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ABSTRACT
Genetic factors that influence seizure susceptibility can

act transiently during the development of neural circuits

or might be necessary for the proper functioning of

existing circuits. We provide evidence that the Drosoph-

ila seizure-sensitive mutant easily shocked (eas) repre-

sents a neurological disorder in which abnormal

functioning of existing neural circuits leads to seizure

sensitivity. The eas1 gene encodes for the protein Etha-

nolamine Kinase, involved in phospholipid biosynthesis.

We show that induction of eas1 in adult mutant flies

rescues them from seizure sensitivity despite previously

known developmental defects in brain morphology.

Additionally, through cell-type-specific rescue, our

results suggest a specific role for eas1 in excitatory

rather than inhibitory neural transmission. Overall, our

findings emphasize an important role for proper phos-

pholipid metabolism in normal brain function and sug-

gest that certain classes of epilepsy syndromes could

have the potential to be treated with gene therapy

techniques. J. Comp. Neurol. 521:3500-3507, 2013.
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Genetic mutations causing defects in the nervous

system can give rise to neural hyperexcitability and epi-

lepsy by altering the balance of excitatory and inhibitory

circuits. Various classes of mutations can cause hyper-

excitability: those that transiently disrupt the develop-

ment of neural circuits or those that interfere with

normal function of the established nervous system. Dis-

tinguishing between strictly developmental or chronic

physiological deficiencies that lead to high seizure sus-

ceptibilities will be necessary for understanding what

cellular processes contribute to the increased excitabil-

ity of the nervous system and may guide treatments to

reduce seizures.

Defects in neural development can alter the contribu-

tions of excitatory and inhibitory circuits. For example,

in transgenic mice, mutations in the human epilepsy

gene leucine-rich glioma-inactivated protein-1, or LGI1,

caused impaired postnatal pruning and development of

glutaminergic circuits within the CNS. This led to

increased excitatory synaptic transmission while leaving

inhibition unaffected, indicating that treatment has to

occur during a specific time window of development to

rescue the original molecular deficit (Zhou et al., 2009).

In contrast, certain mutations could acutely alter the

activity of existing neural circuits and act independently

of developmental processes. Mutations of the human

voltage-gated sodium channel Nav1.1 (SCN1a) that

affect Na1 current have been associated with Dravet’s

syndrome (SMEI; severe myoclonic epilepsy of infants)

and GEFS1 (generalized epilepsy febrile seizures plus;

Claes et al., 2001; Yu et al., 2006). A knock-in genetic

model for GEFS1 in Drosophila leads to decreased

activity of GABAergic neurons, suggesting imbalances in

inhibitory activity in the nervous system (Sun et al.,

2012).

Drosophila is an excellent model system for studying

the molecular mechanisms underlying seizure disorders,

because genetic techniques allow the precise control of

gene expression temporally and spatially (Brand and

Perrimon, 1993). Additionally, a large collection of fly

mutants display a wide range of seizure susceptibilities

(for review see Parker et al., 2011a). The easily shocked
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(eas) mutation represents a recessive loss-of-function

mutation in the gene encoding an ethanolamine kinase,

the first enzyme in the CDP-ethanolamine branch of the

Kennedy pathway leading to the synthesis of the phos-

pholipid phosphotidylethanolamine (PtdEtn; Pavlidis

et al., 1994).

To investigate the temporal requirements of eas1

expression for rescue from seizure susceptibility, we

expressed the eas1 gene in adult flies and tracked their

seizure behavior over time. Expression of the gene post-

developmentally was sufficient for rescue from the

seizure-sensitive phenotype. Additionally, we found evi-

dence that excitatory rather than inhibitory transmission

is affected by the eas mutation. Therefore, the seizure

disorder in the eas mutant appears to result from acute

physiological defects that influence seizure susceptibil-

ity through excitatory circuits within the nervous

system.

MATERIALS AND METHODS

Fly stocks
Flies and crosses were maintained on standard corn-

meal molasses medium at 25�C in a dark incubator.

The null eas allele used in this study is eas2, also

known as easPC80 (Pavlidis et al., 1994). The sda and

parabss1 seizure-sensitive mutants have been described

by Song et al. (2008). The P[w1 hs-c12] transgene

(hereafter referred to as hs-eas1) was originally

described by Pavlidis et al. (1994). The UAS-eas1 trans-

gene was obtained from Thomas Pr�eat (Pascual et al.,

2005). GAL4 stocks were obtained from Bloomington

Stock Center.

