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Angelman Syndrome is a rare, genetically induced neurodevelopmental disorder. This disorder stems from a
mutation or deletion of the maternal UBE3A gene. Characteristics of this disease include developmental delay,
recurring seizures, and severe intellectual disabilities. We studied seizure activity in male Drosophila melanogaster
with a knockdown of Ube3a in different neuronal populations (GABAergic, glutamatergic, mushroom body, and
all neurons) and investigated the effects of the antiseizure medication (ASM) on seizure-like activity. Epilepti-
form activity was monitored in individual fruit flies using imaging chambers and mechanically induced seizures
using a vortex assay. A positive control was also used: eas (easily shocked seizure phenotype). Seizure activity was
analyzed for sums of seizure durations, number of seizures, and total time to return to normal activity. Ube3a
knockdowns in GABAergic neurons elicited more seizure-like episodes than knockdowns in glutamatergic neu-
rons and were on par with the positive control group and those with knockdowns in the mushroom bodies. We
have established a method whereby valproate could be administered through food rather than through injections
to effectively treat epileptiform activity. We demonstrated that if Ube3a is not knocked down pan-neuronally,
Angelman Syndrome seizure-like activity can be studied using Drosophila melanogaster and therefore allows for
high-throughput drug discovery.

Introduction of seizure levels of Drosophila melanogaster as well as aid in the preven-
tion of seizures [9-11,21,22]. Valproate increases the concentration of

Angelman Syndrome is a rare, genetically induced neuro- GABA, an inhibitory neurotransmitter in the brain, and inhibits enzymes

developmental disorder caused by the absence, or mutation, of the
maternal UBE3A gene, that codes for E3 ligase [1-5]. This loss of func-
tion or apparent absence interferes with protein degradation. Angelman
Syndrome is characterized by frequent seizures, severe developmental
delay and learning disabilities [1-4]. There is a need for preclinical
models that allow for high-throughput drug discovery [6]. Drosophila
melanogaster is one such preclinical model that has been used previously
to study Angelman Syndrome [3,4,7,8] as well as seizure-like activity
[9-20]. However, no previous studies have investigated seizure-like
activity using Drosophila melanogaster as a model organism for Angel-
man Syndrome in a UAS/GAL4 system.

Previous epilepsy research has used valproate as an antiseizure
medication (ASM) and has been shownto assist in the decrease

that are responsible for catabolizing GABA. The results of this drug sum
to have profound anti-seizure effects [9,11,21,22]. Since this is the first
study to investigate the knockdown of Ube3a in a UAS/GAL4 system, we
were interested in how this ASM would affect subpopulations of
neurons.

In Drosophila melanogaster, both wild-type and mutant animals
exhibit seizure-like behaviors. However, mutants with seizure pheno-
types have greatly reduced stimulus thresholds and the epileptiform
episodes have longer durations [13,23-25]. We studied seizure activity
in male Drosophila melanogaster (fruit flies) with knockdowns of Ube3a in
different populations of neurons (GABAergic, glutamatergic, mushroom
body, and all neurons) both with and without valproate.
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Table 1
Percent seizure-like episodes by genetic line and treatment group.
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Genetic Line Regular Food
# samples exhibiting seizure-like

activity/# samples tested

% samples exhibiting seizure-
like activity

Valproate Food
# samples exhibiting seizure-like % samples exhibiting seizure-

activity/# samples tested like activity

Wild-type 21/36 58.33%

eas 59/73 80.82%

UAS-Ube3a (RNAi) x 30/63 47.62%
Vglut-GAL4

UAS-Ube3a (RNAi) x 47/51 92.16%
GAD1-GAL4

UAS-Ube3a (RNAi) x 37/43 86.05%
Tab2-GAL4

UAS-Ube3a (RNAi) x 6/50 12.00%

26/49 53.06%
30/54 55.56%
13/41 31.71%
40/48 83.33%
36/50 72.00%
12/45 26.67%

elav-GAL4

Note: The total sample numbers tested and the number that exhibited seizure-like episodes are shown. Fig. 1a includes all Drosophila tested while Fig. 1b and Sup-
plemental Fig. 1 only include data from the flies that exhibited seizures for each group, to characterize those seizures.

Materials and methods
Animals

Drosophila melanogaster strains were reared on Nutri-Fly® Bloo-
mington Formulation fly food and studied at room temperature
(22-24 °C). Stocks obtained from the Bloomington Drosophila Stock
Center (NIH P400D018537) were used in this study. w118 was used as
our wild-type control. The bang-sensitive (BS) phenotype we used as our
positive control was the easily shocked gene (eas) mutant that encodes
ethanolamine kinase. For specific neuronal populations we used pan-
neuronal elav-GAL4, glutamatergic specific Vglut-GAL4, GABAergic
specific GAD1-GAL4 and mushroom body specific Tab2-GAL4. We
crossed the GAL4 lines with a transgenic line that expresses dsRNA for
RNAIi of Ube3a under UAS control in the VALIUM10 vector. For addi-
tional information regarding fly stocks, please see the Supplemental
Materials and Methods.

