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ABSTRACT

We examined a number of Drosophila mutants with increased susceptibility to seizures following
mechanical or electrical stimulation to better understand the underlying factors that predispose neurons
to aberrant activity. Several mutations in this class have been molecularly identified and suggest metabolic
disruption as a possible source for increased seizure susceptibility. We mapped the bang-sensitive seizure
mutation knockdown (kdn) to cytological position 5F3 and identified citrate synthase as the affected gene.
These results further support a role for mitochondrial metabolism in controlling neuronal activity and
seizure susceptibility. Biochemical analysis in bang-sensitive mutants revealed reductions in ATP levels
consistent with disruption of mitochondrial energy production in these mutants. Electrophysiological
analysis of mutants affecting mitochondrial proteins revealed an increased likelihood for a specific
pattern of seizure activity. Our data implicate cellular metabolism in regulating seizure susceptibility and
suggest that differential sensitivity of neuronal subtypes to metabolic changes underlies distinct types of

seizure activity.

TUDIES in Drosophila over the past 25 years
have led to the discovery of mutants exhibiting
stress-sensitive seizures and paralysis (BENzER 1971;
GRIGLIATTI ¢f al. 1973; Homyk et al. 1980; GANETZKY
and Wu 1982; PavLipis and TANOUYE 1995; KUEBLER
and Tanouyk 2000). Mutants that exhibit seizures and
paralysis upon mechanical stimulation (“banging”), are
termed bang-sensitive paralytics. Suppression of bang-
sensitive mutant phenotypes following the disruption
of voltage-gated Na" channels demonstrated that sei-
zure behavior likely involves neuronal hyperexcitability
(GaNETZKY and Wu 1982). Simultaneous electrophys-
iological and behavioral characterization of these mu-
tants demonstrated that seizure behavior was paralleled
by distinct states of neuronal activity at the electro-
physiological level (LEe and Wu 2002). Electrical
stimulation can elicit seizures in both wild-type and
mutant animals, although the required stimulation
voltage is much less in bang-sensitive mutants, demon-
strating their increased seizure susceptibility (KUEBLER
and TaNouyveE 2000). Additionally, administration of
valproate, phenytoin, gabapentin, and potassium bro-
mide, all of which act as anticonvulsants in humans,
suppresses seizures in bang-sensitive mutants (KUEBLER
and TANOUYE 2002; REYNOLDS et al. 2004; TAN et al. 2004).
The affected loci of several of the bang-sensitive
mutations have been identified, including two mito-
chondrial proteins, a mitochondrial ribosomal protein
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(technical knockout, tko), and an adenine nucleotide trans-
locase (stress-sensitive B, sesB) (ROYDEN et al. 1987; ZHANG
et al. 1999). Additionally, mutations in an ethanolamine
kinase (easily shocked, eas) and an aminopeptidase
(slamdance, sda) also result in bang sensitivity (Table 1)
(PAvLIDIS et al. 1994; ZHANG et al. 2002). Although
molecular identification of two mutants with mitochon-
drial defects suggests that impaired aerobic metabolism
may generate this seizure phenotype, the physiological
mechanism remains unclear (JAN and Jan 1978;
GANETZKY and Wu 1982; ROYDEN ¢/ al. 1987; SCHUBIGER
et al. 1994; ZHANG et al. 1999).

To further characterize the mechanisms underlying
bang sensitivity in Drosophila and to test the hypothesis
that these seizure phenotypes are due to metabolic
disruption, we have characterized a new bang-sensitive
mutant and performed additional analysis of previously
studied mutants. We molecularly identified knockdown
(kdn) and found that it encodes citrate synthase, an
essential metabolic protein. Measurements of ATP levels
revealed reductions in kdn as well as in several other
bang-sensitive mutants. Electrophysiological analysis
revealed alterations in neuronal firing patterns in the
giant fiber (GF) pathway of these mutants. Our results
demonstrate that metabolic perturbations can alter mem-
brane excitability and increase seizure susceptibility.

