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Abstract 
Epilepsy is a disease caused by an excitation/inhibition 
imbalance in the brain that leads to hyper synchronous 
network activity and can result in seizures; such diseases 
affect millions of people worldwide. While some clinical 
evidence suggests that chronic pain conditions, such as 
fibromyalgia, are correlated to the diagnosis of seizures, 
the potential underlying mechanism that causes those 
seizures is unknown. Here, we use a specific nerve injury 
that induces chronic neuropathic pain and measure the 
effects that it has on the neuronal balance of the brain. 
The model organism, Drosophila melanogaster has been 
the subject of various publications regarding seizures and 
the effects of neuropathic pain, establishing it is a useful 
model organism. We hypothesized that a bang-sensitive 
D. melanogaster mutant, julius seizure (jus), would 
experience an increased susceptibility to seizure levels 
following a leg amputation known to cause chronic 
neuropathic pain and a decrease in gamma-aminobutyric 
acid (GABA) producing neurons. We found that the 
amputation significantly increased seizure duration from 
37.90 s ± 2.20 to 64.42 s ± 11.32 in the jus mutant. Wild 
type (w1118) and painless (pain) control flies did not 
experience an increase in seizure duration following 
injury with baseline levels at 5.87 s ± 0.82 and 1.60 s ± 
0.77 respectively. The data suggests that a leg amputation 
may increase seizure activity in seizure prone patients 
while also validating D. melanogaster as an animal model 
to study the mechanisms behind the seizure-pain 
relationship. 

 

Introduction 
Millions worldwide suffer from epilepsy, a disease that is 
characterized by hyper-synchronous network activity in 
the brain, typically caused by an excitation-inhibition 
imbalance. Symptoms from epilepsy, like seizures, can 
vary greatly. One patient with epilepsy could experience 
one to two seizures per day, while others can experience 
hundreds in the same time period. Epilepsy can be 
associated with mood changes, cognitive impairments, 
loss of consciousness, and even death. Although some 

 
epileptic patients can control their symptoms through the 
use of anti-epileptic drugs (AEDs) and other treatments, 
there are many who suffer from treatment-resistant, 
intractable, epilepsy (NIH, 2022). Approximately 15 
million people worldwide are unable to adequately 
control their seizures with currently available 
medications (Parker et al., 2012). Understanding the 
variables that can impact seizure severity is thus 
imperative for improving patient outcomes. 

Chronic pain, like epilepsy, causes distress to 
millions around the world. Some examples of chronic pain 
conditions include migraines, arthritis, cancer, and back 
pain. Recently, researchers have discovered that those 
with a preexisting chronic pain condition, such as 
fibromyalgia, are prone to seizures (Tatum et al., 2016). 
This disease causes a disruption in the brain’s natural 
chemistry, and thus, seizures can follow (Lee et al., 2018). 
The connection between chronic pain and its effect on 
seizure susceptibility is still a novel clinical research topic. 
By better understanding neuropathic pain and its role in 
seizure susceptibility, patient suffering can be reduced. 
To test this, we designed an experiment to assess the 
impact of a chronic pain injury on seizure activity of D. 
melanogaster. This model organism has genes that share 
similarities with humans and other mammals, allowing 
their use in the study of human disease mechanisms (He 
et al., 2022). Furthermore, seizure-like neuronal activity 
and behaviors, as well as chronic pain is well studied in D. 
melanogaster (Parker et al., 2012). 