Drugs

We used 0.5 mM sodium valproate administered in the food. A
previous study using Drosophila melanogaster as a model organism
administered valproate in fly food and found this dose to have a sig-
nificant effect on circadian rhythms, but lower toxicity compared to
higher doses [21]. Other studies investigating seizure-like activity have
used higher doses of valproate but administered it through injection
prior to electrophysiology studies [9,11].

Mechanical seizure induction

Adult flies were collected 3—4 days posteclosion into their individual
imaging chambers. Flies were left to recover for 1-2 h post-CO, anes-
thesia per previously published protocols [15]. Mechanical seizure in-
duction was performed by vortexing the clear plastic imaging chamber
(2.7 x 2.7 x 1.3 cm) containing the fly for 10 s at maximum speed. The
imaging chambers were then placed under a stereomicroscope, with a
camera connected to the device, to record the seizure activity for up to 5
min. A brief vortex mechanical seizure induction leads to uncoordinated
hyperactivity or seizure-like activity [12-15]. All video analysis was
completed using iMovie.

Statistical analysis

GraphPad Prism 9 was used for all statistical analysis. A two-tailed
Grubbs’ test with an alpha level of 0.05 was performed to identify any
outliers. At most one outlier was removed per group and not all groups
contained an outlier. Two-way ANOVAs were used for statistical com-
parisons between genetic line and treatment group (valproate food vs.
regular food). Data are presented as mean + standard error of the mean

(SEM). Asterisks above a bracket denote comparisons between two
specific genotypes. Dunnett’s multiple comparison tests were used to
test for differences of each group compared to the control group (ns: p >
0.05, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001).

Results
Seizure frequency across test groups

The wild-type line and the UAS-Ube3a (RNAi) x Vglut-GAL4 lines
had the least % population that exhibited seizures among the genetic
lines (Table 1). In addition, they also had the least # of seizures (Fig. 1a).
Valproate lessened both the % of samples that exhibited seizures
(Table 1) and the average number of seizures exhibited per testing ses-
sion (Fig. 1a). These data include all flies that were tested. The two-way
ANOVA of the # of seizures revealed not only a significant difference in
genetic lines (F = 51.74, p < 0.0001), but there was also a statistically
significant difference between regular food vs. valproate food (F =
35.14, p < 0.0001), as well as an interaction effect (F = 8.011, p <
0.0001) (Fig. 1a).

Characterization of epileptiform activity

Previous studies have shown that flies follow a specific pattern of 6
seizure phases including initial seizure, paralysis, tonic-clonic phase,
recovery seizure, refractory period, and recovery [24,26,27]. Many
studies include data only on the time it takes for the fly to resume normal
activity. We found a lot of variability in the number of epileptiform
episodes that occurred for each fly and wanted to further characterize
these seizure-like episodes. Therefore, we evaluated the # of seizures,
the duration of each, and evaluated the sum of all seizure durations per
testing session. We defined the total elapsed time until the flies resumed
normal activity as the last timepoint of the final seizure to reduce
subjectivity of “normal activity” which also varied among genetic lines
and treatment groups tested. We were also very interested in charac-
terizing the seizures themselves. For this reason, while measuring the
total elapsed time to return to normal activity and the sum of all seizure
durations, we excluded flies that did not have seizures as to not skew the
data. If this data were to be included, there would have most likely been
more statistically significant differences among the groups tested.

There was no statistical difference among total seizure durations in
flies that exhibited seizures compared to the control group (wild-type
flies in regular food; Supplemental Fig. 1). However, the two-way
ANOVA for the time to return to regular activity did reveal significant
differences in the genetic lines (F = 6.806, p < 0.0001) between the
treatment groups of regular food vs. valproate (F = 12.08, p = 0.0006).
There was also an interaction effect which was statistically significant (F
= 3.054, p = 0.0103). Lastly, the Dunnett’s multiple comparisons test
also found statistical differences in the UAS-Ube3a (RNAi) x Glut-GAL4
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Fig. 1. Characterization of seizure-like activity. Each of the GAL4 lines were crossed with UAS-Ube3a (RNAI) lines and the male progeny were the test subjects
shown above. a) Average number of seizure-like episodes per testing session of all male flies studied are shown by genetic lines of flies and includes both flies raised in
regular food (solid bars) vs. food with valproate (bars with diagonal lines). b) Total elapsed times before resuming normal activity are shown for male flies that
exhibited seizure-like episodes; excludes flies that didn’t have seizure-like episodes. Includes both male flies raised in regular food (solid bars) vs. food with valproate
(bars with diagonal lines). Means are shown +/- SEM. A Dunnett’s multiple comparison test was used to test for differences of each group compared to the control
group (ns: p > 0.05, *: p < 0.05, **: p < 0.01, ****: p < 0.0001). Sample numbers are indicated above each bar.
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and UAS-Ube3a (RNAi) x Tab2-GAL4 lines in the valproate treatment
groups compared to the control group (wild-type on regular food)
(Fig. 1b).

