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ARTICLE INFO ABSTRACT

Handling Editor: Dr. L.H. Lash Dimethyl sulfoxide (DMSO) is a polar aprotic solvent which is widely used in biological and medical studies and

as a vehicle for pharmacological therapy. DMSO from 0.1 % to 0.5 %, particularly 0.3 % is commonly used as

Keywords: solvent to dissolve compounds when testing their effect on living cell, tissues including nerve cell. However,
g;vtllsvce) zone scientific data on the effects of DMSO on nervous system is limited. Here, we present our data of case study on

investigation the effects of DMSO at 0.3 % concentration on nerve cell of Drosophila melanogaster model. We
found that 0.3 % DMSO concentration had affected on the active zone and glutamate receptor. Notably, this
study also revealed the synergistic effect of 0.3 % DMSO and loss function of dUCH (the homolog of Ubiquitin
Carboxyl terminal Hydrolase -L1, UCH-L1 in D. melanogaster). This combination caused more serious abnor-
malities in synapse structure, particularly number of boutons on Neuromuscular Junction, NMJ. Furthermore,
0.3 % DMSO reduced the amount of ubiquitinylated protein aggregates in the indirect flight muscle of both
normal and genectic defect fly model. Taken together, data in this sytudy indicated that 0.3 % DMSO caused the
aberrant morphology of the synaptic structure and decreased the number of ubiquitinylated proteins in the in-
direct flight muscle of Drosophila. The data from the study contributed new evidence of the effects of DMSO on
the nervous system. Signigicantly, this study revealed that DMSO affected on neuron cell at low concentration

Drosophila melanogaster
Glutamate receptor
Synapse

which widely used as pharmacological solvent.

1. Introduction

Dimethyl sulfoxide (DMSO) is an amphiphilic compound with two
hydrophobic methyl groups and one hydrophilic sulfoxide group.
Therefore, DMSO is the miscibility of water and able to dissolve lipo-
philic compounds make it a solvent in biological studies and an appre-
ciated solvent for drug therapy [28]. DMSO has been used successfully in
many human therapeutic situations [23,26,29]. In 1978, the United
States Food and Drug Administration (FDA) approved its usage for use in
the treatment of interstitial cystitis base on anti-inflammatory and
analgesic properties [35]. Besides that, DMSO also has antioxidant
properties; thus, its use has been in the treatment of several neurode-
generative disorders, such as Alzheimer’s disease [36] and traumatic
brain injury [12]. In 1992, DeForge et al. observed that 1 % DMSO
concentration inhibited IL-8 expression at the level of transcription and
this effect is related to hydroxyl radicals (¢OH) scavengers action of
DMSO [11]. Moreover, DMSO has been used effectively in the treatment
of traumatic brain edema because it can crosse the blood-brain barrier

[5]. On the other hand, there are some reports about the side effects of
DMSO in biological studies. Research on EL-4 lymphoma cells showed
that 2.5 % DMSO induced apoptosis through the release of cytochrome
¢, activating caspase 9, caspase 3 and down-regulation of Bcl-2 [25].
Importantly, DMSO at different concentrations and durations of use can
cause damage and toxicity to the nervous system. DMSO dose of 0.5 %
and 1 % produced neuronal loss in an in vitro rat hippocampal culture
preparation [15]. Besides, DMSO at concentrations of 1 % caused
mitochondrial damage, membrane potential impairment and reactive
oxygen species production, as well as decreased cell viability and glial
glutamate transporter expression in cultured astrocytes for 24 h [45].
Concurrently, DMSO dose 5 % significantly inhibited cell variability,
increased apoptosis of astrocytes [45]. Study of G. Cavalentii et al.
(2000) observed that 1.8 % and 3.6 % DMSO concentrations injected
into the peritoneum of rats for 10 consecutive days did not affect the
structure of the peripheral nervous system [8]. However, DMSO 7.2 %
had the effect of changing the structure of the sciatic nerve with myelin
disruption and uncompacted myelin lamellae [8]. Noticeably, even
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extremely low concentrations (0.05 %) of DMSO decreased both the
input resistance of hippocampal neurons and excitability [1]. Never-
theless, the effect and mechanism of DMSO on the nervous system are
limited and unclear. Therefore, studying the effects of DMSO on the
nervous system at specific concentrations and models is necessary to
provide information for the use of DMSO in biomedical research and
disease treatment.