We utilized a bang-sensitive (i.e., paralyzes or 
seizes upon mechanical shock) jus mutant which 
expresses an increased susceptibility to seizures following 
high threshold mechanical stimulation due to PBac 
transgenic insertion in the jus gene (Horne et al., 2017). 
The jus gene normally results in the production of a two- 
transmembrane protein that is known to prevent 
epilepsy. The gene is located at polytene bands 98F10– 
99A1 and has been previously identified in the literature 
as slamdanceiso7.8 (sda). Its exact molecular function is 
unknown, however, it is known to be involved in 
mechanosensory behavior and regulation of membrane 
potential (Fly Base, 2023). The PBac insertion of a 
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transposon disrupts the gene and causes loss of function. 
It has also been discovered that RNAi knockout of this 
protein can cause seizure-like symptoms after 
mechanostimulation, partially through a reduction in 
GABAergic neuronal functioning (Horne et al., 2017). This 
mutation along with the induction of chronic pain via leg 
amputation is known to reduce GABAergic neuronal 
populations, which we hypothesized would increase the 
GABA-specific effect of the jus mutant. 

To represent the negative control group, we used 
mutated painless flies that have a PBac transgenic 
insertion in the pain (Dmel\P{EP}painEP2451) gene; this 
gene encodes a non-selective cation channel in the TRPA 
family that is required for the detection of noxious heat 
and mechanical stimuli. The PBac insertion disrupts the 
function of the gene, hence, this strain cannot feel noxious 
stimuli and is not affected by neuropathic pain (Khuong et 
al., 2019). Thus, their seizure duration should not be 
affected by the amputation performed to induce chronic 
neuropathic pain. 

It was previously discovered that chronic 
neuropathic pain results in a reduction of inhibition in the 
central nervous system (CNS); more specifically, nerve 
injury brought about via leg amputation causes the death 
of GABAergic neurons in the ipsilateral and contralateral 
sections of the ventral nerve cord (VNC) (Khuong et al., 
2019). This pain is sensed through Pickpocket-positive 
(ppk+) sensory neurons and blocking the synaptic output 
of such neurons prevents GABA loss after amputation 
(Khuong et al., 2019). 

GABA is the main inhibitory neurotransmitter in 
the CNS that counteracts neuronal excitation to keep 
network activity balanced in the brain (Allen et al., 2022). 
It can bind to two receptors that help accomplish this: 
GABAA and GABAB. GABAA receptors are ionotropic and 
allow chloride influx in response to ligand binding. 
Whereas GABAB receptors are metabotropic G-protein 
coupled receptors; their activity results in increased 
potassium conductance across neurons, decreased 
calcium entry, and inhibition of the presynaptic release of 
other transmitters (Treiman, 2001). It has been 
documented that a loss or a decreased functionality of 
GABAergic neurons is seen in epilepsy patients. Neuronal 
excitation goes unchecked when GABAergic 
neurotransmission is impaired which can result in 
seizures. We expected to observe a decrease in the 
GABAergic neuronal population following the leg 
amputation (Khuong et al., 2019). We hypothesized that 
impaired GABAergic neurotransmission would disinhibit 
neurons, causing network hyper-synchrony and seizures. 
If there are less inhibitory neurotransmitters, unchecked 
neuronal signaling will lead to seizures through a similar 
pathway that increases chronic pain (Khuong et al., 2019). 
We hypothesized that the leg amputation known to cause 
neuropathic chronic pain will lead to an increase in 
seizure duration in seizure prone jus mutants due to a 
reduction in GABAergic neurons. 

Studying the relationship between chronic pain 
and seizure intensity paves a path for researchers to 
develop future experiments that can more accurately 
address the common mechanisms underlying 
epileptogenesis and neuropathic pain. This research also 
proposes a mechanism that is involved in pain-induced 
seizures. This research may lay the groundwork for novel 
therapeutic strategies, providing treatments to patients 
suffering from epilepsy or neuropathic pain. 

