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Article

electrical activity between neurons (1,4). While seizures can 
be triggered by acute factors such as fever, head injury, or 
substance withdrawal, epilepsy is the occurrence of repeated, 
unprovoked seizures, often the result of underlying conditions 
such as genetic mutations, structural brain abnormalities, or 
metabolic dysfunction (1,4,5). Epilepsy consists of multiple 
seizure types and syndromes, each with distinct clinical 
manifestations and responses to treatment, this variability 
makes diagnosing and treating epilepsy difficult, since 
treatments effective for one seizure type may be ineffective 
or harmful in another (1,5). 
	 Antiepileptic medications (AEDs) are the primary 
treatment for seizure control in people with epilepsy, and work 
on a variety of neural pathways and mechanisms. However, 
approximately 30% of patients still experience seizures 
despite pharmaceutical treatment (2). Even among individuals 
whose seizures are controlled by AEDs, AED usage is often 
associated with side effects including fatigue, dizziness, 
gastrointestinal distress, and cognitive impairments (2,5). 
In addition, some AEDs can be expensive, with costs up to 
$10,000 per year, making them inaccessible for many patients, 
specifically those from lower socioeconomic backgrounds (6). 
Lastly, despite the availability of numerous AEDs for different 
epilepsy types, the exact mechanisms by which many of these 
drugs treat seizures remain unknown (1,5). These limitations 
highlight the need for accessible, low-cost, and low-side-
effect non-pharmaceutical or adjunct seizure interventions. 
	 Model organisms are essential for epilepsy research 
because they allow for controlled investigation of the 
mechanisms of seizures and timely testing of therapeutic 
interventions without the constraints of human studies 
(1). Bang-sensitive (bs) Drosophila melanogaster is an 
established and valuable model for epilepsy. These mutants 
carry a gain-of-function mutation, p.L1699F, in the voltage-
gated sodium channel gene paralytic, which causes neuronal 
hyperexcitability and makes the flies susceptible to seizure-
like behavior when mechanically stimulated (7,8). When 
mutant flies are vortexed, they demonstrate a predictable 
pattern of convulsing followed by paralysis before returning to 
a standing position (8,9). ​​ 
	 Traditional medicine has historically served as a method 
of treating neurological and metabolic disorders, yet many 
plant-based treatments have not been evaluated using 
epilepsy models. One such non-pharmaceutical remedy, 
Annona senegalensis, a species of plant in the Annonaceae 
(custard apple) family, was found to be effective at preventing 
and controlling seizure-like behavior in bs D. melanogaster 
mutants (10). Another species of the same family is A. muricata 
(soursop), which is more common than A. senegalensis and 
often used in traditional medicine to treat a variety of health 
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SUMMARY
Epilepsy impacts 50 million people worldwide, 
and approximately 30% of people with epilepsy 
are unresponsive to treatments. Antiepileptic 
medications (AEDs) can be costly and may cause 
harmful side-effects, calling for the development of 
novel, non-pharmaceutical treatments. We conducted 
this study to determine whether non-pharmaceutical 
treatments, including Annona muricata (soursop), 
β-hydroxybutyrate (BHB; representing the ketogenic 
diet (KD)), and circadian synchronization, are 
effective in reducing duration of seizure-like behavior 
in bang-sensitive (bs) Drosophila melanogaster 
mutants, an established model for epilepsy research, 
and whether circadian synchronization can improve 
the effectiveness of KD. We hypothesized that non-
pharmaceutical treatments, including soursop, KD, 
and circadian synchronization, either alone or in 
combination, would decrease recovery time in bs 
D. melanogaster mutants. For soursop treatment, 
recovery time was measured before D. melanogaster 
mutants were given vortex-induced seizure and 
measured again after treatment with soursop. For 
BHB treatment, recovery times of flies given BHB 
prior to vortex-induced seizure were compared 
with those of untreated flies. The effect of circadian 
synchronization (via entrainment to light-dark cycles) 
was measured alone, as well as in combination with 
BHB. We observed that treatment with soursop 
resulted in longer recovery times when compared 
with no treatment. Non-pharmaceutical interventions 
such as KD and circadian synchronization both 
reduced seizure duration in bs D. melanogaster. 
However, the interaction between BHB and 
circadian synchronization was not statistically 
significant.  Further exploration of the interaction 
between circadian synchronization and medication 
effectiveness in fly models and humans is necessary 
for the development of safe, accessible treatments for 
epilepsy in humans.