Discussion

Three of the groups, including the positive control — eas flies that
exhibit a seizure phenotype, Ube3a (RNAI) flies with knockdowns in
GABAergic neurons (GAD-GAL4) and mushroom bodies (Tab2-GAL4),
all had more than 80% of the samples tested that exhibited seizure-like
episodes (Table 1). This demonstrates that the Ube3a knockdown affects
GABAergic neurons more that glutamatergic neurons in a way that
elicits more seizure-like episodes. This data is consistent with previous
studies that showed the UAS-eas + phenotype expressed in GAD-GAL4
were similar to the eas flies in electrophysiology studies using heat-
shock to induce seizure-like episodes [16]. Although Angelman Syn-
drome is caused by mutation or deletion of the maternal UBE3A gene, a
region that is commonly deleted in Angelman Syndrome contains genes
that code for different subunits of GABA4 receptors [28]. In addition, a
previous study in mice has shown GABAergic synapse deficits with a loss
of maternal Ube3a [29]. Possible future therapeutics have been sum-
marized by Samanta (2020) and include viral vector therapy [28]. Taken
with our current study, this therapy would seem to be most effective by
targeting GABAergic neurons specifically.

Valproate treatment reduced the percent population that exhibited
seizures across all groups (Table 1). This demonstrates that adminis-
tering valproate to Drosophila melanogaster in their food is a viable
research method for future studies rather than through injections of
higher doses of valproate. Although valproate as an ASM is no longer the
first-line treatment for individuals with Angelman Syndrome due to side
effects [28], it has been used often in previous studies using Drosophila
melanogaster and can be used in future studies to compare newer treat-
ments in the control of epileptiform activity.

Different bang-sensitive mutants exhibit a variety of refractory pe-
riods during seizure-like episodes (2 min to an hour has been previously
observed) [13,14]. The eas flies were found to have shorter refractory
periods [14]. Our data was in agreement with these earlier findings, as
multiple seizure-like episodes occurred in the eas flies. The analysis of
the sum of seizures durations was not found to be statistically significant
(Supplemental Fig. 1).

Interestingly, one previous study showed that Ube3a mutants did not
exhibit seizure-like episodes, however, this study was done in mutants
that had Ube3a knocked down globally [4]. Other previous studies have
shown that overexpression, rather than knockdown, of Ube3a can also
lead to seizures and learning disabilities in Drosophila melanogaster as a
model of Autism. When there was an overexpression of Ube3a in all
neurons by elav-GAL4 there was no bang-sensitive phenotype [20]. In
the same study, glia-specific overexpression of Ube3a exerted resulted in
seizures induced through bang sensitivity. Takei et al. suggested that the
ubiquitin ligase activity of Ube3a is essential for bang sensitivity [26].
Our results with pan-neuronally expressed Ube3a (RNAi) through the
elav-GAL4 mutant is in line with both studies, as they had the lowest %
population that exhibited seizures. In addition, we raised the flies at
room temperature and RNAi knockdown using the GAL4 system has
been shown to be more effective at higher temperatures [30-33]. This
research also demonstrates that if Ube3a is not knocked down pan-
neuronally, Angelman Syndrome seizure-like activity can be studied
using Drosophila melanogaster and therefore allows for high-throughput
drug discovery. Use of this model organism affords faster lifecycles
and allows for more cost-efficient and timely initial drug screening
studies prior to testing novel therapies in higher-order organisms. Future
studies investigating neuronal architecture and possible microcephaly
would greatly enhance literature in this area. Following identification of
possible therapeutics using this model organism, future studies could be
conducted on zebrafish [6] and mice [34].
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Conclusions

In accordance with previously published data, valproate was shown
to be an effective treatment for reducing the number of seizure-like
episodes for flies exhibiting Angelman Syndrome. We have established
a method whereby valproate could be administered through food rather
than through injections to effectively treat epileptiform activity. When
there was an under expression of Ube3a in all neurons through RNAi by
elav-GAL4 there was a significant reduction in bang-sensitivity. Flies
with the Ube3a knockdown in GABAergic neurons were significantly
more effected than knockdown in glutamatergic neurons in a way that
elicited more seizure-like episodes. We demonstrated that if Ube3a is not
knocked down pan-neuronally, Angelman Syndrome seizure-like activ-
ity can be studied using Drosophila melanogaster and therefore allows for
high-throughput drug discovery.

Limitations

Although there were significant differences between the groups and
controls were used, the number of seizures in the wild-type group was
still high. Seizure induction methods vary widely [15]. It should be
noted that there is a large amount of variability in the literature even
among mechanical seizure induction methods in Drosophila melanogaster
[15,17-19,25]. We feel that either this is likely the cause of this vari-
ability, along with vortexing of the subjects in an imaging chamber with
a different geometry than the standard empty fly vial. Future studies
should be conducted to investigate and help standardize mechanical
seizure induction protocols.
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