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Xylene Impairs Neuronal Development by Dysregulating Calcium
Homeostasis and Neuronal Activity in Developing Hippocampal
Neurons

Yunkyung Eom and Sung Hoon Lee*

College of Pharmacy, Chung-Ang University, Seoul 06974, Republic of Korea

Abstract

Xylene is an aromatic hydrocarbon widely used as a solvent and emitted from numerous commercial products in industrial or
indoor settings. Epidemiological studies of occupational exposure indicate that xylene primarily targets the central nervous sys-
tem, producing neurobehavioral impairments and other neurological disorders. Both environmental and occupational exposure
to volatile organic compounds, therefore, raise concerns about neurodevelopmental risk; however, the specific neurotoxicity of
xylene in developing neurons remains poorly characterized. Here, we investigated the effects of xylene (2 or 5 mM) on develop-
ing mouse hippocampal neurons, with a focus on Ca? homeostasis, presynaptic function, and electrophysiological activity. We
assessed Ca?" homeostasis with selective inhibitors of voltage-gated Ca?* channels and organelle-specific Ca?* indicators. Pre-
synaptic activity was evaluated in transgenic mouse pups expressing a genetically encoded pH sensor within the synaptic vesicle
lumen. Xylene suppressed cytosolic Ca?* transients by inhibiting P/Q-type Ca?" channels, thereby reducing Ca?* uptake into the
endoplasmic reticulum. It also decreased Ca?* influx at both presynaptic and postsynaptic sites, impairing synaptic vesicle exocy-
tosis and endocytosis. Electrophysiological and morphological analyses further showed reduced spontaneous firing and hindered
synaptic maturation. Collectively, these findings provide mechanistic insight into the neurotoxic actions of xylene and underscore
its potential hazard to brain development and function.
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INTRODUCTION when released into water or soil—often through leaks from
petroleum storage tanks—it degrades far more slowly, with
Xylene (dimethylbenzene, commonly called xylol) is an a half-life of 25-287 days, owing to limited volatilization and
aromatic hydrocarbon used extensively as a solvent in labo- slower abiotic breakdown (United States. Agency for Toxic
ratories, industry, and numerous commercial formulations, in- Substances and Disease Registry, Research Triangle Insti-
cluding clearing agents and paints. A constituent of gasoline tute, and Sciences International Inc., 1995).
and aviation fuel, xylene is emitted into the atmosphere by Humans are primarily exposed to xylene by inhalation, which
industrial activity and vehicle exhaust. Because many con- may occur through smoking, evaporation of xylene-containing
sumer products—such as interior paints, furnishings, and air household products, or the use of solvents in the workplace.
purifiers—contain xylene, indoor concentrations are typically Xylene exposure also arises from ingestion of contaminated
higher than outdoor levels (Wang et al., 2007). Reported con- food or drinking water and from dermal contact with polluted
centrations reach 14 ppm in ambient air and up to 100 ppm in materials. Both acute and chronic exposure to xylene pose
industrial workplaces where xylene is manufactured or applied health risks (Kandyala et al., 2010), and the central nervous
(Langman, 1994). Although concentrations in groundwater system is particularly vulnerable to its toxic effects. Xylene is
and soil are less well documented, <6% of environmental xy- lipophilic and highly soluble in blood, so it is readily absorbed
lene is estimated to enter drinking water. As a volatile organic and distributed to the brain. Exposure produces neurobehav-
compound (VOC), xylene readily evaporates and undergoes ioral impairment and symptoms of sick-building syndrome,
photodegradation in air, with a half-life of 8-14 h. In contrast, including headache, cognitive impairment, dizziness, and
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depression (Kishi et al., 1993). Epidemiological studies have
shown that technicians and other workers in xylene-contami-
nated environments are chronically exposed to elevated lev-
els of the solvent, resulting in neurological symptoms (Guo et
al., 2004; Yu et al., 2004). The Occupational Safety and Health
Administration sets the permissible exposure limit for xylene
at 100 ppm as an 8-h time-weighted average (Kandyala et al.,
2010). Xylene-induced neurotoxicity has been attributed to the
disruption of neuronal membrane lipids and proteins essential
for proper neuronal function (Savolainen and Pfaffli, 1980). Al-
tered brain neurotransmitter levels have been reported after
both acute and subchronic exposure to xylene (Honma et al.,
1983; Wang et al., 1999). Low-level exposure is associated
with neurophysiological dysfunction, whereas high-level expo-
sure can lead to severe neurological disorders such as pe-
ripheral neuropathy, cognitive impairment, and memory loss
(Kandyala et al., 2010). Furthermore, epidemiological studies
suggest that maternal occupational exposure increases the
risk of neurodevelopmental disorders in offspring, manifest-
ing as cognitive dysfunction and attention-deficit phenotypes
(Till et al., 2001; Laslo-Baker et al., 2004; Pelé et al., 2013).
However, these studies are limited, and the underlying toxic
mechanisms remain unclear, partly because it is difficult to
separate direct systemic effects from indirect ones. Conse-
quently, in vitro experiments have been proposed to elucidate
the neurotoxic effects of xylene.