INTRODUCTION
	 Epilepsy, characterized by repeated, unprovoked 
seizures, is one of the most common neurological disorders 
seen in adults and children, affecting approximately 50 million 
people worldwide (1-3). Seizures are the primary clinical 
manifestation of epilepsy and occur when there is increased 
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conditions (11). It is unknown whether soursop may have 
similar antiepileptic properties to A. senegalensis. 
	 Another non-pharmaceutical treatment includes the keto-
genic diet (KD). KD is a high-fat, low-carbohydrate diet that 
induces ketosis, a metabolic state where the body shifts from 
using glucose to using ketone bodies for energy (12). KD has 
been used clinically for the treatment of epilepsy for almost a 
century, particularly for pediatric and treatment-resistant pa-
tients (13). β-hydroxybutyrate (BHB), a metabolite produced 
during ketosis, is commonly used to mimic KD in experimental 
studies and has been shown to reduce frequency and severity 
of seizure-like behavior in both mice and bs D. melanogaster 
mutants (14,15).
	 Similarly, there has been investigation into the impact of 
circadian synchronization on seizures. Circadian rhythms are 
the body’s 24-hour biological cycles that regulate behavior 
and physiology, including sleep-wake patterns, metabolism, 
and neuronal excitability (16,17). Circadian desynchronization 
refers to the disruption of the body’s internal clock system 
due to misalignment with environmental cues or between the 
master and peripheral circadian clocks (17-19). The relation-
ship between epilepsy and circadian rhythm is bidirectional, 
meaning seizures disrupt sleep and circadian synchroniza-
tion, and circadian desynchronization can increase seizure 
activity (16,20). Furthermore, the molecular mechanisms be-
hind circadian clocks are highly conserved between humans 
and D. melanogaster, making flies a useful model for studying 
circadian influences on epilepsy (16,20,21). Previous studies 
using bs flies found that circadian synchronization decreases 
seizure-like behavior and circadian disruption through sleep 
deprivation increases seizure-like behavior (19,22). 
	 Although these non-pharmaceutical interventions have 
each been shown to reduce seizure susceptibility in human 
and animal models, they have been studied independently. 
There is a lack of research exploring whether circadian 
synchronization can enhance the effectiveness of dietary 
therapies such as KD. Addressing this gap is important for 
identifying low-cost and accessible interventions that may 
improve seizure management. We aimed to determine 
whether non-pharmaceutical treatments, including soursop, 
BHB, and circadian synchronization, individually or in 
combination, are effective for controlling seizure-like behavior 
in bs D. melanogaster mutants. We hypothesized that each 
treatment, alone or combined, would reduce recovery time in 
bs D. melanogaster mutants compared to untreated controls. 
To test this hypothesis, we investigated four experimental 
parameters: 1) the effect of soursop on recovery time, 2) the 
effect of consecutive seizures on recovery time, 3) the effect 
of KD modeled through BHB supplementation on recovery 
time, and 4) whether circadian synchronization enhances 
the effectiveness of BHB treatment on recovery time. In this 
study, BHB supplementation and circadian synchronization 
each significantly reduced recovery time, while soursop 
treatment did not significantly reduce recovery time, and 
no significant interaction was observed between BHB and 
circadian synchronization. 

RESULTS
	 To investigate the effects of three treatments on duration 
of seizure-like behavior following vortex stimulation in bs 
flies, we conducted four experiments. Part I tested soursop 
treatment, part II examined the effect of repeated vortex 

stimulation, part III tested BHB supplementation, and part IV 
tested circadian synchronization and examined its interaction 
with BHB treatment.