MATERIALS AND METHODS

Fly strains: Flies were cultured on cornmeal-molasses agar
medium at 22°-29°. Bang-sensitive mutant strains used in
this study include kdn’, tho*, eas’, bas’, bss', and sesB’. Geno-
mic deficiency lines in the 5D-F region—D/(1)dx81, Df(1)5D,
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TABLE 1

Summary of phenotypes and gene products among known bang-sensitive Drosophila mutants
Locus/genotype Growth BS Type I  Type II Affected gene product Reference
bang senseless (bss) Normal ++ - + Unknown GANETZKY and Wu (1982)
slamdance (sda) Normal ++ — + Aminopeptidase ZHANG et al. (2002)
easily shocked (eas) Normal ++ + + Ethanolamine kinase PavLIDIS et al. (1994)
bang sensitive (bas) Normal ++ + — Unknown GRIGLIATTI ¢t al. (1973)
technical knockout (tko)  Delayed +/++ + - Mitochondrial riboprotein ROYDEN et al. (1987)
stress-sensitive B (sesB) Delayed + + — Mitochondrial ATP translocase = ZHANG et al. (1999)
knockdown (kdn) Delayed + + — Mitochondrial citrate synthase  This report

Mutations affecting mitochondrial proteins result in delayed development. Bang-sensitive (BS) testing resulted in a range of
behaviors, including no sensitivity to mechanical stimulation (—; as in wild-type controls) to mild (+) and moderate (++) bang
sensitivity. Type I and II seizure activity is denoted as commonly observed (+; =50%) and rarely or never seen (—; <5%).

Df(1)G4e[l]H24i[R], and Df(1)JF5 (diagrammed in Figure
1A)—were utilized for complementation analysis and map-
ping of kdn. P-elementlines disrupting the kdnlocus (CG3861)
were isolated elsewhere [PG129 (BOURBON et al. 2002) and
KG04873 (Berkeley Drosophila Genome Project)]. Aconitase
lines p07054 and Df(2L)TWI were used for genetic interaction
experiments. Wild type and control refer to Canton-S, unless
otherwise stated.

Behavioral tests: Flies were collected under COy at 0-3 days
after eclosion and kept at 36 animals/vial for 1-2 days before
behavioral analysis. Vials were mechanically stimulated by
placement in a bench-top vortex for 15 sec at the maximum
setting. The time for each fly to right itself after vortexing was
recorded (GANETZKY and Wu 1982).

Molecular analysis: Deficiency chromosomes were made
heterozygous with GFP-tagged balancer chromosomes and
homozygous deficiency embryos were identified as lacking
GFP expression. GFP-expressing embryos from these stocks
served as positive controls. Genomic DNA was isolated from 10
embryos of each genotype and all experiments were done in
duplicate. Breakpoint mapping primers for deficiency analysis
in Figure 1 were as follows: set (A) 5-TGACTCGACTGC
TCCGCTTGACTG-3" and 5'-GACGGCGAGGGCTGCTACTA
CCAC-3', (B) 5'-GCGCTGCCCACCACTCACCTAT-3" and 5'-
AAAGCGGCAAATGTTCCTAT-3', (C) 5'-AAAATGCGCAAAC
CACCGACAACC-3' and 5-TAGGCCAGACCCAGCACCCGTA
TG3', (D) 5'-CCCCGCCCCCAGCATTAGGT-3" and 5'-CCGTTC
GTTCAGGGCACTCAGGT-3', (E) 5'-GCCGTCGGTTGTCAA
GGTGGAGTC-3' and 5'-AGATGATGGCGTGCTGCGGTGAA-3',
and (F) 5'-CGTGCTCAACTGCCCGTCGTA-3" and 5'-CTGGC
CGCCCCTTTTTGTAGC-3'.

Analysis of candidate gene expression in homozygous P-
element mutants was performed using RNA collected from
non-GFP expressing embryos (as above). RNA from embryos
homogenized in 3 M LiCl/6 M urea was ultimately DNAse
treated and purified through further phenol chloroform
extraction. Reverse transcriptase reactions (Sigma-Aldrich,
St. Louis) were performed on RNA from each genotype using
a polyT primer. Subsequent PCR analysis of generated cDNA
was performed using primers specific to the gene under study
and primer pairs were from different constitutive exons where
possible. To generate internal controls for these RT-PCR
reactions, we introduced concentrated rp49 primers (32 um)
at the start of PCR cycle 15. Samples from PCR reactions were
extracted at the end of cycles 30, 35, and 40.