Ca? signaling is essential for neuronal development and
differentiation because it regulates synaptic activity, neu-
rotransmitter specification, and the activation of transcription
factors required for maturation (Rosenberg and Spitzer, 2011).
It also induces conformational changes in Ca%*-sensitive pro-
teins and activates Ca?*-dependent kinases, thereby driving
cytoskeletal remodeling that underlies axonal and dendritic
growth (McKinney et al., 2022). Both spontaneous and activ-
ity-dependent Ca?* transients shape synaptic network forma-
tion during brain development. Intracellular Ca?* homeostasis
is tightly controlled by membrane and organellar Ca?* chan-
nels, transporters, and pumps. Ca?* influx through voltage-gat-
ed Ca?* channels (VGCCs), followed by Ca?* release from the
endoplasmic reticulum (ER), rapidly raises cytosolic Ca?" to
1-3 uM, whereas mitochondria buffer these transients by se-
questering Ca?* (Panda et al., 2021). Disrupted Ca?* signaling
caused by dysfunctional Ca?*-permeable channels or trans-
porters has been implicated in neurodevelopmental disorders,
including autism spectrum disorders and infantile epilepsy.

Among VGCCs, P/Q-type Ca? channels are indispensable
for synaptic transmission in hippocampal neurons (Nimmer-
voll et al., 2013). They reside closer to the active zone than
other VGCCs (Wu et al., 1999) and predominate in mediat-
ing neurotransmission in both immature and mature neurons
(Ishikawa et al., 2005; Nakamura et al., 2015). P/Q-type
channels govern synaptic vesicle (SV) exocytosis through
interactions with the SNARE (soluble N-ethylmaleimide—sen-
sitive factor attachment protein receptor) complex, a protein
assembly critical for SV fusion (Nanou and Catterall, 2018).
Aberrant P/Q-type channel function is strongly associated with
neurodevelopmental disorders such as autism spectrum dis-
orders and intellectual disability (Nanou and Catterall, 2018;
Kessi et al., 2021). Consistently, mice lacking Cav2.1, which
encodes the P/Q-type channel, display ataxia and seizures
during development, accompanied by altered spontaneous fir-
ing and reduced neurotransmitter release (Mark et al., 2011).
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Taken together, these findings raise the possibility that xylene
impairs the developing brain by inhibiting P/Q-type Ca?* chan-
nels. In the present study, we therefore assessed the effects
of xylene on Ca?* channel activity in developing hippocampal
neurons using live-cell imaging.

MATERIALS AND METHODS

Animals

All animal experiments were conducted in accordance with
the Institutional Animal Care and Use Committee of Chung-
Ang University (approved protocol number: 2020-00049) and
the National Institutes of Health Guidelines for Laboratory Ani-
mal Care. C57BL/6J mouse pups (postnatal day 1 [P1], 1.4-
1.6 g) were purchased from Nara-Biotec (Seoul, Korea) and
used for hippocampal neuron cultures. Tg(Thy1-spH)21Vnmu
transgenic mice (synaptopHluorin [spH] 21; strain #014651,
Jackson Laboratory; gift of Dr. Venkatesh N. Murthy) were
used to measure hippocampal presynaptic activity. The trans-
genic animals were maintained as breeding pairs. All mice
were maintained on a 12 h light/dark cycle at 15-25°C with ad
libitum access to food and water. Genotyping was performed
to identify transgenic pups (P1), which were subsequently
used for hippocampal neuron cultures. A total of 20 C57BL/6J
pups (10 males and 10 females) were used to investigate
VGCC subtypes. An additional four pups (two males and two
females) were used for cell-viability measurements, four pups
(two males and two females) for multi-electrode array (MEA)
recordings, six pups (three males and three females) to study
presynaptic and postsynaptic development, and 20 pups (10
males and 10 females) to examine ER, mitochondrial, presyn-
aptic, and postsynaptic Ca?* influx. Moreover, six spH 21 pups
(three males and three females) were allocated to presynap-
tic-activity measurements. Sex was determined by genital in-
spection at collection, and one to three pups of each sex were
used per culture.

Hippocampal neuron cultures and treatment

Hippocampal cultures were established as previously de-
scribed (Kim et al., 2023b). Pups were deeply anesthetized
with isoflurane and rapidly decapitated. Hippocampi were dis-
sected from P1 mouse brains under an optical microscope
(C-PSN, Nikon, Tokyo, Japan). Hippocampal tissue was dis-
sociated into single cells and seeded (60,000 cells per well)
onto poly-D-lysine—coated plates or coverslips (Marienfeld,
Lauda-Konigshofen, Germany). Neurons were cultured in
Neurobasal medium (Thermo Fisher Scientific, MA, USA)
supplemented with 2% (v/v) B27, 1% (v/v) Glutamax, and 1%
penicillin/streptomycin (all Thermo Fisher Scientific). Neurons
were incubated at 37°C in 5% CO,. Xylene was applied tran-
siently to developing neurons on day in vitro (DIV) 1 at the
indicated concentrations and was replaced with fresh medium
the following day. Vehicle (Veh) controls received dimethyl
sulfoxide (DMSO) at volumes equivalent to those of xylene.
Treated samples were anonymized before analysis.