Part I: Soursop treatment increased recovery time in bs 
flies
	 To study the effects of soursop on duration of seizure-
like behavior, we fed the bs and wild-type (wt) flies with 
either soursop-treated (+) or untreated (-) medium and then 
induced seizure-like behavior via vortex before measuring the 
recovery time (Figure 1). Flies in the wt - (n = 10) and bs - (n 
= 6) groups were vortexed once before data collection, while 
flies in the wt + (n = 10) and bs + (n = 4) groups were vortexed 
once during the control trial, followed by soursop treatment, 
and vortexed a second time before data collection, with a 
three-day interval between vortexes. 
	 After vortexing, the flies recovered in a staggered manner. 
Comparison of recovery times determined that there was 
a statistically significant difference in the recovery times of 
flies among the four groups (wt +, wt -, bs +, bs -; Figure 
2; one-way ANOVA, F(3,26) = 28.08, p < 0.001). Post-hoc 
comparisons using the Tukey HSD test showed that the bs 
+ flies demonstrated significantly longer recovery times 
compared to the bs - flies (post-hoc test, mean difference = 
5.67, 95% CI [0.94, 10.39]; p = 0.01). In contrast, there was no 
significant difference between the wt - and wt + groups (post-
hoc test, mean difference = 0, 95% CI [-3.27, 3.27], p = 1.00), 
as both wt groups demonstrated immediate recovery following 
vortex. The wt - flies showed statistically significantly shorter 
recovery times than the bs - group (post-hoc test, mean 
difference = 6.5833, 95% CI [2.80, 10.36], p < 0.001), and the 
wt + flies showed statistically significantly shorter recovery 
times than the bs + group (post-hoc test, mean difference = 
12.25, 95% CI [7.92, 16.56], p < 0.001). These results suggest 
that soursop treatment increased recovery time in bs flies, 
indicating a negative effect.

Part II: Consecutive inductions of seizure-like behavior 
did not significantly affect recovery time
	 To study whether consecutive inductions of seizure-like 
behavior affected recovery time, we subjected bs flies to one 
(Group one; n = 17) or two consecutive vortex exposures 

Figure 1: Part I experimental design to examine effects of 
soursop treatment on recovery time. Each type of fly was divided 
into two groups (four groups in total). One group of each type 
of flies was set aside as a control group and did not get vortexed 
(i.e., no induced seizure behavior). No data was collected on these 
flies. The second group of each type of flies received mechanical 
stimulation using a vortex in two sequential trials, first without and 
then with soursop-infused fly medium. The experimental groups that 
underwent mechanical induction of seizure-like behavior are named 
wild-type (wt) without soursop (wt -), wt with soursop (wt +), bang-
sensitive (bs) without soursop (bs -), and bs with soursop (bs +).
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separated by a three-day interval (Group two; n = 9), and 
recovery times were compared. A three-seizure group was 
planned, but no flies survived to undergo a third vortex. Flies 
exposed to one and two consecutive vortexes showed similar 
recovery times (Figure 3). There was no statistically significant 
difference in recovery times between flies undergoing their 
first vortex exposure and flies undergoing their second vortex 
exposure (unpaired t-test, T(24) = 1.21, 95% CI [-0.46, 1.77], 
p = 0.24). Overall, these results indicate that consecutive 
inductions of seizure-like behavior did not significantly alter 
recovery time in bs flies.

Part III: BHB supplementation reduced recovery time in 
bs flies
	 To study the effects of KD supplementation, we fed bs 
flies medium containing BHB (n = 18) or untreated medium 
(n = 21) before inducing seizure-like behavior via vortex 
and measuring recovery time. Following vortex stimulation, 
BHB-treated flies recovered more quickly than untreated 
flies (Figure 4). Different flies were used for the BHB-treated 
and untreated groups; therefore, each fly was vortexed once 
prior to recovery time measurement. Comparison of recovery 
times showed a statistically significant difference between 
the recovery times of flies treated with BHB and untreated 
flies; the BHB-treated flies demonstrated shorter recovery 
times compared to the untreated flies (unpaired t-test, T(37) = 
3.05, 95% CI [-2.53, -0.51], p = 0.004). Overall, these results 
indicate that BHB reduced duration of seizure-like behavior in 
bs flies, suggesting that it was an effective treatment.