 

Materials & Methods 
Fly Stock 
All files in the current study are purchased from 
Bloomington Drosophila Stock Center (BDSC, Indiana 
University). After receiving flies from BDSC, they were 
moved into a new vial containing fresh food and stored at 
room temperature. The w1118 is the parent fly line for 
seizure susceptible mutant jus (BDSC# 18817) and 
painless mutant pain (BDSC# 27895). Flies were 
maintained using a food mixture consisting of purified 
water, agar, potassium sodium, calcium chloride, sucrose, 
dextrose, deactivated yeast, and corn. Methyl benzoate 
and propanoic acid were added to this mixture to act as 
an anti-fungal for the flies so that they do not pass down 
unwanted diseases to their offspring. These were pumped 
into two to three trays with 100 tubes each and were 
made every two to three weeks in order to make sure that 
the flies had fresh food available and are constantly 
reproducing. The experiments were performed one to 
two weeks post eclosure on the flies. 

 

Experimental Design 
In order to test the hypothesis, we developed and 
followed an experimental method that allowed us to study 
the effects on seizures of a leg amputation known to cause 
chronic pain and GABA loss. This included the utilization 
of three different D. melanogaster strains: w1118, jus, and 
pain. About half of the flies of each strain received the 
experimental treatment (leg amputation), and the rest did 
not. The control groups included w1118 (n = 30), bang- 
sensitive jus mutant (n = 30), and painless pain mutant (n 
= 30) D. melanogaster that were not subjected to the 
experimental treatment of leg amputation. These groups 
served as a negative control with the w1118 allowing us to 
measure the baseline level of seizures, since w1118 is the 
parental genotype. The mutant jus D. melanogaster 
allowed us to observe the effects of amputation on 
specifically seizure prone subjects. These flies best 
represent those suffering from a convulsive condition due 
to seizures. The pain mutant that was both amputated and 
non-amputated served as a negative control. We 
hypothesized that there would be no significant change in 
their seizure duration before and after amputation. This 
mutant was utilized to confirm that the neuropathic pain 
mechanism was causing seizures through decrease in 
inhibition caused by the death of GABAergic neurons. The 
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experimental groups included w1118 (n = 19), jus mutant 
(n = 26), and pain mutant (n = 21) D. melanogaster that 
were subjected to the leg amputation. The flies separated 
for amputation underwent a leg-cutting surgery to induce 
neuropathic chronic pain and were left for a period of 1 
week before vortexing. By cutting off one of the back legs, 
they were subjected to a nerve injury (Khuong et al., 
2019). For each vortexing trial, the flies were placed in an 
empty Petri dish and vortexed for 10 seconds to induce 
seizures. The process was recorded using an iPhone 13 
and the videos were assessed according to the seizure 
assay to measure the seizure duration in seconds for each 
fly. 
 

Leg Amputation Assay 
The leg amputation assay was adopted from a review of 
published literature (Khuong et al., 2019) where 
researchers induced chronic neuropathic pain on D. 
melanogaster. A modification was made to the published 
procedure when conducting the leg amputation. Instead 
of cutting the middle leg, we cut the back leg of the D. 
melanogaster. The flies had their back leg cut below the 
femur and above the tibia (Fig. 1). This was accomplished 
by first moving the flies from their vials to a petri dish. 
The flies were anesthetized via cold temperature 
induction as described in the seizure assay. Flies were 
then placed under a stereomicroscope and micro shears 
were utilized to amputate their legs. After leg amputation, 
all flies were returned to their vials and were allowed to 
rest for one week before being subjected to the vortexing 
assay. This nerve injury is known to cause chronic pain 
from the time of amputation until over a week later 
(Khuong et al., 2019). After one-week, injured flies were 
placed over a vortexer and the method described in the 
seizure assay was executed. This was accomplished so we 
could observe if the seizure duration of these flies was 
different from flies who were not subjected to the leg 
amputation. 
 

Figure 1. Diagram showing location of the leg amputation in flies. 

The back leg of the fly (either left or right) was cut between the tibia 

and femur while they were anesthetized on ice. These flies were then 

left for a week to rest. 