Plasmid transfection

ER-GCaMP6-150 (Addgene plasmid #86918) was a gift
from Timothy Ryan. pCAG mito-GCaMP5G (Addgene plasmid
#105009) and pCAG-vGlut1-GCaMP5G (Addgene plasmid
#105008) were gifts from Franck Polleux. pCAGGS-PSD95-
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GCaMP2 (Addgene plasmid #18931) was a gift from Karel
Svoboda. Enhanced green fluorescent protein (eGFP; Ad-
dgene plasmid #13031) was a gift from Doug Golenbock.
Transfections were performed in DIV 5 neurons using Lipo-
fectamine LTX (Thermo Fisher Scientific) per the manufactur-
er’s protocol. After 4 h, the transfection medium was replaced
with fresh medium to minimize neuronal toxicity.

MTT assay

Cell viability was evaluated with the MTT (3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Neurons
were exposed to 100 uM MTT for 1 h at 37°C. Formazan crys-
tals were solubilized in DMSO, and absorbance was recorded
at 540 nm using a microplate reader (BioTek Instruments, VT,
USA). Absorbance values were normalized to the mean of the
Veh control.

Live-cell imaging

Intracellular Ca?* imaging was carried out in mature neu-
rons (DIV 15-18) loaded with Fluo-4 AM (fluo-4 acetoxymethyl
ester, Thermo Fisher Scientific). Cells were incubated in Neu-
robasal medium containing 5 uM Fluo-4 AM and F127 for 30
min at 37°C, then for an additional 30 min at 15-25°C in a bath
solution (119 mM NaCl, 2 mM CaCl,, 2 mM MgCl,, 2.5 mM
KCI, 30 mM glucose, and 25 mM HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid), pH 7.4). Neurons were sub-
sequently transferred to a fresh bath solution, and Ca?* imag-
ing was performed at 15-25°C. To evaluate the contribution of
VGCCs, an initial train of 40 action potentials (APs) at 20 Hz
was delivered to Fluo-4 AM—loaded neurons. The VGCC inhib-
itors w-agatoxin IVA (500 nM, Tocris, MN, USA), w-conotoxin
GVIA (1 uM, Tocris), and nifedipine (5 uM, Abcam, Cambridge,
UK) were then added to the bath and incubated for 10 min.
The same stimulation protocol (40 APs at 20 Hz) was repeat-
ed. Inhibitor concentrations were selected according to pub-
lished studies (Chameau et al., 1999; Giansante et al., 2020).
Veh (DMSO) was applied at the corresponding volume in con-
trol experiments. ER, mitochondrial, and postsynaptic Ca?*
imaging were performed in standard bath solution, whereas
presynaptic Ca?" imaging required bath solution supplement-
ed with 10 uM CNQX (6-cyano-7-nitroquinoxaline-2,3-dione)
and 50 uM APV ((£)-2-amino-5-phosphonopentanoic acid) to
suppress postsynaptic activity by blocking AMPA (a.-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid) and NMDA
(N-methyl-D-aspartate) receptors, respectively. Presynaptic
imaging was performed in hippocampal neurons (DIV 28)
from spH-21 transgenic mice once fluorescence signals were
robust.

Presynaptic activity was recorded at 15-25°C in a bath so-
lution supplemented with CNQX and APV. Field stimulation
consisted of a 1 ms, 20 mA pulse delivered through platinum
electrodes driven by a pulse stimulator (Model 2100, A-M Sys-
tems, WA, USA). Fluorescence images were acquired with an
electron-multiplying charge-coupled-device camera (iXON-
L-888, Andor Technology, Belfast, UK) mounted on an invert-
ed microscope (Ti2, Nikon) equipped with a 60x oil-immersion
objective (numerical aperture 1.4). A mercury lamp (C-HGFI,
Nikon) provided illumination, and a fluorescein isothiocyanate
filter set selected excitation and emission wavelengths. Im-
ages were captured at 2 Hz with 200 ms exposure, controlled
by NIS software (Nikon). Photobleaching was excluded by
monitoring fluorescence for 25 s in the absence of stimulation
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before each trial.

Image analysis

Images were analyzed using NIS-Elements software
(Nikon). For intracellular Ca?* imaging, square regions of in-
terest (ROIs; 10x10 um) were placed over neuronal somata.
Organelle Ca? signals were quantified in ROls drawn around
individual puncta. For presynaptic imaging, 1.5%1.5 um ROIs
were positioned over single synaptic boutons. Baseline fluo-
rescence (Fo) was the mean intensity during the first 10 s of
recording. Fluorescence change (AF=F-F,) was expressed as
(AF/F)x100. An increase was deemed significant when the
mean of three consecutive frames exceeded F,. Peak fluores-
cence was quantified after AP stimulation. The contribution of
each VGCC subtype was calculated from the percentage de-
crease in peak amplitude after inhibitor application. The decay
rate (Rategecay) Of spH-21 fluorescence was obtained from the
4-10 s interval after stimulation. No sex-dependent differences
were detected in presynaptic Ca?* signals or SV exocytosis
and endocytosis (Kim et al., 2023a).