Bang-sensitivity assay
Bang-sensitivity tests were performed as described

by Song et al. (2008). Up to 25 flies were collected

under CO2, placed in a fresh food vial, and allowed to

recover overnight. For testing, the vial was stimulated

with a VWR Vortex Mixer (VWR International, West

Chester, PA) at maximum speed for 10 seconds. The

bang-sensitive (BS) phenotype is scored by the number

of flies that experience temporary paralysis (�20–40

seconds) over the total number of flies tested. Pools of

flies were combined.

Heat shock regimen
Virgin eas flies were crossed to hs-eas1 males, gen-

erating male eas; hs-eas1/1 flies. Progeny 0–2 days

after eclosion were subjected to a multiday heat shock

regimen. Each day for up to 5 continuous days, groups

of flies were tested for bang sensitivity (by 10-second

vortex), followed by a 2-hour heat shock in a 37�C

water bath. Only one heat shock was given per day.

After each heat shock, flies were allowed to recover

overnight at 25�C. Food vials were changed approxi-

mately every 2 days. Flies were tested either for bang

sensitivity (by 10-second vortex) or seizure susceptibil-

ity via electrophysiology approximately 22 hours after

the last heat shock treatment.

GAL4/UAS crosses
Virgin eas flies with the GAL4 transgene were

crossed to UAS-eas1 male flies, and male eas mutant

progeny were collected. All behavioral and electrophysi-

ological experiments on transgenic GAL4/UAS flies

were performed with 1–2-day-old males.

Electrophysiological seizure-susceptibility
assays

Methods for electrophysiological testing of seizure

susceptibility via the dorsal longitudinal muscle (DLM)

has been described by Kuebler and Tanouye (2000),

Song and Tanouye (2006) and Lee and Wu (2006). A

vacuum line was used to manipulate the fly without the

aid of CO2 or any anesthetic. Flies were mounted in a

channel made of wax on a glass microscope slide, leav-

ing the dorsal head, thorax, and abdomen exposed.

Next, electrodes (made of uninsulated tungsten) were

inserted into the fly. Stimulating electrodes were placed

into the brain, recording electrode placed into the DLM,

and ground electrode into the abdomen. Seizure-like

activity was evoked by high-frequency (HF) brain stimu-

lation (0.5-msec pulses at 200 Hz for 300 msec), and

seizures were monitored via the activity of the DLM

muscle. To determine seizure thresholds, HF stimuli

were first given to flies at an intensity predicted by

their behavior. If the stimulus failed to elicit a seizure,

the intensity was increased until a seizure was induced.

The threshold was determined for an individual fly as

the lowest intensity at which seizures occurred.

Between HF stimulation, the fly was allowed to recover

for at least 10 minutes. Throughout the course of the

experiments, the giant fiber (GF) circuit was monitored

using single pulses (0.2-msec duration, 0.5 Hz) to

ensure normal response of the GF circuit.

RESULTS

Rescue of the seizure-sensitive phenotype
in adults

Upon vigorous mechanical stimulation, 100% of eas

mutants display an abnormal bang-sensitive (BS) behav-

ioral phenotype that is an indication of severe seizure

sensitivity, whereas wild-type flies never exhibit this

behavior. To determine when expression of the eas1
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gene is sufficient to rescue this bang sensitivity, we uti-

lized a transgene containing the eas1 gene controlled

by a heat shock promoter (hs-eas1). Adult mutants with

the transgene (genotype eas; hs-eas1/1) were tested

daily for bang sensitivity and subjected to daily 37�C

heat shocks to induce expression of eas1 (Fig. 1A). We

found that bang sensitivity markedly decreased over

time when flies received a daily heat shock. After two

heat shock treatments (and tested �22 hours after the

last heat shock), mutant flies with the transgene show

a significant difference in bang sensitivity compared

with control flies (Fig. 1B). Rescue from bang sensitivity

was almost fully complete by the fourth and fifth heat

shock. In contrast, mutant flies heterozygous for hs-

eas1 and not receiving any heat shocks were 100% BS,

indicating that the hs-eas1 transgene was not activated

to sufficient levels for any behavioral rescue at rearing

temperature. To ensure that the heat shocks them-

selves have no effect on seizure thresholds, such as

through the activation of a heat shock response, we

also tested eas mutants under the same heat shock

regimen but lacking hs-eas1. We found no significant

difference in bang sensitivity compared with non heat-

shocked eas; hs-eas1/1 control flies, confirming that

significant seizure rescue was achieved only with induc-

tion of the hs-eas1 transgene (Fig. 1B).