 
 

Seizure Assay 
We utilized a brief vortex mechanostimulation method to 
induce seizures. D. melanogaster were moved from their 
vial of food and placed into a Petri dish in groups of about 
ten. Flies were moved by placing the vial containing them 
on an ice pack. The colder temperature anesthetized the 
flies to make it easier to handle and move them. The 
vortexing method was accomplished by placing the Petri 
dish with about ten flies on a vortexer at max speed for 
ten seconds (Fig. 2). As outlined in previous literature 
(Parker et al., 2011), D. melanogaster are expected to go 
through six distinguishable phases of seizure : (1) The 
introduction of the “bang” (the initial mechanostimulation 
via vortexing), (2) initial seizure (leg shaking, abdominal 
muscle contractions, wing flapping, and proboscis 
extension), (3) initial paralysis stage (immobile and 
unresponsive to mechanical stimulation), (4) tonicclonic-
like activity (stiffening and then twitching/jerking of the 
muscles), (5) recovery seizure, (6) refractory period 
(when the organisms cannot have more seizures), (7) 
recovery period (when flies regain bang-sensitivity). 

 

Figure 2. Diagram for the experimental procedure to induce 

seizures in flies. After the leg amputation, flies were placed into a 

petri dish, vortexed for 10 seconds per trial, and then removed and 

placed on a flat surface. These flies were recorded, and the seizure 

duration of each fly was logged. 

 

Statistical Analysis 
We performed a two-way ANOVA with a Tukey post-hoc 
in R statistical software (v4.1.2; R Core Team 2021) to 
determine whether there were any significant differences 
in the seizure duration between the various groups 
(Table. 1). 

 

Results 
To test the hypothesis, we designed an experimental 
procedure that included the amputation of the back leg of 
D. melanogaster. The duration of seizure activity was 
recorded one week after the amputation.  
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df SS MS F - 

value 
p - 

value 

Within 
Group 
(strain) 

2 76792 38396 1644.4 <2e-16 

Within 
Group 
(amp) 

1 4007 4007 171.6 <2e-16 

Between 
Groups 

2 5850 2925 125.3 <2e-16 

Residuals 150 3502 23 
  

Table 1. Two- way ANOVA test results. Strain = genotypes of D. 

melanogaster, amp = amputation, df = degrees of freedom, SS = 

sum of squares, MS = mean square.  

 

We found that w1118 D. melanogaster with no 
amputation had a mean (± standard deviation) seizure 
duration of 5.87 s ± 0.82. A low baseline was expected 
since the non-amputated w1118 are not already prone to 
seizures and can be identified as healthy flies. The pain 
mutant with no amputation had a mean seizure duration 
of 1.60 s ± 0.77 which was significantly lower than the 
w1118 baseline (f: p < 0.05, Fig. 3). We hypothesize this is 
due to its insensitivity to thermal and mechanical stimuli. 
The jus mutant had a baseline seizure duration of 37.90 s 
± 2.20 which was significantly higher than the w1118 flies 
(e: p < 0.001, Fig. 3) and the pain mutant (c: p < 0.001, Fig. 
3). This was expected, as the jus mutant was already 
prone to seizures before being subjected to the 
amputation due to its bang-sensitive mutation. Compared 
to its non-amputated control group, seizure duration of 
the jus mutant increased to 64.42 s ± 11.32 (a: p < 0.001, 
Fig. 3) after amputation. However, the w1118 flies and pain 
mutant did not experience a significant change after the 
amputation, displaying a seizure duration of 5.05 s ± 2.41 
and 3.71 s ± 0.96 respectively. 

 
 

 
Figure 3. Effect of Amputation on Seizure Duration in D. 

melanogaster. A box plot measuring seizure duration in seconds on 

the y-axis and strains of D. melanogaster on the x- axis. These 

strains are split into two treatments: without amputation (dark blue) 

and with amputation (yellow). The following groups are formed: 

w1118 without amputation (n = 30), w1118 with amputation (n = 19), 

pain mutant without amputation (n = 30), pain mutant with amputation 

(n = 21), jus mutant without amputation (n = 30), and jus mutant with 

amputation (n = 26). a, b, c, d, e: p < 0.001, f: p < 0.05. Groups with the 

same letters are significantly different from each other. The vertical 

length of the box is the interquartile range, the ends of the whiskers are 

the maximum and minimum values, the horizontal line inside the box is 

the median, and the dots are outliers. The baseline Seizure Duration (s) 

of jus is significantly higher than w1118 and pain, significantly increasing 

after amputation. 