ATP assays: ATP content was determined by using a Harta
MicrolumiXS Microplate Luminometer with Lumiterm II
acquisition software (Harta Instruments, Gaithersburg, MD)
and an ATP determination kit A-22066 (Invitrogen, Carlsbad,
CA). ATP extraction was performed using bodies from 15

adult females/genotype, collected at room temperature, and
transferred to 1.5-ml Eppendorf tubes on ice containing 200 pl
of 6 M guanidine hydrochloride. All samples were generated in
duplicate. The preparations were homogenized and placed
at 95° for 5 min. After incubation, samples were centrifuged
at 14,000 rpm for 5 min and 120 pl of the supernatant was
transferred into a new 1.5-ml Eppendorf tube. This extract was
mixed, diluted 1000-fold with TE buffer at pH 8, and 20 pl
was placed in triplicate in a 96-well, white-walled, white-bottom
plate. Standard reaction solution (180 wl) was simultaneously
added to each well and mixed using a multipetter. High-gain
1-sec exposure “glow” reads were obtained in triplicate at
~15 min after reaction initiation. Sample values were cor-
rected for protein content using DC protein assays (Bio-Rad
Laboratories) and ATP concentrations were normalized as a
percentage of wild-type control samples.

Electrophysiological analysis: Recordings from the GF es-
cape circuit were performed as previously described (KUEBLER
and TaNouyE 2000; LEE and Wu 2002). Briefly, the head and
thorax of animals were tethered to a micropipette using nail
polish under COy anesthesia and kept in a humidified
chamber for at least 20 min to allow recovery. Glass micro-
electrodes were used to record potentials from the dorsal
longitudinal indirect flight muscles (DLMs) and the reference
electrode was placed in the abdomen. A sampling rate of
200 psec was used with an AxopatchlD amplifier in cur-
rent clamp = 0 configuration. An uninsulated electrolytically
sharpened tungsten electrode was placed in each eye for GF
circuit stimulation. Using a stimulation protocol optimized for
eliciting initial discharge seizure activity (LEE and Wu 2002),
we applied high-frequency electroconvulsive stimulation con-
sisting of 0.2-msec pulses given at 200 Hz over a 300-msec
train duration. Stimulation voltage was increased beyond the
GF threshold until seizures were elicited. An interstimulus
interval of at least 5 min was utilized to avoid the refractory
state.

RESULTS

Mapping of kdn: kdn homozygotes are developmen-
tally delayed; time to eclosion is 4-7 days longer than
wild type at room temperature. This delay is similar to
that reported for sesB and tko as well as that for other
mutants with deficits in cellular metabolism, includ-
ing maggie, sluggishA, arginase, and the Minute mutants.
Bang-sensitive paralysis in kdn homozygotes shows in-
complete penetrance and variable expressivity that is
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bang-sensitive phenotype implicates gene CG3861 as the affected gene. Two unique transcripts of CG3861 have been identified
and suggest two alternative initial exons. Both P-element insertion sites map to within 20 bp of each other and are located in
between the alternative starting exons and the constitutive remaining exons. * denotes the location of the only observed sequence
alteration in this region of the original kdn chromosome and is in the first constitutive exon of CG3861. (C) Semiquantitative RT—
PCR gene expression studies revealed a reduction only in the CG3861 transcript. cDNA reverse transcribed from isolated homo-
zygous P-element and control animal RNA was used as PCR template (see MATERIALS AND METHODS). Bands shown are samples
taken from the PCR reactions at cycles 30, 35, and 40. The bottom band is an internal control for RNA and the top band is a
product generated from experimental intron-spanning primers specific to the gene under study. The specific reduction of
CG3861 transcript in KG04873 and PGI129 homozygous lines supports the specific disruption of CG3861 expression due to
the element insertions. The larger band in KG04873 corresponds to the genomic size PCR product amplified from remaining
genomic DNA and the absence of cDNA template. The DNA ladder in all gels is 100 bp.

independent of differences in age, rearing density, time
of eclosion, or time of day.