Part IV: Circadian synchronization and BHB 
independently reduced recovery time without significant 
interaction
	 To study the effects of circadian synchronization and 
its interaction with BHB treatment, we entrained bs flies to 
either a 12-hour light-dark (LD) cycle (synchronization, sync) 

or constant darkness (DD) (desynchronization, desync), with 
or without BHB supplementation, before inducing seizure-like 
behavior via vortex and measuring recovery time (Figure 5). 
The groups were: LD without BHB (sync -; n = 12), DD without 
BHB (desync -; n = 21), LD with BHB (sync +; n = 50), and DD 
with BHB (desync +; n = 20) for both bs and wt flies. All wt 
groups each consisted of more than 30 flies. 
	 Following vortex stimulation, recovery times varied among 
the four experimental groups (Figure 6). Comparison of 
recovery times determined that there was not a statistically 
significant interaction between the effects of BHB and 
synchronization (Figure 7; two-way ANOVA, F(1,99) = 3.22, 
p = 0.076). Two-way ANOVA revealed significant main effects 
of BHB on recovery time (two-way ANOVA, F(1,99) = 4.24, p 
= 0.042), and of synchronization on recovery time (two-way 
ANOVA, F(1,99) = 6.94, p < 0.01). Post-hoc comparisons 
using the Tukey HSD test showed that desync - flies had 
significantly longer recovery times than sync - flies (post-hoc 
test, mean difference = 2.31, 95% CI [0.30, 4.32], p = 0.018), 
sync + flies (post-hoc test, mean difference = 2.41, 95% CI 
[0.97, 3.85], p < 0.001), and desync + flies (post-hoc test, mean 
difference = 1.81, 95% CI [0.08, 3.54], p = 0.037). In contrast, 
no statistically significant difference was observed between 
sync - and sync + flies (post-hoc test, mean difference = 0.10, 
95% CI [-1.68, 1.89], p = 0.999), sync - and desync + flies 
(post-hoc test, mean difference = 0.50, 95% CI [-1.53, 2.53], 
p = 0.918), or sync + and desync + flies (post-hoc test, mean 
difference = 0.60, 95% CI [-0.87, 2.07], p = 0.709). Overall, 
these results indicate that both circadian synchronization and 
BHB independently reduce duration of seizure-like behavior, 
but do not significantly interact.

DISCUSSION
	 Our results of this multi-part experiment revealed that 
non-pharmaceutical treatments can have positive impacts on 
duration of seizure-like behavior following vortex stimulation 

Figure 2: Mean recovery times of soursop treated and untreated 
flies. Bang-sensitive (bs) or wild-type (wt) flies were treated with 
(+) or without (-) soursop. Data shown as mean ± standard error of 
mean. n = 10 for wt +, n = 10 for wt -, n = 6 for bs -, and n = 4 for bs 
+. Non-vortexed control groups each had n = 10. One outlier was 
detected using the Grubbs' Test; the data point was retained because 
no experimental error was identified, and the removal of the outlier 
did not significantly change the interpretation of the results. Asterisks 
denote statistical significance determined by one-way ANOVA and 
Tukey HSD tests (*, p < 0.05; **, p < 0.01; ***, p < 0.001).

Figure 3: Mean recovery times of bang-sensitive (bs) flies 
comparing the number of consecutive vortex exposures. Data 
shown as mean ± standard error of mean. No outliers were detected 
using the Grubbs’ Test. n = 17 for first seizure and n = 9 for second 
seizure. Asterisks denote statistical significance determined by 
unpaired t-test (*, p < 0.05; **, p < 0.01; ***, p < 0.001).
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in bs D. melanogaster mutants. Although the part I experi-
ment did not reveal benefits from soursop treatment, both KD 
and circadian synchronization independently reduced recov-
ery time. However, circadian synchronization did not improve 
the effectiveness of BHB treatment, as there was no signifi-
cant interaction between synchronization and BHB. These 
findings are in concordance with existing literature and hold 
promise for development of novel interventions to manage 
epilepsy in humans (14,15,19).
	 In part I, when treated with soursop, bs flies demonstrated 
significantly longer recovery times compared with untreated 
bs flies. These findings are contrary to the expected results 
that D. melanogaster bs mutants treated with soursop would 
have shorter durations of seizure-like behavior following me-
chanical induction. In a previous study, bs flies treated with A. 
senegalensis (wild soursop), a related species from the same 
Annonaceae family, exhibited significantly shorter recovery 
times than untreated flies (10). Despite being of the same 
plant family, differences in phytochemical composition of the 
two species’ leaves, specifically differences in the types and 
concentrations of alkaloids, acetogenins, and antioxidants, 
could be a cause for the differing results on the recovery 
times, as these compounds have been found to affect neural 
excitability (6,7). The lack of support for the original hypothe-
sis could have also been a result of the reuse of flies from the 
bs - and wt - (untreated) groups to the bs + and wt + (treated) 
groups, which was necessary due to the limited availability 
of flies. The bs + and wt + flies were vortexed twice with two 
days in between before data collection, while the bs - and wt 
- flies were only vortexed once. 
	 This reuse of flies raised the concern that consecutive 
vortex exposure could influence recovery time and potentially 
confound results. For this reason, we conducted part II to 
determine whether repeated mechanical stimulation affects 
duration of seizure-like behavior in bs flies. Bs flies given two 
consecutive vortex exposures demonstrated recovery times 
that were not statistically different from bs flies given one 