Neuromuscular junction (NMJ) is a synapse between a motor neuron
and a muscle. The structure of NMJ comprises a presynaptic terminal
(terminal bouton), which contains synaptic vesicles filled with the
neurotransmitter (synaptic active zones); synaptic cleft, where neuro-
transmitter is released and postsynaptic receptor region on the muscle
[4]. NMJ stability is crucial condition that needed for an efficient and
reliable signals transmission from the motor neuron to the muscle in
order to achieve the desired movement [17]. The NMJ stability can be
assessed based on structural parameters such as number and size of
boutons, active zones, and postsynaptic receptors [7]. Abnormal struc-
ture and dysfunction of NMJ caused neurodegenerative diseases and
thereby, NMJ is the site of action for many pharmacological drugs [9,
43].

Ubiquitin carboxyl-terminal hydrolase L1 (UCH-L1) is a protein
highly expressed in the brain and has been linked to neurodegenerative
disorders [33]. Remarkably, exposure to pesticides such as rotenone and
paraquat, as well as heavy metals, may interact with UCH-L1 dysfunc-
tion to accelerate neuronal damage in Parkinson’s disease [40]. Besides
that, UCH-L1 was also reported as an important protein that functions in
synapse [6]. In Drosophila melanogaster, dUCH (Drosophila ubiquitin
carboxyl-terminal hydrolase) presents as human UCH-L1 with 75.7 %
similarity, 44.5 % identity [41]. Specific knockdown of dUCH (a ho-
molog of the human UCHL-1) in motor neurons of Drosophila mela-
nogaster caused aberrant morphology of synapses and decreased the
density of the synaptic active zone and glutamate receptor area at the
NMJ [20].

Drosophila melanogaster has been used as an in vivo model organism
for the study of genetics and development, particularly the field of
neuroscience, for a century [3]. Recently, D. melanogaster is widely used
as a model organism in toxicology studies due to its unique advantages.
These include genetic similarity to humans, short life cycle and high
reproductive rate, cost effectiveness and ethical advantages [22].
Moreover, D. melanogaster offers various well-characterized organ and
system models (e.g., nervous, cardiovascular, and digestive systems) for
studying organ-specific toxicity. For instance, the fly’s brain and gut are
used to model neurotoxicity and intestinal toxicity [37,42]. According to
N. Az mi et al. (2003), DMSO at 0.3 % (v/v) is a NOAEL (No Observed
Adverse Effect Level) value that can be utilized as a dietary concentra-
tion in D. melanogaster toxicity investigations [10,32]. In the present
study, we present experimental data which showed the effects of 0.3 %
DMSO on Drosophila neurons.

2. Materials and methods
2.1. Fly stocks and food preparation

Fly stocks were maintained on standard food containing 0.8 % agar
(Agar, Typel; HiMedia), 5 % sucrose (food sugar, local brand), 5 % yeast
extract (Saf-Instant Yeast), and 3 % powdered milk (full cream milk
powder, local brand), propionic acid 0.5 % (v/v; 800605; Merck), and
sodium benzoate 0.1 % (w/v; food additives, local brand), at 28 °C.
DMSO was added to standard food at a final concentration of 0.3 %
DMSO (v/v; 1.029.521.000; Merk). After mating, fly embryos were
collected every 4 h and added to the experience medium at a density of
approximately 70 embryos per 4 mL of medium per 1 vial, maintained at
a constant temperature of 28 °C. Following eclosion, transfer the
emerged adult flies to a new medium every 48 h. The medium was
prepared just before usage.

We generated a motor neuron-specific Drosophila Ubiquitin
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Carboxyl Hydrolase (dUCH) knockdown fly strain by crossing the driver
strain, which expresses GAL4 protein in motor neurons, D42-GAL4
(8816, Bloomington Drosophila Stock Center - BDSC), and the RNAi
line carrying UAS-dUCH.IR (v26468, Vienna Drosophila Resource Cen-
ter - VDRC). Control fly strain was generated by crossing the D42 driver
with the wildtype Canton-S (BDSC).

2.2. Immunostaining

In these experiments, the neuromuscular junction of third-instar
larvae was dissected in HL3 saline.