To investigate the possibility that ethanolamine

kinase could act as a general seizure suppressor, we

tested an additional BS mutant, parabss1, to determine

whether seizures could be rescued in a different BS

genetic background. The parabss1 mutant represents a

dominant missense mutation in the voltage-gated Na1

(NaV) channel gene that alters channel inactivation

(Parker et al., 2011b). Mutant parabss1 flies with one

copy of the hs-eas1 transgene and given the same heat

shock regimen described above showed no changes in

bang sensitivity, suggesting that ectopic or overexpres-

sion of ethanolamine kinase does not act as a general

seizure suppressor in a different seizure-sensitive

genetic background (Fig. 1C).

Next, to investigate the stability of rescue in the

mutant, we asked whether bang resistance could be

maintained over time without further heat shocks (Fig.

Figure 1.

Figure 1. Induced expression of the eas1 gene in adult flies res-

cues bang sensitivity. A: Schematic of the bang sensitivity testing

and heat shock regimen. Newly eclosed adult flies (0–2 days old)

of the appropriate genotype were collected and rested before

behavioral testing. On day 0 (number signifies the number of heat

shocks received at the time of testing), flies were tested for bang

sensitivity by mechanical shock (10-second vortex), and then flies

were heat shocked for 2 hours. The protocol was repeated for a

total of 5 days. Flies were tested for bang sensitivity approxi-

mately 22 hours after each heat shock. B: Populations of adult

flies were tested daily for bang sensitivity with and without a 2-

hour daily heat shock to induce expression from the transgene.

Male flies mutant for eas and containing the hs-eas1 transgene

(genotype eas; hs-eas1/1, triangles) showed 43% bang sensitiv-

ity (n 5 253) after two heat shock treatments, P< 0.0001 on day

2 (v2 test). After three heat shocks, flies showed 23% bang sensi-

tivity (n 5 142), achieving 9% and 12% bang sensitivity upon four

and five heat shocks (n 5 46, n 5 26), respectively. In contrast,

heat-shocked control mutants lacking hs-eas1 (genotype eas1/1,

circles) showed little change in bang sensitivity, remaining above

90% after five heat shock treatments (n 5 44 on day 5). Nonheat-

shocked control flies (genotype eas; hs-eas; 1/1, squares)

showed 100% bang sensitivity throughout the duration of the entire

experiment (n 5 33 on day 5), P< 0.0001 on day 5 (v2 test). All

error bars represent standard error. C: Activation of the hs-eas1

transgene is not capable of rescuing bang sensitivity in the bang-

sensitive mutant bang senseless (parabss1), P 5 0.45 on day 5 (v2

test). D: Rescue of eas bang sensitivity shows stability at least 1

week after discontinuation of heat shocks. Flies of the genotype

eas; hs-eas1/1 were given a daily 2-hour heat shock for 3 days

and then tested for bang sensitivity 7 days later (corresponding to

day 9 on timeline). On day 9, flies were 44% BS (n 5 18), in con-

trast to controls of the same genotype but without any heat

shocks, *P< 0.0001 (Fisher’s exact test).
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1D). We heat shocked eas; hs-eas1/1 flies once per

day for 3 consecutive days (three total heat shocks)

and then tested them for bang sensitivity 1 week later.

Flies tested after receiving a daily heat shock over the

course of three days showed partial rescue of bang

sensitivity. After 1 week with no heat shocks and left

undisturbed 25�C, approximately half of the population

still showed rescue from seizure sensitivity compared

with controls that were BS. Therefore, an initial burst of

eas1 gene expression seems to have a long-lasting

effect on the physiology of the fly.