vortex exposure. These findings indicate that prior seizure 
experience did not significantly alter sensitivity in the flies, 
supporting the idea that reusing flies for multiple trials in part 
I likely did not confound recovery times. 
	 We initially hypothesized that consecutive vortex expo-
sures might lengthen recovery time due to fatigue or cumu-
lative neural stress in the flies. Although the findings of this 
study did not support this hypothesis, shorter intervals be-
tween vortexes may still affect recovery time. We also ob-
served that flies in the third group all died before a third vor-
tex could be given. This may indicate that consecutive vortex 
exposure caused physiological weakening of the flies rather 
than actual changes in seizure sensitivity, though it cannot be 
excluded that the flies died due to another cause. 
	 In part III, when treated with BHB, bs flies demonstrated 
statistically significantly shorter recovery times compared 
with untreated bs flies. These findings are consistent with 
previous studies and further suggest that KD and BHB sup-
plementation are potential treatments for epilepsy in humans 
(14,15). 
	 In part IV, the final part of this study, we aimed to deter-
mine if circadian synchronization could decrease recovery 
time as a stand-alone intervention, and whether it could im-
prove the effectiveness of BHB for decreasing recovery time 
in bs flies. Both circadian synchronization and BHB treatment 
independently reduced recovery time, supporting previous re-
search and suggesting that circadian synchronization and the 
supplementation of BHB are potential treatments for epilepsy 
in humans (14,15,19,21,23). However, the interaction between 
the two factors was not significant, suggesting that synchroni-
zation did not conclusively improve the effectiveness of BHB. 
Across all four experiments, several limitations should be 
noted. First, experiments were performed with small and un-
equal numbers of flies and were not independently repeated 
due to time and resource limitations, which may have reduced 
the statistical power and generalizability of the results. Envi-
ronmental and biological variables, particularly temperature 

Figure 4: Mean recovery times of β-hydroxybutyrate (BHB) 
treated and untreated flies. BHB on the graph below indicates 
whether flies were treated with (+) or without (-) BHB. Data shown as 
mean ± standard error of mean. n = 18 BHB-treated bang-sensitive 
(bs) flies and n = 21 untreated bs flies. Asterisks denote statistical 
significance determined by unpaired t-test (*, p < 0.05; **, p < 0.01; 
***, p < 0.001).

Figure 5: Part IV experimental design to examine effects of 
circadian synchronization with and without BHB treatment 
on recovery time. Wild-type (wt) flies were included in this study 
to act as controls for bang-sensitive (bs) flies. Each type was split 
into four groups (eight total): synchronized (sync) or desynchronized 
(desync) with circadian rhythms, and either treated with (+) or without 
(-) β-hydroxybutyrate (BHB). The resulting groups were bs sync +/-, 
wt sync +/-, bs desync +/-, and wt desync +/-. All flies were subjected 
to mechanical stimulation via vortex.
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and age, may have introduced variability in recovery time. Ad-
ditionally, different bs fly strains were used across the experi-
ments. Part I used mutants of the gene wparabss1 (white eyes), 
while parts II, III, and IV used mutants of the gene parabss1 
(red eyes) because the white eye strain was no longer avail-
able. It is unknown whether these genetic differences affect 
their sensitivity to the treatment. A limitation specific to part I 
is that untreated bs flies were measured after one vortex ex-
posure, while soursop-treated flies were measured after two. 
Although part II found no significant effect of consecutive vor-
tex exposure on recovery time, we cannot determine whether 
it influenced the results of part I. Therefore, the observed 
increase in recovery time cannot be attributed to soursop 
treatment alone. Finally, we did not measure food consump-
tion or confirm whether BHB induced ketosis or whether the 
flies were truly synchronized, such as through ketone tests or 
measuring molecular markers (22). 
	 Continued evaluation of interventions across models, as 
well as exploration of accessible therapies, remains neces-
sary. Future studies should test different treatment concen-
trations, larger sample sizes, sex-specific analyses, compari-
sons with AEDs, and confirm ketosis and circadian synchro-
nization. 
	 In summary, this study demonstrates that bs D. melano-
gaster can serve as an effective model for investigating how 
diet and circadian rhythms influence seizure severity. While 
soursop unexpectedly increased recovery time, both BHB 
and synchronization significantly reduced it, although syn-
chronization did not have a significant interaction with the ef-
fectiveness of BHB. These findings suggest that both meta-
bolic and circadian factors may play important roles in regu-
lating and treating seizures, highlighting potential approaches 
for safe, accessible, and non-pharmaceutical treatments for 
epilepsy in humans.