 
In conclusion, the jus mutant becomes more 

susceptible to seizures after undergoing a leg amputation, 
while the w1118 and pain are not affected by it, showing no 
significant change in their seizure duration before and 
after amputation. Furthermore, looking specifically at the 
non-amputated flies, jus mutant is more susceptible to 
seizures than w1118, while pain mutant is less susceptible 
than w1118 and jus both. 

 

Discussion 
In the current study, we tested a hypothesis that chronic 
pain may impact the duration of seizure. The data 
supported the view that a longer seizure duration is 
associated with a leg amputation that was previously 
discovered to induce chronic neuropathic pain and loss of 
GABA. We observed that the jus mutant exhibited a 
significant increase in seizure duration after being 
exposed to leg amputation. One possible underlying 
mechanism as to why this is occurring is due to further 
loss of GABAergic neurons following the injury. 

This specific back leg amputation between the 
femur and tibia results in the death of GABAergic neurons 
present in the VNC which leads to over-excitation in the 
CNS. Leg amputation of D. melanogaster was sufficient to 
result in lower GABAergic neuronal populations (Khuong 
et al., 2019). A reduction in GABA producing neurons 
disturbs the fragile balance of excitation and inhibition in 
the brain (Allen et al., 2022). This disinhibits neural 
networks, resulting in hyper- synchronous network 
activity, which underlies seizures. With a decrease in 
inhibitory neurons, unchecked excitatory 
neurotransmitters in the brain are known to cause 
seizure-like symptoms (Shao et al., 2019). In fact, a 
reduction of GABAergic functioning is seen in patients 
with pro-convulsive conditions such as epilepsy 
(Treiman, 2001). This finding points to the importance of 
GABAergic neurons in maintaining physiological brain 
activity. Through our findings, we suggest that a similar 
mechanism exists behind the effect of neuropathic pain on 
seizure duration. 

Under normal conditions, wild type flies are not 
prone to seizures. This was supported by the results, 
which indicated that there was no significant change in 
seizure duration before and after amputation in w1118 
flies. The w1118 flies have a normal level of GABAergic 
functioning unlike the seizure susceptible jus mutants; 
hence, we hypothesized that the nerve injury alone should 
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not have a large enough impact on their seizure duration 
and susceptibility. A possible explanation is that the loss 
of GABA was insufficient and an already existing 
impairment in GABA production was required to cause a 
significant impact on seizure duration. The results 
supported this hypothesis and allowed us to conclude that 
healthy subjects are not expected to experience increased 
seizure activity after an injury. 

The use of pain mutant additionally supports the 
proposed mechanism of GABAergic reduction causing an 
increase in seizure duration. These flies have an alteration 
in their DNA sequence by performing a PBac transgenic 
insertion in the pain gene, disrupting its protein 
production and preventing the flies from detecting 
noxious stimuli. We hypothesized that this pain mutant 
would not be observed to have a greater seizure duration 
after the amputation. Our reasoning was that since this 
specific strain cannot detect pain, they should not 
experience an increase in seizure duration after the nerve 
injury. Once again, our hypothesis was supported through 
our observations since the pain mutant did not have an 
increase in seizure duration after the amputation. A 
significantly decreased seizure duration was seen in pain 
non-amputated mutants compared to w1118 non- 
amputated flies. A possible explanation for this could be 
that since these flies are insensitive to heat and 
mechanical stimuli, they were not affected by the seizure 
and leg-cutting assay on the same level as the w1118 flies. 
As the differences in seizure duration of amputated w1118 
and pain flies were not significant, comparisons between 
the two groups do not prove fruitful. 