Spatial requirements of ethanolamine kinase
Epilepsy is thought to arise from imbalances in exci-

tation and inhibition, so we separately tested the

effects of eas1 expression in cholinergic neurons and

GABAergic neurons using the GAL4/UAS system. One

interpretation with our use of the GAL4 system is that

the neurons targeted by these drivers may represent

either distinct excitatory or distinct inhibitory neural cir-

cuits. First, we established that expression of the trans-

gene in the entire nervous system was sufficient to

rescue from seizures. Expression of eas1 in mutants

using the pan-neuronal GAL4 driver elavc155 completely

eliminated bang sensitivity, whereas controls were

nearly 100% BS, confirming a neural role for the gene

(Fig. 2A). Next, to test the contribution of cholinergic

neurons in the seizure phenotype, expression of eas1

was achieved using the Cha-GAL4 driver. Adult flies

showed 20% bang sensitivity, substantially lower than

controls, which showed 100% bang sensitivity (Fig. 2A),

indicating partial rescue of the phenotype. In contrast

to this, flies expressing of eas1 in GABAergic neurons

using the Gad1-GAL4 driver were similar to control eas

mutants, indicating no rescue of the phenotype (Fig.

2A). From these results it appears that the effect of

eas1 on seizure susceptibility can be attributed primar-

ily to excitatory rather than inhibitory circuits.

Pan-neuronal expression of eas1 using the GAL4 sys-

tem in other seizure-sensitive mutants failed to achieve

any rescue in the BS phenotype (Fig. 2B). Flies mutated

for parabss1 or slamdance (sda), a mutation in an amino-

peptidase that also causes bang sensitivity (Zhang

et al., 2002), showed no difference in sensitivity with or

without the UAS-eas1 transgene, further suggesting

that the rescue seen is specific only to eas mutants.

Electrophysiological assays
In addition to mechanical stimulation, seizure-like

activity in Drosophila can be elicited by high-frequency

electrical stimulation (HFS) to the brain. Electrophysio-

logical assays of seizure sensitivity reinforce the conclu-

sions observed from behavioral experiments. A powerful

quantitative measurement of a fly’s seizure sensitivity is

its seizure threshold, or the minimum voltage of an HFS

required to elicit a seizure. Seizure thresholds vary

widely between different genotypes: wild-type flies

show a threshold of approximately 30 V, whereas eas

mutants have a much lower threshold of approximately

3 V (Kuebler et al., 2001). We performed electrophysio-

logical recordings of the DLM of the giant fiber circuit,

which acts as a proxy for the state of the entire nerv-

ous system during seizure-like activity. Just as in behav-

ioral assays, electrically induced seizure-like activity is

Figure 2. Cell type expression of eas1. A: Cell type specificity of

eas1 was achieved using the GAL4/UAS system. Male 1–2-day-old

eas flies with pan-neuronal (elavc155-GAL4), cholinergic (Cha-GAL4),

or GABAergic (Gad1-GAL4) GAL4 drivers were paired with a UAS-

eas1 construct and tested for bang sensitivity by mechanical stim-

ulation. The driver elavc155-GAL4 fully rescued the behavioral phe-

notype in eas mutants (genotype eas elavc155; UAS-eas1/1), with

no flies displaying BS behavior (n 5 47), in contrast to the 100%

bang sensitivity seen in mutant controls with only the UAS-eas1 or

GAL4 construct (n> 68), *P< 0.0001. Expression of eas1 in cho-

linergic neurons (genotype eas; Cha-GAL4/UAS-eas1) reduced

bang sensitivity to 19.8% (n 5 116) compared with the bang sensi-

tivity seen in mutant controls (n> 31), P< 0.0001. Flies expressing

eas1 in GABAergic neurons (genotype eas; Gad1-GAL4/UAS-eas1)

were 95% BS (n 5 102), showing no significant difference com-

pared with controls (n> 60), P 5 0.07. Error bars represent stand-

ard error. Statistical significance was calculated by v2 test.

B: Rescue of bang sensitivity is effective only in the eas mutant

background. Expression of eas1 was driven by elavc155-GAL4 in

sda and bss mutant background. There was no change in bang

sensitivity, with all flies testing 100% BS (n> 22).

Ethanolamine Kinase and Seizure Susceptibility
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stereotypical: beginning with an initial discharge, fol-

lowed by a period of paralysis characterized by synaptic

failure, and ending with a delayed discharge (recovery

seizure; Fig. 3A).