MATERIALS AND METHODS
Overview
	 The alpha level for statistical significance used in this 
study was p < 0.05. Statistical analyses were performed 
using Statistics Kingdom and GraphPad online statistical 
calculators (24,25). One-way ANOVA with Tukey’s HSD post 
hoc test was used for comparisons between multiple groups, 
while unpaired two-tailed t-tests were used for comparisons 
between two groups. A two-way ANOVA was used to examine 
the interactive and main effects of two treatments. Outlier 
analysis was performed using Grubbs’ test. We used Shapiro-
Wilk and Levene’s tests included in the statistical calculators 
to determine if data passed normality and homogeneity of 
variance assumptions. Most of the data met assumptions, 
however there were some deviations from normality and 
equal variance in groups with smaller sample sizes. Graphs 
were generated in Microsoft Excel and assembled in 
Microsoft PowerPoint. Environmental and biological variables 
such as temperature, humidity, food condition, number of 
flies per vial, age, and sex were not strictly controlled across 
experiments. Due to limited fly availability, some experiments 
used the same flies sequentially within the same experiment. 
Flies were not reused across different experimental parts. Bs 
(wparabss1) and wt (Canton-S) D. melanogaster used in part I 
were obtained from Dr. Elaine Reynolds of Lafayette College. 
Bs (parabss1) and wt (Canton-S) flies used in parts II, III, and 
IV were obtained from Dr. Atulya Iyengar of the University of 
Alabama. The parabss1 mutation is an established gain-of-
function mutation in the voltage-gated sodium channel gene 
para (26). Wt flies were included as controls for bs flies.

Fly medium preparation
	 A 1:1 ratio of Formula 4-24® Instant Drosophila Medium 
Blue (Carolina Biological; cat. no. 173120) and distilled water 
was used. About 10 g of medium was distributed into each 
culture vial and 1-3 grains of active dry yeast (Fleischmann’s) 

Figure 6: Interaction between synchronization and 
β-hydroxybutyrate (BHB) treatment on mean recovery time of 
flies. Wild-type (wt) flies were included in this study to act as controls 
for bs flies. Data shown as mean ± standard error of mean. No 
outliers were detected using the Grubbs’ Test. n = 21 for bs desync 
-, n = 20 for bs desync +, n = 12 for bs sync -, and n = 50 for bs sync 
+. All wt groups had n > 30. Asterisks denote statistical significance 
determined by two-way ANOVA and Tukey HSD tests (*, p < 0.05; **, 
p < 0.01; ***, p < 0.001).

Figure 7: Interaction plot showing the combined effects of 
synchronization and β-hydroxybutyrate (BHB) treatment on 
recovery time in flies. Lines represent mean recovery times 
(minutes) for synchronized (sync) and desynchronized (desync) 
bang-sensitive (bs) flies, with and without BHB treatment. Parallel 
lines indicate minimal interaction between the two factors, while any 
divergence suggests a potential interaction effect. Wt flies were not 
included as no seizure data was collected.
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were sprinkled onto the surface of the medium in each vial 
to promote fermentation.  This was consistently maintained 
across all experiments.

Soursop preparation and treatment 
	 To prepare soursop extract for part I, 25 g of dried soursop 
leaves (1400s Spices; ASIN B0B1VPX919) were ground with 
a blender until pulverized to a powder. The powder was mixed 
with 350 mL distilled water in a beaker and left to soak for 
72 hours. Using a sieve, particulates were removed from the 
mixture. Next, the filtrate was incubated in a glove box for 
about one week to evaporate the water. This resulted in a 
powdered soursop extract. This extract was then dissolved 
in distilled water to create a 1.33 mg/mL concentration 
of soursop extract powder in distilled water. 1.5 mL of this 
solution was distributed into each vial of fly medium. The 
solution was mixed into the medium and vials were left to dry 
for two days before introducing flies.