On the basis of previous recombinational mapping
(GANETZKY and Wu 1982), we performed deficiency
mapping of kdn in the region between cytological po-
sitions bA and 9F on the X chromosome. Df{1)dx81
failed to complement kdn, whereas Df(1)C149, Df(1)N73,
Df(1)5D, and Df(1)G4e[L]H24i[R] did complement kdn,
placing the gene in the region 5E-F. Cytological analysis
of Df(1)5D by R. KREBER (personal communication)
revealed breakpoints at 5D2-3;5E4—6, which defined a
distal limit for kdn. Failure of complementation by
Df(1)JF5, with reported breakpoints of 5E5;5E8, further
refined the location of kdn. Bang-sensitive paralysis was
stronger and less variable when kdn was heterozygous
with a noncomplementing deficiency than in kdn homo-
zygotes. Females carrying a single wild-type allele of
kdn (Df/+) were completely wild type as were kdn/

Dp(1;Y)dx+ 1 males, which carry X-chromosome region
5A;6D inserted into the Y chromosome.

Attempts to align the cytological map with the ge-
nomic sequence in the 5E interval indicated that the
alignment given in FlyBase is incorrect. Primer pairs
designed to cover cytological regions 5E2 through 5E8
(domains A-F in Figure 1A) gave positive PCR products
for templates isolated from embryos homozygous for
each of the deficiencies examined except Df(1)dx81.
Since homozygous deficiency embryos should have com-
pletely lacked one or more of the genomic regions
examined in these PCR experiments according to the
previously assigned breakpoints, it was necessary to as-
certain the correct breakpoints for these deficiencies at
the molecular level. These corrected breakpoints are
indicated diagrammatically in Figure 1A.

Two independently generated P-elementinsertion lines,
PGI129and KG04873, fail to complement kdn. Both lines
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FIGURE 2.—Behavioral analysis of various kdn genotypes.
Animals of the genotype indicated were observed for their
time to recover following 15 sec of mechanical stimulation
(n > 10 for each sample; error bars represent SEM). Wild-
type and control animals right themselves instantly, while
bang-sensitive mutants display different durations of paralysis
or immobility prior to delayed discharge spasms and recovery.
Flies containing the kdn mutation over a more severe allele,
such as a deletion or P-element insertion, require significantly
longer periods to recover from paralysis. Animals heterozy-
gous for kdn and a revertant that precisely excises the P
element (PGI129% and KG04873%) exhibit no sensitivity to
mechanical stress. Nonparametric Mann—Whitney U analyses
were performed, with * and *** representing statistical signif-
icance of P < 0.05 and P < 0.001, respectively.

are lethal when homozygous and when heterozygous
with Df(1)JF5. Flies heterozygous for kdn and either
of these P elements displayed the same increase in
severity of the bang-sensitive phenotype as in kdn/Df
flies, suggesting that the insertions are kdn null
alleles. Transposase-mediated precise excision of each
P element resulted in viable revertants that comple-
mented kdn (Figure 2). The P-element insertion sites of
both PGI129 and KG04873 are within the same large
intron of CG3861 (Figure 1B), identifying it as the kdn
locus. Consistent with this, RT-PCR analysis revealed
that of the four genes neighboring these elements, only
CG3861 showed a marked reduction in expression
in embryos homozygous for the Pelement insertions
(Figure 1C).

Molecular identification of kdn: CG3861 encodes
citrate synthase, the first enzyme in the Krebs cycle.
Sequence analysis of the original kdn mutant revealed

Consensus

an R95H substitution in the encoded protein (Figure 3).
This change was not found in the wild-type background
in which kdn was generated, nor were any sequence
changes found in the neighboring gene, CG3446. The
arginine residue altered in kdn is highly conserved in all
species from yeast to humans (Figure 3) and corre-
sponds to R94 in the human protein. This residue has
not been implicated previously in enzymatic function
(WieGcaND and REMINGTON 1986).