Seizure thresholds were determined for eas mutants

heterozygous for hs-eas1 and that received the heat shock

regimen depicted in Figure 1A. Flies tested on days 4 and

5 of the regime showed seizure thresholds of approxi-

mately 16 V, although controls lacking either the trans-

gene or the heat shock treatments showed much lower

seizure thresholds of approximately 4 V (Fig. 3B), indicat-

ing that heat shocks and the hs-eas1 transgene must both

be present for rescue. Furthermore, we observed a reduc-

tion in the duration of recovery seizures in rescued flies.

Heat-shocked flies with the transgene showed recovery

seizures lasting for approximately 6 seconds compared

with controls, whose recovery seizures were approxi-

mately 24 seconds in length (P< 0.0001, Student’s

t-test). Finally, parabss1 flies heterozygous for the hs-eas1

transgene (parabss1; hs-eas1/1) and given daily heat

shock treatments for 5 days showed low seizure thresh-

olds when tested on day 5, indicating no rescue of the

seizure-sensitive phenotype and agreeing with behavioral

data (Fig. 3C).

To test whether overexpression of eas1 can increase

seizure thresholds in wild-type flies, we measured the

seizure thresholds in wild-type flies homozygous for hs-

eas1 receiving a daily heat shock for 5 days. There was

no significant difference in seizure thresholds for flies

receiving five heat shocks compared with age-matched

controls not receiving heat shocks (28 and 26 V,

respectively) indicating that ethanolamine kinase over-

expression in a wild-type background does not increase

seizure thresholds (P 5 0.36, Student’s t-test).

We next examined seizure thresholds in GAL4/UAS

rescued flies. Seizure thresholds were highest in flies

expressing eas1 pan-neuronally, which showed thresh-

olds of approximately 23 V, compared with controls,

which showed lower thresholds (Fig. 4A,B). Flies

expressing eas1 in cholinergic neurons showed seizure

thresholds of about 10 V, indicating partial rescue of

the seizure threshold compared with pan-neuronal

expression (Fig. 4A,B). In agreement with the behavioral

results is the finding that flies expressing eas1 in

GABAergic neurons showed seizure similar thresholds

to those of controls, with all having seizures at low vol-

tages (Fig. 4A,B). Overall, these results verify our previ-

ous behavioral data, indicating that a portion of the

Figure 3. Electrophysiological recordings of seizure activity from the dorsal longitudinal muscle (DLM) of Drosophila. A: Recording of a typ-

ical eas mutant seizure. A 4-V high-frequency stimulus (asterisk) causes an initial discharge (ID). The ID is followed by synaptic failure (SF)

of the giant fiber circuit, eventually leading to a recovery seizure, or delayed discharge (DD). B: Adult eas flies with the hs-eas1 construct

(genotype eas; hs-eas1/1) and given the heat shock regimen for 4 or 5 days showed higher seizure thresholds of 16 6 2 V (n 5 10) com-

pared with sibling flies not receiving any heat shocks, which had thresholds of 3.3 6 0.2 V (n 5 6). Mutants receiving heat shocks but

without the transgene show similarly low seizure thresholds of 3.3 6 0.2 V (n 5 6), *P< 0.0001, (ANOVA). Rescue in the bss mutant back-

ground was unsuccessful (n 5 5 per genotype), P 5 0.15 (Student’s t-test). Error bars represent standard error. C: Electrophysiological

recordings of the DLM in flies with and without heat shock treatment. An HFS of 4 V triggered a seizure in a fly that had received zero

heat shocks (upper trace). A fly that had received the daily 2-hour heat shock regime for 5 days shows a higher seizure threshold; in this

case, a 16-V HFS triggers a seizure (lower trace). There is a significant difference in the length of recovery seizures in rescued flies: recov-

ery seizures last for approximately 6 6 1 seconds (n 5 11) for flies receiving heat shocks vs. 25 6 1 seconds (n 5 4) for flies without heat

shocks, P< 0.0001 (Student’s t-test). Bar indicates 5 seconds in each trace.
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phenotypic rescue can occur with eas1 expression lim-

ited to Cha-GAL4 cholinergic neurons, suggesting that

the eas seizure defect results from excess excitation

rather than insufficient inhibition.