BHB preparation and treatment
	 To prepare the BHB medium for parts III and IV, a 2 mM 
solution of BHB was created by dissolving 10.4 mg of sodium 
BHB (BulkSupplements; product no. SBHB-P) in 50 mL of 
distilled water. This solution was combined with equal parts 
instant medium formula, about 10 g total in each vial, and 2–3 
grains of yeast were sprinkled on top of the medium in both 
control and experimental vials. 

Fly seizure induction and measurement of seizure 
duration 
	 To induce seizure-like behavior, flies were transferred to 
empty vials and spun on a bench-top vortex (Fisher Scientific; 
model no. 945404; cat. no. 02215365) at maximum speed 
for 10 seconds. To determine recovery time following vortex 
stimulation, the experimental vials were inspected visually 
and by video recording to count the number of flies per vial 
that were on their backs, paralyzed, or shaking (seizure-like 
behavior) versus the number standing (recovered), at 30 
second intervals for 15 minutes. This definition of seizure 
activity in flies is consistent with Dare et al. (10).

Experimental design and data collection
	 In part I, recovery time from seizure activity was compared 
between flies who had fed on soursop extract with those that 
had not (Figure 1). Flies were observed for recovery time 
after each trial. First, flies without soursop were tested. They 
were left to feed in a vial without soursop for 48 hours before 
they were transferred to an empty vial for seizure induction. 
Seizure-like behavior was induced and recovery time data 
were collected. Immediately after, the same flies were moved 
into a vial containing soursop and left to feed for 48 hours 
before they were transferred to an empty vial for seizure 
induction. Seizure-like behavior was induced and recovery 
time data were collected. The same flies were tested first 
in the untreated condition and then in the soursop-treated 
condition. 
	 In part II, flies were divided into three experimental groups 
to compare recovery time after one or two consecutive vortex 
exposures. Group one was vortexed once, group two was 
vortexed twice with a three-day interval between each vortex, 
and group three did not survive to a third round of seizure 
induction. Recovery time was recorded for each fly after each 

seizure induction, excluding flies that died. For analysis, flies 
were grouped according to the number of vortexes they had 
experienced. 
	 In part III, recovery times were compared between BHB-
treated and untreated bs flies. Seizure-like behavior was 
induced in BHB-treated and untreated bs flies and recovery 
time data were collected. Unlike parts I and II, different flies 
were used between the two treatment groups. 
	 In part IV, recovery times were compared between 
synchronized and desynchronized flies, with and without BHB 
treatment (Figure 5). For untreated groups (bs sync -, wt sync 
-, bs desync -, and wt desync -), fly medium was prepared 
normally. For treated groups (bs sync +, wt sync +, bs desync 
+, and wt desync +), a 2 mM solution of BHB was created and 
distributed into vials.  The same fly vials were used across 
conditions, with the four seizure trials separated by seven 
days. Each vial underwent four vortex exposures total in the 
following sequence: sync -, desync -, sync +, and DD with 
BHB (desync +). Flies were entrained using a light-based 
circadian synchronization protocol (15). Flies were placed 
into a sealed cardboard box inside of a cabinet to control 
exposure to outside light. A timed 5000K full-spectrum white 
light (Barrina; model no. MC05; ASIN B0BKPF8D8G) was 
attached to the top of the inside of the cardboard box. Seizure-
like behavior was induced and measured sequentially across 
light conditions and treatment. First, flies were placed into vials 
without BHB and entrained to a 12:12 light:dark (LD) cycle for 
7 days (circadian synchronization), after which seizures were 
induced via vortex in an empty vial and recovery time was 
recorded. Flies were then entrained under constant darkness 
(DD) for 7 days (circadian desynchronization), and recovery 
times were again measured. After that, flies were transferred 
to BHB-containing vials and entrained under LD, followed by 
seizure measurement. Finally, flies were entrained under DD 
on BHB food, and recovery times were measured once more. 
Seizures were induced during the light phase of the LD cycle 
for synchronized flies, at approximately 15:00, and at the 
same clock time for desynchronized flies.
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