As for the jus mutant, leg amputation had a 
significant effect on increasing seizure susceptibility (Fig. 
3). The jus mutant was chosen to model epilepsy since the 
GABAergic functioning of the jus mutant was already 
impaired; this is why seizures were observed even before 
the induction of the treatment method. We hypothesized 
that nerve injury would cause further loss of GABAergic 
functioning; this hypothesis was supported by the results 
since longer seizure durations were observed after the leg 
cutting assay was used on the bang-sensitive mutant. 

There’s a possibility that the results of these trials 
may have alternate interpretations as well. The leg cutting 
assay may have had unexpected effects on fly behavior. 
For example, if chronic neuropathic pain led to a 
heightened stress response in the D. melanogaster, there 
is a chance that stress influenced the observed results as 
preclinical research indicates that stress may lead to 
heightened seizure responses (Espinosa-Garcia et al., 
2021). Additionally, D. melanogaster utilized in this study 
have unique diurnal activity levels that should be noted. It 
has been observed that D. melanogaster have lower 
locomotive activity levels during the midday hours. (Cao 
et al., 2017). This leads to flies being less responsive when 
stressed during these hours, which is when we performed 
the experiments. 

Other possible sources of error leading to the 

conclusion would be that the video analysis of flies when 
they were experiencing seizures may have been 
incorrectly interpreted due to human error and lack of 
advanced technology, leading to inaccurate seizure 
duration data. During transfer of videos to other devices 
for analysis, a decrease in resolution occurred as well, 
causing further difficulty with analyzing the seizure 
duration. Another source of error is that the D. 
melanogaster were not the same age and were born at 
different times; this may have an effect on pain levels 
experienced. It would also be important in replicating 
results to pay attention to pregnancy and leave any 
pregnant flies out of the testing groups in order to ensure 
an equal brain chemistry throughout all the flies being 
tested. Furthermore, the time of day when we tested 
these flies could affect our results. D. melanogaster tend to 
sleep during the middle of the day (afternoon), which is 
the time that we were running these experiments. This 
could affect their locomotive behavior and result in 
observations that could change depending on the time of 
day. Lastly, amputating the middle leg instead of the back 
leg is ideal when attempting to maximize neuropathic 
pain (Khuong et al., 2019). Although the leg cutting assay 
was designed for the amputation of the middle leg, the 
back legs were cut instead. 

For future continuations of this study, a possible 
experimental design would be to breed together the 
seizure prone jus and pain mutants to produce offspring 
that do not sense pain but are also prone to seizures. 
Performing the leg amputation would introduce them to 
neuropathic pain, but they should not be able to sense 
pain. After performing the seizure (vortex) assay on these 
injured flies, we will be able to observe their seizure 
duration and determine if there is a significant change 
before and after leg amputation. The results of this 
experiment will allow us to further improve the 
knowledge on how chronic neuropathic pain affects 
seizure duration in seizure prone subjects. This proposed 
experiment would help prove that an increase in seizure 
duration is due to the loss of GABAergic neurons, and not 
from neuronal pain signaling. 

Millions of people around the world suffer from 
chronic pain and pro-convulsive conditions. Many of these 
diseases, like epilepsy, can be resistant to drugs or 
therapies that attempt to treat symptoms such as 
seizures. While there is much clinical evidence and 
research surrounding the treatment of epilepsy and 
chronic pain conditions, this is one of the first studies that 
attempts to draw a link between the two. We observed 
that chronic neuropathic pain produced greater seizure 
intensities and durations in D. melanogaster. This 
observation led us to propose that a reduction in 
GABAergic functioning is the underlying mechanism that 
is causing this difference. There is hope that new 
medication and treatments can be developed that target 
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this mechanism, while future research attempts to study 
this phenomenon in detail. Advancing knowledge on the 
connection between chronic neuropathic pain and 
seizures could provide relief for millions around the 
world. 
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