MEA

Spontaneous neuronal activity and network dynamics were
evaluated with a 24-well MEA system (Axion Biosystems, GA,
USA). Each well contained 16 poly(3,4-ethylenedioxythio-
phene) electrodes (30 um diameter) spaced 350 pum apart.
Cultured hippocampal neurons (100,000 cells) were seeded
on poly-D-lysine-coated MEA plates. Recordings were ob-
tained on DIV 14 for 15 min after a 15 min stabilization period.
Recording chambers were maintained at 37°C and 5% CO..
Signals were sampled at 12.5 kHz using a 200-3000 Hz band-
pass filter and analyzed in AxIS software (ver. 3.6.2, Axion
Biosystems) to quantify burst firing (more than five spikes with
an inter-spike interval [ISI] <100 ms) and network bursts (>25
spikes with an ISI <50 ms).

Immunocytochemistry

Neurons were fixed in 4% paraformaldehyde for 15 min at
15-25°C and permeabilized with 0.1% Triton X-100 in Dulbec-
co’s phosphate-buffered saline (DPBS) for 10 min at 15-25°C.
Coverslips were then incubated overnight at 4°C with primary
antibodies against synaptotagmin 1 (Syt, 1:500, Thermo Fish-
er Scientific), synaptophysin (Syp, 1:500, Thermo Fisher Sci-
entific), glutamate receptor 1 (GluR1, 1:100, Thermo Fisher
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Fig. 1. Cellular toxicity of xylene in cultured developing hippocam-
pal neurons. Neurons were incubated with the indicated concentra-
tions of xylene, and cellular viability was assessed with the MTT
assay. Veh denotes DMSO applied at the same volume as xylene.
n=4 independent cultures. Bars indicate mean + SEM.
****n<0.0001 vs. Veh by 1-way ANOVA, followed by Tukey post
hoc test.



Scientific), and NMDA receptor 1 (NR1, 1:100, Thermo Fisher
Scientific) in blocking solution (1% bovine serum albumin in
DPBS). After three DPBS washes, Alexa 594-conjugated sec-
ondary antibodies (Abcam) were applied for 1 h at 15-25°C.
Coverslips were mounted with gel-mount solution (Biomeda,
CA, USA), and images were acquired on a confocal micro-
scope (Zeiss, Oberkochen, Germany). Dendritic spine sub-
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CA, USA) or Igor Pro (WaveMetrics, OR, USA); all statistical
tests were performed in Prism 8. Data are expressed as mean
+ standard error of the mean from at least three independent
cultures, with each dot representing one culture. One- or two-
way ANOVA (analysis of variance) followed by Tukey’s post
hoc test was used for multiple comparisons. A p-value <0.05
was considered statistically significant.

types were classified according to the head-to-neck ratio and
spine-head width (Grossman et al., 2006).

Statistical analysis
Graphs were generated in Prism 8 (GraphPad Software,
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Fig. 2. Xylene reduces somatic Ca” entry by inhibiting P/Q-type Ca** channels in hippocampal neurons. Somatic Ca** dynamics were mea-
sured with Fluo-4 AM in xylene-treated hippocampal neurons. Fluo-4 AM-loaded neurons were incubated with agatoxin (P/Q-type Ca**
channel inhibitor), conotoxin (N-type Ca®* channel inhibitor), or nifedipine (L-type Ca®* channel inhibitor), followed by field stimulation (40
APs at 20 Hz). Action potentials were evoked by field stimulation, which delivered current across the neuronal culture. Action potentials
were confirmed by a stimulus-locked increase in Fluo-4 AM fluorescence. Fluorescence returned to baseline after stimulation ceased. Veh
denotes DMSO applied at the same volume as xylene. Control indicates DMSO applied at the volume used for the channel inhibitors. (A)
Top: averaged, normalized traces of Fluo-4 AM fluorescence intensity in the soma. Bottom: magnification of the dashed region. Black, or-
ange, blue, and green represent control, agatoxin, conotoxin, and nifedipine, respectively. (B) The contribution of each VGCC was quanti-
fied as the peak Fluo-4 AM response elicited by stimulation in the presence of its inhibitor (Veh: n=4 for control, n=3 for agatoxin, n=3 for
conotoxin, n=5 for nifedipine; xylene 2 mM: n=3 for control, n=4 for agatoxin, n=5 for conotoxin, n=5 for nifedipine; xylene 5 mM: n=5 for
control, n=4 for agatoxin, n=5 for conotoxin, n=5 for nifedipine). Bars indicate mean + SEM. *p<0.05, ***p<0.001, ****p<0.0001 vs. Veh by
two-way ANOVA, followed by Tukey post hoc test. (C) Fluo-4 AM fluorescence intensity in the soma of xylene-exposed neurons (n=4 inde-
pendent cultures for Veh; n=4 for xylene 2 mM; n=>5 for xylene 5 mM). Bars indicate mean + SEM.
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RESULTS campal neurons were first determined with the MTT assay,

which revealed no significant cytotoxicity except at 10 mM.