For Discs-large (DLG) immunostaining, the tissue was fixed with 4 %
paraformaldehyde in PBS for 30 min at 25 °C, then washed with PBS
containing 0.3 % Triton X-100 (PBST 0.3 %,), blocked with PBS con-
taining 0.15 % Triton X-100 (0.15 % PBST) and 10 % normal goat serum
(NGS). For BRP and GluR immunostaining, the tissue was fixed with
Bouin’s solution (Sigma-Aldrich, HT10132) at 25 °C for 10 min, then
washed with 0.3 % PBST, and blocked with 0.27 % PBST containing
0.5 % of Bovine serum albumin (BSA). All the primary antibodies were
diluted in blocking solution, respectively, then incubated the tissue for
16 h at 4 °C. The primary antibodies were used: mouse anti-Discs large
(DLG) IgG (1:300, Developmental Studies Hybridoma Bank (DSHB),
4F3), mouse anti-Bruchpilot (BRP) IgG (1:200, DSHB nc82), and mouse
anti-Glutamate Receptor IIA (GIluR) IgG (1:80, DSHB 8B4D2). After
washing with 0.3 % PBST, the tissue was incubated with secondary
antibodies conjugated with Alexa 594 (1:400, Invitrogen) and FITC-
conjugated goat anti-HRP IgG (1:1000, MP Biochemicals) at 25 °C for
2 h, washed again with PBST 0.3 % and mounted with Vectashield
Mounting Medium (Vector Laboratories, Japan).

To evaluate protein aggregates, the indirect flight muscle of
Drosophila at 15 days old was dissected and fixed as previously described
[34], and then incubated with mouse anti-mono- and poly-
ubiquitinylated conjugate IgG (1:300, Enzo Life Sciences, NY, USA) for
16 h at 4 °C. The samples were then rinsed with 0.3 % PBST, incubated
with Alexa 594 anti-mouse IgG (1:400, Invitrogen) for 2 h at 25 °C, then
washed again with 0.3 % PBST and mounted with Vectashield Mounting
Medium (Vector Laboratories, Japan).

Finally, the samples were inspected using a Nikon fluorescence mi-
croscopy (Ni-U, Nikon, Japan), Confocal laser scanning microscope
(Olympus Fluoview FV10i) or super resolution microscope (N-SIM,
Nikon). The collected images were analyzed with the ImageJ software.

2.3. Data analysis

Microsoft Excel was utilized for data collection, GraphPad Prism 9.0
(GraphPad Software, USA) was used to analyze the statistics of all re-
sults. The figure legend describes the particular statistic test was used in
each experiment.

3. Results

3.1. 0.3 % DMSO affected on the active zone area at the neuromuscular
junction

The active zones are specialized areas on the presynaptic membrane
of nerve cells, plays important role on neurotransmitter release [4]. To
investigate the effects of DMSO on active zones, we used 0.3 % DMSO
medium to feed the fly and collect the fly at developmental stage (larvae
stage) and found that the larvae fed by the DMSO containing medium
had a reduction on active zone areas. Particularly, comparison to
non-treated larvae, the ratio of active zone area per synaptic area in the
DMSO treated larvae reduced by 16 % in normal fly (p = 0.0241 —
Fig. 1B).

To address if 0.3 % DMSO cause any change in the genetic defect fly,
the loss function of Drosophila Ubiquitin Hydrolase (dUCH) — a homolog
of Ubiquitin Carboxyl Hydrolase -L1 (UCH-L1) was utilized. We found
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Fig. 1. 0.3 % DMSO affected on the active zone area at the neuromuscular junction (NMJ). (A) Double-stained 4th muscle NMJ with anti-HRP IgG (green) and anti-
BRP IgG (magenta). Scale bars: 20 um. Normal fly: D42 > CS, w/Y; + ; D42-GAL4/+ ; genetic defect fly model: D42 > dUCH-IR, w/Y; + ; D42-GAL4/UAS-dUCH IR.
(B) Quantified data for the ratio of active zone area per synaptic area (pmz/ pmz). (C) Quantified data for the ratio of active zone number per synaptic area (number/
pmz). (D) Quantified data of active zone average size (pmz). Error bars indicate mean + SD. Two-tail Student’s t-test, *p < 0.05, **p < 0.01, ****p < 0.0001,n = 7.

that 0.3 % DMSO decreased the ratio of active zone area per synaptic
area in the genetic defect fly model (p = 0.0470 - Fig. 1B). Reduction on
the ratio of active zone area per synaptic area given by dUCH loss
function (kdUCH) was 35 % (p < 0.0001) while that of combination of
DMSO and dUCH loss function (DMSO/kdUCH) was 45 % (p < 0.0001).
Besides, 0.3 % DMSO treatment decreased the number of active zone per
synaptic area by 16 % (p =0.0248) in normal larvae and 24 %
(p = 0.0008) in kdUCH larvae (Fig. 1 C). The 0.3 % DMSO treatment
caused no significant change on average size of active zone in both
normal and genetic defect fly model compared to that of corresponding
DMSO non-treated flies (Fig. 1D).