Genetic interactions with other mutants: Our results
suggest that altered cellular metabolism may underlie
bang sensitivity in Drosophila. To further examine this
possibility, we examined available adult viable mutants
with affected metabolism, including Glycerol 3 phosphate
dehydrogenase, arginase, and sluggishA, which encodes a
proline oxidase, to determine if bang-sensitive pheno-
types could be observed in mutants not previously
analyzed for seizure behavior. None of the mutants in
this limited sample exhibited bang sensitivity (data not
shown). A genetic analysis to test the connection be-
tween metabolism and seizure behavior was performed
by combining the kdn mutation, as well as other bang-
sensitive mutations, with a deletion that removes the
gene encoding aconitase, the enzyme directly follow-
ing citrate synthase in the Krebs cycle. No significant
alteration in the seizure phenotype was observed in
animals heterozygous for this deletion and hemizygous
for kdn, tko, eas, bas, or bss. Flies doubly heterozygous
for either kdn or tko and the aconitase deletion also
showed normal responses to mechanical shock. Simi-
larly, heterozygotes for two or three of the bang-sensitive
mutations (kdn, sesB, tko, and eas) appeared normal
(Table 2), although increased bouts of flightlike wing
activity were observed. These results indicate that partial
reductions in these metabolic proteins do not have
sufficient additive phenotypic effects to cause a bang-
sensitive phenotype. However, both bss and sda muta-
tions confer a partially dominant increase in seizure
susceptibility (GANETzKY and Wu 1982; KUEBLER and
Tanouyk 2000), suggesting that the cellular processes
affected by these mutations are sensitive to gene dosage.
We also tested for summation of seizure susceptibility
in homozygous double mutant combinations. kdn sesB
and sesB eas double mutants are small, weak, develop-
mentally delayed, and exhibit dramatically increased
sensitivity to mechanical stimulation (Table 2). The
summation of bang sensitivity is similar to that reported
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TABLE 2

Genetic interactions among combinations of various
bang-sensitive mutations

Locus/genotype Development BS
bss bas Normal +++
bss bas/+ + Normal +
kdn sesB Delayed +++
kdn sesB/+ + Normal —
sesB eas Delayed +++
sesB eas/ + + Normal —
+ kdn sesB/ tho® + + Normal —

Bang-sensitive (BS) testing resulted in a range of behaviors,
including no sensitivity to mechanical stimulation (—) to a
strong bang-sensitive phenotype (+++).

previously for bss bas double mutants (LEE and Wu 2002)
and suggests that all bang-sensitive mutations may ulti-
mately impair the same neuronal mechanism.

Decreased ATP levels in bang-sensitive mutants: To
determine the effects of these mutations on energy levels,
we performed quantitative ATP assays. ATP levels in con-
trol lines, including Canton-S, Oregon-R, and our w''’$,
were not significantly different from each other (Figure
4A). Homozygous kdn mutants had a mild reduction in
ATP levels but this was not significant (P= 0.1, n = 8).
Heterozygous kdn/PGI29 animals displayed a signifi-
cant reduction in ATP (P < 0.001, n» = 5), which cor-
relates with their significantly enhanced bang sensitivity
relative to kdn homozygotes (Figure 2). Conversely, ATP
levels were normal (P> 0.2; Figure 4A) in kdn/PGI129%
flies.

Other bang-sensitive mutants had similar decreases
in ATP levels (Figure 4B). Although ATP levels were
reduced in bas and bss mutants, the difference was not
significant compared with wild type (P = 0.07 and P =
0.18, respectively). ATP levels were significantly reduced
in eas, tko, and sesBmutants (P < 0.01 for each; Figure 4B).
These results support the idea that bang-sensitive muta-
tions are associated with defects in cellular metabolism.