Xylene suppressed cytosolic Ca** transients by inhibiting Consequently, 2 mM and 5 mM were selected for subsequent

P/Q-type Ca** channels in hippocampal neurons experiments (Fig. 1). Live-cell Ca%" imaging with Fluo-4 AM

Xylene concentrations neurotoxic to developing hippo- was performed to examine xylene-evoked changes in cyto-
A

Max

ER-GCaMP6-150 -5s

40APs 20 Hz
°4/4v

Min
- 80 3
80740mps 20, — Ven oo Q °
- = Xylene 2 mM 32
60 Xylene 5 mM 601 |, =
(=) " % 2 ® o o *
The u = g o
L 407 = g [ 3 =
- c 1
©
o
O T T T T 1 O T T T 0 T T T
0 20 40 60 80 100 Veh 2mM 5 mM Veh 2 mM 5 mM
Time (s) Xylene Xylene
B B Max
Mito-GCaMP5G
N
T
o
: 5
o i
<<
o
<

Min
- 40 1.5
407 4oAPs 20Hz — Veh @
- = Xylene 2 mM ° . § .
30 Xylene 5 mM ) 30 5 = - % 10d * . AA‘
L 20- = 20 S | [os
< < o
o 05
10 10 Q
4
0 T T T T T 1 0 T T T O T T T
0 10 20 30 40 50 60 Veh 2mM 5 mM Veh 2mM 5 mM
Time (s) Xylene Xylene

Fig. 3. Effects of xylene on ER and mitochondrial Ca”" uptake in hippocampal neurons. ER or mitochondrial Ca®* dynamics were measured
in neurons transfected with ER-GCaMP6-150 or mito-GCaMP5G, respectively. Field stimulation (40 APs at 20 Hz) was applied to each cul-
ture. (A) Top: representative pseudocolor time-lapse images of ER-GCaMP6-150—expressing neurons during electrical stimulation. Bottom:
averaged, normalized traces of ER-GCaMP6-150—expressing neurons (left). Right: peak amplitude and post-stimulus decay rate of ER-
GCaMP6-150. n=5 independent cultures (Veh), 4 (2 mM xylene), and 4 (5 mM xylene). Bars represent mean + SEM. (B) Top: pseudocolor
time-lapse images of mito-GCaMP5G-expressing neurons. Bottom: averaged, normalized traces of mito-GCaMP5G—expressing neurons
(left). Right: peak amplitude and post-stimulus decay rate of mito-GCaMP5G. n=4 independent cultures (Veh), 4 (2 mM xylene), and 3 (5
mM xylene). Bars represent mean + SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001 vs. Veh (one-way ANOVA with Tukey post hoc test).
(C) Averaged fluorescence intensity of ER-GCaMP5G-expressing ROIs. n=5 independent cultures (Veh), 4 (2 mM xylene), and 4 (5 mM xy-
lene). Bars represent mean + SEM. (D) Averaged fluorescence intensity of mito-GCaMP5G—expressing ROIls. n=4 independent cultures
(Veh), 4 (2 mM xylene), and 3 (5 mM xylene). Bars represent mean + SEM.
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Fig. 3. Continued.

solic Ca?" influx. P/Q-, N-, and L-type Ca?* channels are the
principal VGCCs that mediate neuronal Ca?* entry (Catterall,
2011). Their individual contributions were assessed with aga-
toxin, conotoxin, and nifedipine, selective blockers of P/Q-,
N-, and L-type channels, respectively (Chameau et al., 1999;
Giansante et al., 2020). Electrical stimulation (40 APs at 20
Hz) transiently increased Fluo-4 AM fluorescence in somata
(black trace, Fig. 2A). In Veh-treated neurons, each inhibitor
significantly attenuated this response; nifedipine produced the
largest reduction (green trace, Fig. 2A), indicating that L-type
channels contribute most to somatic Ca?* influx (Fig. 2B). Xy-
lene exposure markedly diminished total Ca?* transients and
selectively suppressed P/Q-type channel activity, whereas N-
and L-type channels remained unaffected (Fig. 2A, 2B). Rest-
ing Ca?* levels (Fo) were comparable across groups (Fig. 2C).
These findings demonstrate that xylene reduces Ca?* influx by
specifically inhibiting P/Q-type Ca?" channels in hippocampal
neurons.