DISCUSSION

Phospholipids are an underappreciated but funda-

mentally important class of biomolecules that form the

structure of neuronal membranes and synapses and

underlie signaling in many transduction pathways

(Weber et al., 2003). The eas1 gene encodes ethanola-

mine kinase, required for synthesis of PtdEtn via the

CDP-ethanolamine branch of the Kennedy pathway

(Gibellini and Smith, 2010). In contrast to the case in

mammals, PtdEtn is the most abundant phospholipid in

Drosophila, accounting for more than half of the total

plasma membrane composition (Jones et al., 1992).

Analysis of ion mobility mass spectrophotometry reveals

only �40 of 1,200 phospholipid signals showing signifi-

cant changes in eas brains compared with wild type

(Kliman et al., 2010). In addition to causing a slight

increase in certain phospholipid classes, such as

PtdCho, the eas mutation changes the concentrations

of phospholipid species within a given phosopholipid

class. For example, five PtdEtn species that show an

increase in the mutant brain tissue correspond to spe-

cies produced primarily by synthesis pathways other

than the Kennedy pathway, whereas three PtdEtn spe-

cies that show a decrease in the mutant are synthe-

sized primarily from the Kennedy pathway (Bleijerveld

et al., 2007; Kliman et al., 2010).

Ethanolamine kinase is known to play a prominent

role in nervous system development; eas null mutants

fail to develop mushroom body a/b lobes properly. The

loss of these structures appears to be a result of a

Figure 4.

Figure 4. Electrophysiological recordings and seizure thresholds

in flies expressing eas1 in subsets of the nervous system. A:

Recordings from the DLM muscle in 1–2-day-old male eas mutant

flies expressing eas1 in different neuronal populations using the

GAL4/UAS system. A fly expressing eas1 under control of the

GAL4 driver elavc155 (genotype eas elavc155-GAL4; UAS-eas1)

shows a high seizure threshold in the wild-type range (top two

traces). Additionally, a fly expressing eas1 in cholinergic neurons

has a seizure threshold more than double compared with con-

trols: a seizure is triggered at 11 V (genotype eas; UAS-eas1/

Cha-GAL4, third and fourth traces). In contrast, a fly expressing

eas1 in GABAergic neurons (genotype eas; UAS-eas1/Gad1-

GAL4, fifth trace) shows low seizure thresholds similar to con-

trols, indicating mutant seizure sensitivity. B: Seizure thresholds

were determined for different genotypes. Pan-neuronal expression

using the elavc155-GAL4 driver provided the strongest rescue, with

seizure thresholds reaching 23 6 3 V (n 5 7), similar to wild-type

thresholds. Controls in the eas mutant background containing

either UAS-eas1 or the GAL4 showed low seizure thresholds of

about 4.5 V (n> 7), *P< 0.0001 (ANOVA). The seizure threshold

for flies expressing eas1 in cholinergic neurons using the Cha-

GAL4 driver was 9.7 6 1 V (n 5 9), higher than that of control

mutant flies lacking the GAL4 transgene or lacking the UAS-eas1

construct, which showed seizure thresholds of 4 6 0.4 V (n 5 7)

and 3.8 6 0.2 V (n 5 8), respectively, P< 0.0001 (ANOVA). There

was no significant difference in seizure thresholds for flies

expressing eas1 in GABAergic neurons using the Gad1-GAL4

driver compared with controls (n> 5), P 5 0.14 (ANOVA). C: Sei-

zure thresholds do not increase in the sda mutant background.

Pan-neuronal expression of eas1 in the sda mutant background

did not change seizure thresholds significantly (n> 5), P 5 0.50

(ANOVA). Error bars represent standard error.
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slower pace of neuroblast cell division that is rescued

by eas1 expression during late larval development

(Pascual et al., 2005). Because of this, an expectation

was that defects in brain development might result in

the kinds of structural changes that would underlie sei-

zure sensitivity. Surprisingly, this was not the case. The

results presented here show that any possible struc-

tural changes resulting from lack of eas1 in develop-

ment have a minimal effect. Therefore, in general, the

observed structural changes made to the brain are not

indicative of the type of mechanism leading to seizure

sensitivity.