Neurons in the giant fiber pathway have differential
sensitivities to seizure induction in metabolic mutants:
The GF pathway in Drosophila is a neural circuit that
mediates an escape reflex by initiating flight behavior
in response to various sensory stimuli (TANOUYE and
WymaN 1980). By recording intracellularly from the
DLMs, electrical activity in the GF pathway can be
assayed. In bang-sensitive mutants this circuit exhibits
physiological seizure activity that correlates with the
behavioral seizure phenotype (LEE and Wu 2002).
Physiological and behavioral seizures can be elicited in
wild-type as well as in mutant animals by high-frequency
electrical brain stimulation, but stimuli of longer du-
ration or greater intensity are required in the former
(Figure 5A) (KUEBLER and TaNouYE 2000; LEE and Wu
2002). Absence of seizure activity recorded from out-

Al2

cs OR w!liE kdn  kdn/PG129 kdn/PGI129%!

CcS bas bss eas sesB tho®>!

Ficure 4.—ATP levels are reduced in bang-sensitive mu-
tants. (A) Wild-type strains Canton-S and Oregon-R, as well
as w'""¥ controls, exhibit no significant change in ATP levels,
while kdn mutants exhibit a reduction in ATP. kdn/ PG129 het-
erozygotes with a strong bang-sensitive phenotype exhibited a
significant reduction in ATP levels, whereas ATP levels in kdn
homozygotes with mild and variable bang sensitivity were not
significantly reduced. Similarly, kdn/PGI129%" animals, which
are not bang sensitive, displayed normal ATP levels. (B) Other
bang-sensitive mutants had significant reductions in ATP lev-
els. Animals homozygous for eas, sesB, and tko all exhibited sig-
nificantly reduced levels of ATP. Reductions in ATP levels
were observed in bas and bss mutants, although these reduc-
tions were not quite significant. N values =6 were used for
each genotype. Urtest analyses revealing significant changes
in ATP levels are denoted with * (P < 0.01).

puts of the GF pathway other than DLMs suggests
that the aberrant activity originates in the peripherally
synapsing interneuron (PSI) and/or DLM motor neu-
ron rather than in the giant neuron itself (PavLIDIS and
TaNOUYE 1995; LEE and Wu 2002) (Figure 5G). This
seizure activity begins with an initial neuronal burst or
discharge, two classes of which have been distinguished
in bang-sensitive mutants (PavLipis and TANOUYE
1995). Type I seizures are exemplified by trains at
~10-30 Hz lacking any clear firing pattern that termi-
nate abruptly (Figure 5A). Type II seizures exhibit in-
creasing firing frequency with a concomitant decrease
in transmission amplitude. Type II seizures predomi-
nate in bss mutants (Figure 5B) and most likely result
from motor neuron dysfunction because reductions
in amplitude of DLM responses evoked by action po-
tentials should not result from defects in a neuron
upstream of the motor neuron. kdn and tko display
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FIGURE 5.—Representative traces of distinct

types of initial seizure activity in the GF-DLM neu-

/ ronal circuit from bang-sensitive mutants. (A) Ap-
A plication of high-frequency electrical stimulation
—  to the brain in Canton-S elicits a behavioral sei-
zure with corresponding bursts of activity in
DLMs. Inducing the seizure phenotypes in wild-

/ type animals requires that the voltage of the

pulses be increased (denoted with an *) during
the stimulation train (depicted as open boxes).
(B) Following light brain stimulation, bss mutants
exhibit bursts of spike activity in DLMs that ulti-
mately increase in frequency and decrease in am-
plitude (arrows) indicative of type II seizures. (C
and E) kdn and sesB exhibit initial DLM spiking
with constant amplitude and variable firing rates
typical of type I seizures. (D and F) eas mutants
o predominately exhibit type II seizure activity, al-
e though type I activity was also commonly ob-
served. (G) A diagram of the giant fiber (GF)
to dorsal longitudinal muscle (DLM) escape re-
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O 4 y
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< flex circuit (KING and Wyman 1980). Some of
the en passant chemical and electrical (e) synaptic
outputs of the giant fiber neuron directly stimu-
) late the PSI interneuron. The PSI neuron in turn
innervates multiple DLM motor neurons that syn-

apse onto distinct DLMs. The increasing frequency and decreasing amplitude of DLM spikes seen in type II seizure activity reflect
electrical activity of the motor neuron because attenuation in synaptic output from the PSI should evoke “all-or-nothing” action

potentials in the motor neuron with corresponding DLM activity.