Effects of xylene on Ca’* homeostasis in the ER and
mitochondria

We next examined ER and mitochondrial Ca?* dynamics
in xylene-treated neurons using ER-GCaMP6-150 and mito-
GCaMP5G, which selectively report Ca?* changes in the ER
and mitochondria, respectively (Kwon et al., 2016; de Juan-
Sanz et al., 2017). In ER-GCaMP6-150—transfected neurons,
fluorescence rose rapidly during electrical stimulation (40 APs
at 20 Hz) and declined slowly after stimulation ceased (Fig.
3A, top). Most ER-GCaMP6-150 puncta brightened, indicating
Ca?* uptake into the ER, consistent with previous observations
(de Juan-Sanz et al., 2017). Xylene attenuated the stimulus-
evoked rise in ER-GCaMP6-150 fluorescence and lowered its
peak amplitude (Fig. 3A, bottom). Moreover, xylene markedly
slowed the decay of ER-GCaMP6-150 fluorescence, implying
impaired clearance of intraluminal Ca?. Similar responses
were observed in mito-GCaMP5G-expressing neurons: fluo-
rescence increased rapidly and then decreased slowly dur-
ing and after stimulation, reflecting mitochondrial Ca*" uptake
and release (Fig. 3B, top). In contrast to the ER signal, the
peak amplitude of mito-GCaMP5G fluorescence did not dif-
fer among groups (Fig. 3B, bottom). Basal Ca?* levels in both
organelles were also unchanged by xylene (Fig. 3C, 3D). Col-
lectively, these results demonstrate that xylene diminishes ER
Ca? influx without affecting mitochondrial Ca?* handling.

835

Mito-GCaMP5G
. . .
.

T T T
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Xylene reduced Ca?* influx at presynaptic and
postsynaptic terminals of hippocampal neurons

Because P/Q-type Ca?" channels govern presynaptic and
postsynaptic Ca?* entry essential for synaptic transmission, we
assessed whether xylene alters these fluxes. The small size of
hippocampal boutons precludes capacitance measurements;
therefore, neurons were transfected with vGlut1-GCaMP5G
and PSD95-GCaMP2, which selectively monitor Ca?* signals
at presynaptic and postsynaptic sites, respectively (Mao et
al., 2008; Kwon et al., 2016). In neurons expressing vGlut1-
GCaMP5G, fluorescence increased during electrical stimula-
tion (Fig. 4A, top). Xylene significantly blunted this increase
and reduced the peak amplitude (Fig. 4A, bottom). A parallel
reduction was observed for PSD95-GCaMP2 fluorescence
(Fig. 4B, top and bottom). Resting Ca?* concentrations at both
sites remained unchanged (Fig. 4C, 4D). Thus, xylene sup-
presses activity-evoked Ca?* influx at presynaptic and post-
synaptic terminals.

Xylene impaired SV exocytosis and endocytosis at the
presynaptic terminal

Presynaptic Ca?* entry regulates SV exocytosis and endo-
cytosis (Klingauf et al., 1998; Schneggenburger and Neher,
2000). P/Q-type channels couple neuronal excitation to SV
exocytosis (Ishikawa et al., 2005) and modulate SV endocy-
tosis (Xue et al., 2012). To determine whether xylene-induced
reduction of presynaptic Ca?* entry compromises SV cycling,
we monitored SV dynamics in hippocampal neurons from
spH21 transgenic mice, which express the pH-sensitive probe
spH within the SV lumen (Kim et al., 2023b; Li et al., 2005). In
control neurons, spH fluorescence rose rapidly during stimula-
tion and decayed slowly thereafter, reflecting SV exocytosis
and subsequent endocytosis (Fig. 5A). Xylene significantly
diminished the stimulus-evoked rise in spH fluorescence and
delayed its decay (Fig. 5B). Consequently, xylene disrupts
both SV exocytosis and endocytosis by limiting presynaptic
Ca? influx in hippocampal neurons.

Xylene reduced spontaneous neuronal firing and network
activity

Electrophysiological activity was measured with the MEA,
which records spontaneous, synchronized neuronal firing and
overall network activity, to further investigate the neurotoxic
effects of xylene. A heatmap illustrated firing frequencies at
individual MEA electrodes and revealed reduced firing rates
in xylene-exposed neurons (Fig. 6A). Neuronal activity in-
creased during differentiation in the Veh group, whereas xy-

www.biomolther.org



Biomol Ther 33(5), 830-841 (2025)

A
vGlut1-GCaMP5G
N
I
o
5%
[2]
o
<
S
<
200 A — Veh
40APs 20 Hz Xylene 2 mM
150 - Xylene 5 mM

u’

o 100 A

<

50
0
0 5 10 15
Time (s)
B

PSD95-GCaMP2

9

40APs 20 Hz

20 1 40APs 20 Hz — Veh
_ = Xylene 2 mM
154 Xylene 5 mM
u’
= 104
<
5 -
O T 1
0 5 10 15
Time (s)

Fig. 4. Effects of xylene on Ca

** influx at presynaptic and postsynaptic terminals. Presynaptic and postsynaptic Ca®

Max
>
L
N
Min
200
(]
150 .
100
50
0 T
Veh 2 mM 5 mM
Xylene
Max
>
R
iy
Min
20
L]
15 ® o *x
u A
10
5
0 T T T