3.2. 0.3 % DMSO affected on the synapse structure formation at the
neuromuscular junctions

The Drosophila larval neuromuscular junction (NMJ) has a structure
consisting of many branches, each branch forms multiple swellings
called synaptic boutons. The presynaptic bouton contains the active
zones where neurotransmitter releasing [27]. There are two major types

of glutamatergic motor neurons: Ib (big) and Is (small), which have
different structural and physiological characteristics at the synaptic
level at the NMJ. Type Ib boutons are surrounded by more subsynaptic
reticulum (SSR) membrane than the type Is boutons [24]. To examine
the effect of DMSO on NMJ, we focused on analyzing the NMJ branch
length, the number, and the size of Ib boutons after larval feeding on
0.3 % DMSO containing medium. In the normal larvae, 0.3 % DMSO did
not change the NMJ branch length, number and size of Ib boutons.
Knockdown dUCH resulted in abnormal NMJ morphometry through
reducing the NMJ branch length by 25 % (p = 0.0021), increasing the
size of boutons by 34 % (p = 0.0001) and decreasing the number of
boutons by 22 % (p = 0.0004) compared with normal larvae. Notably,
the results indicated a synergism of 0.3 % DMSO and the loss function of
dUCH in which number of boutons was stronger decreased by 29 %
(p = 0.0004) compared to that of non-treated normal flies. These results
could mimic the interaction between environmental factor (0.3 %
DMSO) and genetic factor (loss function of dUCH) on the morphology of
NMJ.
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Fig. 2. 0.3 % DMSO affected structure of synapse at the neuromuscular junction. (A) Double-stained 4th muscle NMJ with anti-HRP IgG (green) and anti-DLG IgG
(magenta). Scale bars: 25 pm. Normal fly: D42 > CS, w/Y; + ; D42-GAL4/+ ; genetic defect fly model: D42 > dUCH-IR, w/Y; + ; D42-GAL4/UAS-dUCH IR. (B)
Quantified data of synapse length at NMJ. (C) Quantified data for number of Ib boutons. (D) Quantified data for size of Ib boutons. (pmz). Error bars indicate mean
+ SD. Two-tail Student’s t-test, *p < 0.05, **p < 0.01, ****p < 0.0001, n = 6-10.

3.3. 0.3 % DMSO affected on the glutamate receptors of the NMJ

Glutamate receptors (GluRs) are important neuromodulators,
responsible for excitatory neurotransmitter. GluRs received glutamate
signaling at muscle cells, opposed to active zone sites [2]. In this study,
we found that 0.3 % DMSO decreased the glutamate receptor density by
17 % (p = 0.0038) in normal larvae while it caused no significantly
different on that of dUCH loss-function larvae. The loss-function of
dUCH decreased glutamate receptor density by 27 % (p = 0.001)
compared to that of fly with normal dUCH level. Interestingly, the
combination of dUCH loss function and DMSO had just decreased the
glutamate receptor density by 14 % (p = 0.0232) compared to the
normal function of dUCH larvae feeding on normal medium. The results
sugessted an interaction of environmental and genetic factors on the
affects of glutamate receptor density.

3.4. 0.3 % DMSO decreased the amount of protein aggregates in the
indirect flight muscle