predominantly type I initial discharge seizures (PAvVLIDIS
and TanouyvE 1995) (Figure 5C). sesB mutants also
have type I initial discharge seizures (Figure 5E). Type
II activity is most common in eas, although type I sei-
zures were frequently observed as well (Figure 5, D and
F) (PavLipis and TaNouYE 1995). Thus, it appears that
type I seizures, which are most likely to originate up-
stream of the motor neuron, are the most readily evoked
since they predominate in the mutants showing the
weakest bang-sensitive behavior (Table 1). Conversely,
type II seizures, which involve uncontrolled motor neu-
ron activity, are most often observed in mutants with the
strongest bang-sensitive behavioral phenotype, suggest-
ing that the motor neuron may be able to tolerate meta-
bolic perturbations better than other neurons (Figure 5G).

DISCUSSION

Mutations that cause seizures in response to mechan-
ical stimulation include defects in genes encoding a
mitochondrial ribosomal protein (ROYDEN et al. 1987),
an ethanolamine kinase (PAvLIDIS et al. 1994), the
ADP/ATP translocase (ZHANG et al. 1999), and an
aminopeptidase (ZHANG et al. 2002). The identification
of another bang-sensitive mutation in a gene encoding a
key component of the Krebs cycle supports the hypoth-
esis that cellular energy, the primary product of mito-
chondrial function, is closely connected with regulation
of seizure susceptibility. In fact, kdn is the third Dro-
sophila seizure mutation associated with a mitochondrial
protein (Figure 6). Following molecular identifica-

tion of the Drosophila tko gene, the first human epilepsy-
associated gene to be identified was also found to
encode a gene involved in mitochondrial protein syn-
thesis (SHOFFNER et al. 1990), suggesting the existence
of conserved mechanisms. Unlike tko and sesB muta-
tions, which have potentially broad effects on mito-
chondria and cellular function, disruption of citrate
synthase by the kdn mutation most likely results in a
specific impairment of aerobic metabolism. This find-
ing provides a direct link between citrate synthase and
seizure susceptibility.

Previous evidence links metabolic disruption with
seizure susceptibility. These disruptions may be tran-
sient, as in hypoglycemia and ischemia, or constant, as
caused by mutations that disrupt mitochondrial func-
tion (DIMAURO et al. 2002; NorDLI and Dt Vivo 2002;
ViGEvANO and BarTuLr 2002). Mutations affecting the
two enzymes upstream of citrate synthase in the Krebs
cycle, pyruvate carboxylase and pyruvate dehydroge-
nase, as well as less common mutations perturbing
various steps in the TCA cycle, have been linked with
human seizure disorders (DE Vivo 1993; DE MEIRLEIR
2002). The phenotypes observed in the Drosophila mu-
tants investigated here are strikingly similar to those
seen in the related human syndromes. These similarities
include developmental delay, inactivity, reduced viabil-
ity, decreased life span, and seizures. Although mutation
of a glycolytic enzyme in Drosophila can confer seizures
and paralysis upon exposure to elevated temperature
(WANG et al. 2004), it does not exhibit bang-sensitive
seizures. Thus, bang-sensitive seizure susceptibility may
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FiGUure 6.—Sites of mitochondrial disruption in bang-
sensitive mutants. Mutations in fechnical knockout (tko) are
thought to disrupt translation of mitochondrial proteins. Mu-
tations in stress-sensitive B (sesB), which encodes the ADP/ATP
translocase, may disrupt nucleotide transport and signaling in
mitochondria. Mutations in the knockdown (kdn) gene disrupt
an enzyme implicated in metabolism. All of these mutations
are associated with reduction in ATP levels suggesting that
metabolic disruption may be a general mechanism underly-
ing bang-sensitive seizures in Drosophila.

involve a specific block in mitochondrial metabolism.
Furthermore, the existence of lethal alleles in every
bang-sensitive gene identified in Drosophila suggests
that reduction in metabolism to a particular degree
increases seizure susceptibility, but further disruption
of metabolism is not compatible with life.