Veh 2mM 5mM
Xylene

" influx were measured

in neurons transfected with vGlut1-GCaMP5G and PSD95-GCaMP2, respectively. Electrical stimulation consisted of 40 APs delivered at 20
Hz. (A) Top: pseudocolor time-lapse images of vGlut1-GCaMP5G—expressing neurons during electrical stimulation. Bottom: normalized
traces (left) and peak-amplitude quantification (right). n=4 independent cultures (Veh), 5 (2 mM xylene), and 4 (5 mM xylene). Bars repre-
sent mean + SEM. (B) Top: representative pseudocolor time-lapse images of PSD95-GCaMP2—expressing neurons during electrical stimu-
lation. Bottom: averaged traces (left) and peak-amplitude quantification (right). n=4 independent cultures (Veh), 4 (2 mM xylene), and 3 (5
mM xylene). Bars represent mean + SEM. **p<0.01, ***p<0.001, ****p<0.0001 vs. Veh (one-way ANOVA with Tukey post hoc test). (C) Fluo-
rescence-intensity quantification of vGlut1-GCaMP5G-expressing ROIs. n=4 independent cultures (Veh), 5 (2 mM xylene), and 4 (5 mM xy-
lene). Bars represent mean + SEM. (D) Fluorescence-intensity quantification of PSD95-GCaMP2—expressing ROls. n=4 independent cul-
tures (Veh), 4 (2 mM xylene), and 3 (5 mM xylene). Bars represent mean + SEM.

lene suppressed neuronal activity, including single and burst
firing rates as well as network bursts (Fig. 6B, 6C). However,
ISIs within bursts were comparable among groups (Fig. 6C).

Xylene repressed synaptic development in developing
neurons

To assess neurodevelopmental toxicity, we stained presyn-
aptic and postsynaptic markers in eGFP-expressing neurons.

https://doi.org/10.4062/biomolther.2025.038

Immature neurons treated with xylene (DIV 5) were transfect-
ed with eGFP, cultured for 2 weeks, and subsequently stained
for presynaptic and postsynaptic markers. eGFP-positive
axonal processes labeled with presynaptic markers exhibited
fewer Syt and Syp puncta after xylene exposure (Supple-
mentary Fig. 1A, 1B). eGFP-expressing dendritic processes
stained with postsynaptic markers displayed spine morphol-
ogy, and xylene decreased dendritic GIuR1 and NR1 puncta
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Fig. 5. Impairment of SV exocytosis and endocytosis in xylene-exposed neurons. (A) Representative pseudocolor time-lapse images of
neurons from spH 21 transgenic mice during electrical stimulation (200 APs at 20 Hz). (B) Left: averaged whole-trace recordings from spH
21-expressing ROIs. Right: quantification of the peak amplitude elicited by electrical stimulation and the post-stimulus fluorescence decay
rate. n=4 independent cultures for Veh, n=4 for xylene 2 mM, and n=5 for xylene 5 mM. Bars indicate mean + SEM. **p<0.01 and
****p<0.0001 vs. Veh by one-way ANOVA followed by Tukey’s post hoc test.

(Supplementary Fig. 1C, 1D). Quantitative analysis confirmed
that xylene inhibited synaptic development (Supplementary
Fig. 1E). Although the total number of dendritic spines was
similar across groups, xylene reduced the proportion of mush-
room spines and increased the proportion of thin spines along
eGFP-expressing dendrites (Supplementary Fig. 1F). Collec-
tively, xylene disrupted Ca?" homeostasis, neuronal activity,
and synaptic maturation in hippocampal neurons.

DISCUSSION

Xylene is highly lipophilic and readily accumulates in—and
damages—Iipid membranes. The brain’s high lipid content
renders it particularly vulnerable, and xylene exposure primar-
ily causes neurological symptoms such as reduced respon-
siveness, anesthesia, memory deficits, depression, dizziness,
headache, and nausea (Fang et al., 1996; Kandyala et al.,
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2010). Accidental ingestion of high doses may even induce
persistent coma in humans (Recchia et al., 1985). Regions
with high, chronic xylene exposure underscore the need for
dedicated experimental studies. However, the prevalent co-
existence of xylene with other VOCs complicates its risk as-
sessment. Therefore, single-agent exposure experiments and
epidemiological studies at high xylene levels are essential for
accurate molecular toxicity profiling (Niaz et al., 2015). Lab-
oratory-grade xylene comprises 20% o-, 44% m-, and 20%
p-xylene, and each isomer exerts similar detrimental effects
(Condie et al., 1988). Although individual isomers are em-
ployed in certain industries, humans are generally exposed to
the mixed solvent (Macholz, 1982). Xylene exposure elevates
malondialdehyde and superoxide dismutase levels while re-
ducing glutathione peroxidase activity (Tang and Xu, 2005).
Consequently, xylene may damage the brain by amplifying
oxidative stress, to which neural tissue is particularly suscep-
tible.
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P/Q-type Ca?* channels govern neuronal activity and shape
APs through physical association with voltage-gated K* chan-
nels (Womack and Khodakhah, 2004; Berkefeld et al., 2006).
Using selective VGCC inhibitors, we demonstrated that xylene
depresses P/Q-type Ca?" channel activity. Given that organel-
lar Ca?* modulates synaptic activity by regulating presynaptic
Ca?* influx (Kwon et al., 2016; de Juan-Sanz et al., 2017), we
found, via organelle-specific indicators, that xylene impairs or-
ganellar Ca?* influx and inhibits SV exocytosis and endocyto-
sis at presynaptic terminals. Resting Ca?* levels in neuronal or-
ganelles and compartments—including the ER, mitochondria,
soma, and presynaptic and postsynaptic terminals—remained
normal after xylene exposure. Moreover, xylene selectively
reduced P/Q-type channel activity without affecting N- or L-
type Ca?* channels. Collectively, these findings suggest that
xylene targets Ca?* channels directly rather than disrupting the