Muscle function and physiology are dependent on appropriate
innervation by motor neurons. Successful innervation includes the for-
mation of synapses that comprise the NMJ [20,21]. In D. melanogaster,
one of the tissues that receives signals from motor neurons is the indirect
flight muscle, being the largest muscle and a model to research aging
muscle development and disease [14]. Since aging and muscle degen-
eration are reported as factors which involved in signals transmission
between motor neurons [17]. Besides that, previous research has
demonstrated that the accumulation of ubiquitinylated proteins is a
marker of muscle aging and degeneration [19]. In this study, we eval-
uated the amount of protein aggregates in the indirect flight muscle of
Drosophila at 15 days old under impact of 0.3 % DMSO. Our results
showed that 0.3 % DMSO caused the reduction on level of ubiquitiny-
lated proteins in both normal and dUCH loss-function fly by 46 %
(p =0.015) and 38 % (p = 0.0052), respectively. Thereby, while
loss-function of dUCH increased in the ubiquitinylated proteins by 68 %
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Fig. 3. 0.3 % DMSO affected glutamate receptor density at the NMJ. (A) Double-stained 4th muscle NMJ with anti-HRP IgG (green) and anti-GIuRIIA IgG (magenta).
Scale bars: 15 um. Normal fly: D42 > CS, w/Y; + ; D42-GAL4/+ ; genetic defect fly model: D42 > dUCH-IR, w/Y; + ; D42-GAL4/UAS-dUCH IR. (B) Quantified data
for the ratio of glutamate receptor area per synaptic area (um?/um?). Error bars indicate mean + SD. Two-tail Student’s t-test, *p < 0.05, **p < 0.01,

****p < 0.0001, n = 7.

(p = 0.0014) compared to that of the dUCH normal function fly, 0.3 %
DMSO helped to reduce the affect (Fig. 4B).

4. Discussion

DMSO is commonly used as a solvent for therapeutic and biological
studies. DMSO is frequently used as a solvent for various pharmaco-
logical drugs at concentrations of 0.05-1.5 % [30]. Several studies re-
ported that the residual DMSO used for cryoprotection caused adverse
neurological responses, including seizures, cerebral infarction, global
amnesia, and death after cell-based therapy [16,18,31,44]. Therefore,
further study in the toxicity of DMSO is an important issue not only for
basic research but also to ensure its safety in humans. Here, our study in
D. melanogaster model provided evidence which demonstrated that

0.3 % DMSO had effects on the active zone and glutamate receptor
(Figs. 1, 3). These results implied that 0.3 % DMSO could induce a
reduction in nerve transmission in fly model. Our results were consistent
with previous studies that reported the ability of DMSO to decrease or
block nerve transmission [13,24,39]. However, difference to the previ-
ous studies, the signigicance in this study is the affect of DMSO on
neuron cell at low concentration that is in a range of DMSO concen-
tration widely used as pharmacological solvent [32]. These results also
contributed a new sight of DMSO affects besides others has been re-
ported such as the effects on inflammation process, cell cycle, differ-
entiation and apoptosis [38]. Notably, this study also revealed the
synergistic effect of environmental factors (DMSO 0.3 %) and genetic
factors in case of loss function of dUCH as model. The combination
caused more serious abnormalities in synapse structure, particularly
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Fig. 4. 0.3 % DMSO decreased the accumulated ubiquitinylated protein in the indirect flight muscle. (A) Indirect flight muscle of Drosophila 15 days-old were stained
with anti-mono- and poly-ubiquitinylated conjugates (magenta). Scale bars: 20 um. Normal fly: D42 > CS, w/Y; + ; D42-GAL4/+ ; genetic defect fly model:
D42 > dUCH-IR, w/Y; + ; D42-GAL4/UAS-dUCH IR. (B) Quantified data of the number of protein aggregates. Error bars indicate mean + SD. Two-tail Student’s t-

test, *p < 0.05, **p < 0.01, n = 8.

number of boutons on NMJ (Fig. 2 C). While 0.3 % DMSO and dUCH loss
function caused the reduction on ratio of glutamate receptor area per
synaptic area by 17 % and 27 %, respectively, the affect caused by the
combination of 0.3 % DMSO and kdUCH slightly lessened (14 %).
Furthermore, 0.3 % DMSO reduced the amount of ubiquitinylated pro-
tein aggregates in the indirect flight muscle of both normal and genectic
defect fly model. Thereby, it ameliorated the enhancement of ubiq-
uitinylated protein aggregated which caused by loss fucntion of dUCH
(Fig. 4). The effect might due to antioxidant activity of DMSO since the
well-known antioxidant compound, vitamin C, was also showed the kind
of effect as reported in previous study [20]. This observation also sug-
gested that the antioxidant activity of DMSO may disturb the result of
experiment which aims to investigate bioactivity of compounds when
using DMSO as a solvent.

5. Conclusion

In conclusion, our study indicated that 0.3 % DMSO caused the
aberrant morphology of the synaptic structure, active zones and gluta-
mate receptor at NMJs and the decreased the number of ubiquitinylated
proteins in the indirect flight muscle of D. melanogaster model. The data
from the study provided new evidence for the effects of DMSO on the
nervous system in D. melanogaster model.
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