We were able to rescue adult flies from seizure sensi-

tivity without regard to the effects of expression level

of eas1 or problems with cell type specificity, suggest-

ing that the exact dosage of ethanolamine kinase is

fairly unimportant for overall physiology of the fly.

Behavior appeared completely normal upon induction of

the eas1 gene, indicating few, if any, detrimental

effects on induced global expression.

We used the GAL4/UAS system to express a wild-

type version of the eas1 gene. Although the GAL4 lines

used in this study might not perfectly target the cholin-

ergic and GABAergic neural populations, they largely

represent those neural populations and allow general

comparisons to be made between them. Our results

suggest that eas1 is critical for stabilizing excitatory

processes, without a concomitant effect on inhibition.

In a model for seizure susceptibility initially proposed

by Kuebler et al. (2001), seizure susceptible mutants

require stimulation of fewer neurons in the “neuron

pool” than wild-type flies to initiate a seizure. This sus-

ceptibility could be due to an increased ratio of excita-

tory to inhibitory neurons in the neuronal pool or could

be the result of specific changes to the strength of

excitation and inhibition in a balanced neuronal pool.

The results presented here show that seizures can be

rescued postdevelopmentally, so seizure susceptibility

in the eas mutant is not due to a change in the ratio of

excitatory to inhibitory neurons; otherwise, rescue

would have been achieved during development. Instead,

our results suggest that there are changes in the contri-

bution of excitatory processes within the neuronal pool

that result in seizure sensitivity.

Defects in metabolism can manifest themselves in a

cell-type-specific manner, causing epilepsy. For example,

mutations in the mouse gene alkaline phosphatase,

involved in vitamin B6 metabolism, affects seizure sensi-

tivity via GABAergic neurons. Mice mutated for this

important metabolic gene show reduced levels of GABA,

causing seizure phenotypes that lead to lethality (Way-

mire et al., 1995). However, low levels of GABA and

lethality could be rescued with supplementation of

pyridoxil, a molecule within the affected pathway. In Dro-

sophila, acetylcholine is the primary excitatory neuro-

transmitter in the CNS. Cholinergic neurons may be more

susceptible to the effects of the eas mutation than other

neuron types, because choline is used as a precursor for

neurotransmitter synthesis as well as an initial substrate

for the synthesis of PtdCho (Wurtman, 1992).

Alterations to phospholipid composition in the mem-

brane could enhance neural excitability in multiple

ways. Proper phospholipid composition has been shown

to be important for maintaining the proper function and

orientation of transmembrane proteins, and PtdEtn has

been shown to act as a molecular lipo-chaperone within

the plasma membrane to assist in protein folding (Bog-

danov et al., 1996, 1999; Bogdanov and Dowhan,

1998). Additionally, some studies suggest that the bio-

chemical properties of PtdEtn can create extra rigidity

within the membrane, which could promote the fusion

of membranes and vesicles (Birner et al., 2001). The

defect could also interfere with membranes of organ-

elles, such as the mitochondria (Fergestad et al.,

2008). However, our results suggest that there may be

cell-type-specific requirements for different phospholi-

pids, contributing to the complexity of analysis.

Other types of disorders seem to be linked to phos-

pholipid defects, suggesting that phospholipid homeo-

stasis is a critical component of human health. There is

evidence for lowered levels of PtdEtn in the brains of

Alzheimer’s disease patients (Wells et al., 1995), and

other neurological disorders such as attention deficit-

hyperactivity disorder, autism, schizophrenia, and dys-

lexia have been theorized to involve defects in phospho-

lipid metabolism (Brown and Austin, 2011; Bennett and

Horrobin, 2000). Some of these neurological disorders,

including epilepsy, can occur together in the same

patient, so it is intriguing to consider whether some dis-

orders currently thought to originate from developmen-

tal defects could actually represent defects in

phospholipid homeostasis.

Unlike many other diseases, current epilepsy drugs

only target the symptoms of epilepsy rather than cor-

recting the specific deficit that causes seizure suscepti-

bility. We show that certain types of epilepsy have the

potential to be eliminated by directly addressing the

molecular deficit and that there may be flexibility in the

time window for treatment, suggesting gene therapy as

a potential future cure for certain epilepsy-related

disorders.
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