https://doi.org/10.4062/biomolther.2025.038
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plasma membrane. Our data, therefore, link xylene-induced
Ca?" dysregulation to impaired synaptic activity in hippocam-
pal neurons. Ca?* transients in neural progenitors and radial
glia drive embryonic proliferation, migration, and postnatal as-
trogliogenesis (McKinney et al., 2022); xylene may, therefore,
be neurotoxic to additional cell types in the developing brain.
Diverse methods have been developed to monitor SV
exocytosis and endocytosis,
coupled with optogenetic stimulation, capacitance measure-
ments, and quantum dots (Kononenko and Haucke, 2015).
Although they require genetic manipulation that may be toxic
to organelles, pHluorin-fused SV proteins are widely used to
measure presynaptic activity in living hippocampal neurons.
Neurons from spH21 transgenic animals endogenously ex-
press pHIluorin within SV lumens, enabling observation of pre-
synaptic activity without additional transfection. Presynaptic

including electron microscopy



activity is essential for neurotransmission and synaptic net-
work function (Citri and Malenka, 2008). In the present study,
xylene-treated neurons exhibited impaired SV exocytosis and
endocytosis attributable to P/Q-type Ca?* channel inhibition,
accompanied by markedly reduced spontaneous firing and
synaptic network activity. Such reduced activity may further
compromise neuronal development, as spontaneous firing is
required for synaptic maturation and proper circuit formation
(Luhmann et al., 2016).

The environmental relevance of the present xylene expo-
sure paradigm constitutes a limitation of this work. Animal or
cellular models may not fully capture occupational or environ-
mental exposure in humans. Humans are chronically exposed
to xylene as part of mixed VOCs at lower doses and through
multiple routes; the precise dose in pregnant women, infants,
or workers, however, remains unclear. Epidemiological stud-
ies have shown that workers chronically exposed to 14 ppm
xylene developed musculoskeletal problems linked to central
nervous system dysfunction (Uchida et al., 1993). Moreover,
spontaneous abortion has been reported among female labo-
ratory workers chronically exposed to xylene (Taskinen et al.,
1994). Variability in blood xylene concentrations caused by
exercise or smoking (Langman, 1994) and inter-individual dif-
ferences in sensitivity (Kandyala et al., 2010) further compli-
cate risk assessment. Nevertheless, developmental exposure
to xylene induces skeletal deformities, delayed growth, and
reduced body weight in fetuses (Niaz et al., 2015). Chronic
prenatal or postnatal exposure to VOCs has also been asso-
ciated with neurodevelopmental delay, reduced birth weight,
and lower cognitive scores in children (Chang et al., 2017,
2018; Nakaoka et al., 2021). Pregnant women often spend
more time indoors in preparation for childbirth (Nethery et al.,
2009), and the ubiquity of indoor VOCs may, therefore, result
in higher solvent concentrations in mothers and their unborn
children than in the general adult population (Amiri and Turn-
er-Henson, 2017). These observations highlight the need to
monitor exposure to organic solvents during pregnancy and
early childhood and to elucidate the detailed neurotoxic mech-
anisms involved. Although the doses used in the present study
exceed typical human exposure, high-dose, short-term para-
digms remain valuable for hazard identification (Borgert et al.,
2021). Our functional analyses in living neurons offer mecha-
nistic insight into xylene-induced neurotoxicity and support its
classification as a neurodevelopmental hazard. Future studies
employing lower, chronic doses of xylene alone or in combina-
tion with other VOCs are required to determine its long-term
impact on the brain and its environmental relevance.

Although the neurotoxic effects of xylene have been estab-
lished in biochemical assays, the underlying mechanisms in
developing neurons, particularly those governing neuronal ac-
tivity, have remained incompletely understood. Here, we show
that xylene suppresses Ca?" influx through P/Q-type Ca?
channels, thereby reducing Ca?* entry into the ER and at syn-
aptic terminals. Disrupted Ca?* homeostasis, in turn, inhibits
SV exocytosis and endocytosis and dampens neuronal activ-
ity (Supplementary Fig. 2). Given that dysregulation of P/Q-
type Ca?* channels and altered synaptic activity are closely
related to neurodevelopmental disorders (Ullman et al., 2018),
our findings offer a plausible mechanistic link between VOC
exposure and increased risk of such disorders.
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