis [4-7,11]. In the brain, the COX superfamily
of prostaglandin synthase genes encodes a constitutively
expressed COX-1 active in the endoplasmic reticulum, an
inducible, highly regulated, immediate-early gene COX-2,
and a COX-3 isoform whose RNA is derived through the
retention of a highly structured, G + C-rich intron 1 of
the COX-1 gene [4,5,13,14]. COX-3 gene expression is en-
riched in the cerebral microvasculature [4,13]. Recent find-
ings demonstrate that COX enzymes are of primary
importance in the brain’s unique inflammatory response,
and these play determinant roles in the proliferation of oxi-
dative stress, neural degeneration, and brain cell apoptosis
[11-14]. Moreover, COX isozymes are the targets of non-
steroidal anti-inflammatory drugs (NSAIDs) and may be
of therapeutic value after neural injury [4,5,13]. Neuronal
COX-2 transiently increases in a synaptic activity-depen-
dent fashion and is also up-regulated during kainic acid-in-
duced hippocampal cell damage [3,5]. Up-regulated brain
COX-2 and increased abundance of the major COX-2-
generated PGE2 are associated with the recurrence of
hippocampal seizures [15], in part by selectively altering
fundamental membrane/synaptic properties in the hippo-
campus that dynamically regulate membrane excitability
[6,15]. Selective COX-2 inhibitors have been shown to
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significantly reduce postsynaptic membrane excitability,
back-propagating dendritic action potential-associated
Ca’* influx, and long-term potentiation induction in hip-
pocampal dentate granule neurons [7], suggesting a poten-
tial role for COX-2-selective NSAIDs in epilepsy
management.

Tyrosine hydroxylase and epilepsy

Although the basal ganglia appear unable to directly ini-
tiate or propagate seizures, abundant data suggest that
kindling modifies the basal excitability of this modifier sys-
tem [16-18]. Alam and Starr [19] were the first to report
dopaminergic modulation of induced seizures in the rat
and the role of the hippocampal dopamine D1 receptors
in induced seizure mediation. Seizures are known to modify
brain dopamine function in both humans and rats, and hip-
pocampal dopamine appears to lower seizure threshold via
activation of the dopamine D1 receptor [19,20]. Up-regu-
lated tyrosine hydroxylase (TH) (tyrosine 3-monooxygen-
ase), the rate-limiting enzyme for the conversion of
tyrosine to the dopamine precursor 1-3,4-dihydroxyphenyl-
alanine (L-DOPA) in neural tissues, suggests that up-regu-
lation of TH gene expression in kindled hippocampus may
represent a homeostatic adaptation to compensate for the
seizure threshold-lowering effects of the kindling process
[20].

Summary

The observation that the vast majority of all brain hip-
pocampal genes, after kindling stimulation, show relative-
ly small changes in gene expression suggests that basal
levels of global gene expression in mouse brain may be re-
set after electrical stimulation, and this may contribute to
downstream signaling events in the kindling process.
Kindling epileptogenesis appears to be accompanied by
the specific up-regulation of COX-2 and TH gene expres-
sion, and that these changes were more prominent in
DGKe¢ (+/+) mice when compared to DGKe (—/—) mice
suggests the requirement for DGKe gene expression and/
or signaling in COX-2 and TH gene regulation. Levels of
the catalytic products of COX-2 and TH, namely PG and
dopamine, are relatively abundant in kindled mouse brain
hippocampus (Fig. 3) and are known to be altered during
kainate-induced seizures in rodents and in other animal
models of epilepsy [15,21,22]. These data provide addi-
tional mechanistic insight into the basic genetic mecha-
nisms of kindling epileptogenesis and reveal novel
pathways for anti-epileptogenic drug discovery. For
example, there is an emerging role of COX-2 and COX-
2-generated PG in the regulation of membrane excitability
in hippocampal perforant path-dentate gyrus synapses
[3,5-7,21]. Coupled to the observed reduction of postsyn-
aptic membrane excitability and back-propagating den-
dritic action potential-associated Ca®>" influx in
hippocampal neurons after the use of selective COX-2

inhibitors, this suggests that COX-2-specific antagonists
(such as NSAIDs) may have some therapeutic value for
use as anti-epileptogenic drugs.
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