Quantitative analysis confirmed that bang-sensitive
mutants reduce ATP levels with the reduction greatest
in mutants with defects in mitochondrial proteins. Al-
though comparisons between kdn/kdn and kdn/PG129
animals show a good correlation between the strength
of the bang-sensitivity phenotype and the reduction in
ATP levels, this correlation does not hold for the other
bang-sensitive mutants examined here. Thus, it is pos-
sible that increased seizure susceptibility of some bang-
sensitive mutants involves some factor(s) in addition to
or instead of metabolic perturbations. Nonetheless, the
enrichment for mutations affecting mitochondrial pro-
teins with resultant decreases in ATP levels among bang-
sensitive mutants and the identification of kdn as yet
another mutation in this category strongly suggest that
there is an important link between seizure susceptibility
and metabolic perturbations.

Although we cannot rule out secondary developmen-
tal defects in the nervous system, it appears that there is

a threshold for metabolic function below which in-
creased seizure susceptibility occurs. Application of mito-
chondrial toxins, such as 3-nitropropionic acid, results
in seizures in vertebrate models (LupoLpPH ef al. 1992;
URBANSKA et al. 1998), suggesting that some of the key
underlying mechanisms are conserved. Such summa-
tion was also observed between sesB and eas mutants,
which exhibit different types of seizure activity, further
suggesting that both mutations ultimately impair the
same processes. Summation of seizure susceptibility in
bang-sensitive double mutants may help explain why
manifestation of various epilepsies in humans varies
with the background genotype.

Initial seizure activity observed in bang-sensitive mu-
tants following mechanical or electrical stimulation
may reflect unchecked neuronal firing due to pro-
longed membrane depolarization. Such depolariza-
tion may be enhanced in cells lacking energy since it
has been estimated that 75-90% of neuronal ATP is
expended solely to maintain ionic gradients across the
cell membrane (BEAL et al. 1993; Lees 1993; ATTWELL
and LAUGHLIN 2001). Although specific mutations in
the largest consumer of neuronal ATP, the Na'/K"
ATPase, result in temperature-sensitive paralysis and
mild bang sensitivity, no mutations affecting the ATPase
are known to cause the stereotypic behavioral and
electrophysiological phenotypes seen in the class of
bang-sensitive mutants (SCHUBIGER ¢t al. 1994; PAVLIDIS
and TaNouYvE 1995). Thus, it remains unclear if re-
duced Na* /K" pump function is closely connected with
increased seizure susceptibility in bang-sensitive mu-
tants. Alternative mechanisms, such as defects in Ca®*
buffering and/or synaptic function due to mitochon-
drial impairment, may exist (ROYDEN et al. 1987;
PavLIDIS et al. 1994; TROTTA et al. 2004).

Independent of the cellular mechanism, our results
suggest that the initial seizure-like neurotransmission
observed at the DLM in these convulsive mutants results
from aberrant activity of either the PSI interneuron or
the DLM motor neuron. The occurrence of type II
seizure activity in the more extreme bang-sensitive
mutants most likely results from uncontrolled motor
neuron firing. In addition to the ethanolamine kinase
mutant eas, the only other identified bang-sensitive
mutant exhibiting type II seizure activity is sda, which
encodes an aminopeptidase (ZHANG et al. 2002). The
mechanistic link, if any, between these two gene prod-
ucts is unknown. Isolation and characterization of addi-
tional mutations in this class may prove informative. We
suggest that type I seizures prevail in animals exhibit-
ing milder seizure susceptibility because the PSI is
more sensitive than the motor neuron to metabolic
perturbations.

These results link increased seizure susceptibility with
animals defective in cellular metabolism. Moreover, these
results suggest that neurons have differential suscepti-
bilities to seizures following metabolic impairment. It
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will be informative to identify alterations in the most
critical human metabolic pathways and investigate their
correlation with predisposition toward epilepsy. Cur-
rent studies are aimed at detailed dissection of the
neuronal circuits mediating the bang-sensitive pheno-
type in flies and physiological analysis of seizure onset.
It will also ultimately be useful to compare metabolic
profiles of these neurons to determine which factors are
associated with increased seizure susceptibility.
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