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ABSTRACT

Introduction: Dimethyl sulfoxide (DMSO), a widely utilized solvent in the medical industry, has been associated with various adverse effects, even at
low concentrations, including damage to mitochondrial integrity, altered membrane potentials, caspase activation, and apoptosis. Notably, ther-
apeutic molecules for central nervous system treatments, such as embolic agents or some chemotherapy drugs that are dissolved in DMSO, have been
associated with hydrocephalus as a secondary complication. Our study investigated the potential adverse effects of DMSO on the brain, specifically
focusing on the development of hydrocephalus and the effect on astrocytes.

Methods: Varied concentrations of DMSO were intraventricularly injected into 3-day-old mice, and astrocyte cultures were exposed to similar
concentrations of DMSO. After 14 days of injection, magnetic resonance imaging (MRI) was employed to quantify the brain ventricular volumes in
mice. Inmunofluorescence analysis was conducted to delineate DMSO-dependent effects in the brain. Additionally, astrocyte cultures were utilized
to assess astrocyte viability and the effects of cellular apoptosis.

Results: Our findings revealed a dose-dependent induction of ventriculomegaly in mice with 2%, 10%, and 100% DMSO injections (p < 0.001). The
ciliated cells of the ventricles were also proportionally affected by DMSO concentration (p < 0.0001). Furthermore, cultured astrocytes exhibited
increased apoptosis after DMSO exposure (p < 0.001).

Conclusion: Our study establishes that intraventricular administration of DMSO induces hydrocephalus in a dose-dependent manner. This obser-
vation sheds light on a potential explanation for the occurrence of hydrocephalus as a secondary complication in intracranial treatments utilizing
DMSO as a solvent.

1. Introduction

Dimethyl sulfoxide (DMSO) is a polar aprotic organic solvent exhibiting high water affinity and is widely used to dissolve small
hydrophobic drugs for therapeutic use [1]. DMSO is also used as cryoprotectant [1,2] and is associated with anti-inflammatory and
analgesic properties, making it a potential treatment for various medical conditions, including arthritis, interstitial cystitis, and sys-
temic sclerosis [3,4]. Additionally, it has been suggested that DMSO can provide neuroprotective effects, acting as an antioxidant that
neutralizes free radicals [5,6]. The accepted low toxicity at concentrations <10% has resulted in the extensive use of DMSO in the
pharmaceutical industry [7]. However, DMSO-dependent microRNAs changes and alterations in the epigenetic landscape have been
reported to impact cellular viability through mitochondrial damage and caspase-dependent apoptosis. Even a low-concentration dose
(2-4 %) [7,8]. DMSO is often used as a solvent for chemotherapy drugs for brain tumors, such as temozolomide (TMZ) [9-11], a drug to
treat gliomas [12], and methotrexate, which is often injected intraventricularly or intrathecally to treat leptomeningeal metastasis
[13] and also, intravenously to treat pediatric gliomas [14]. Reports of communicating hydrocephalus following glioma treatment
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without mechanical CSF obstruction have been described in 5-8% of cases. Thus, the pathophysiology of this complication in these
cases remains unclear [15,16]. In addition, embolic agents such as onyx or PHIL are dissolved in DMSO, and often the patients exhibit
hydrocephalus as a complication after treatment [17,18].

Hydrocephalus is a medical condition in which the ventricular system of the brain becomes enlarged, associated with an
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Fig. 1. DMSO induces ventriculomegaly in a dose-dependent pattern. (A) Graphic representation of the experimental design. (B) MRI images
indicating the ventricular frontal horn associated with different concentrations of DMSO and the control group. Scale bar, 1 mm. (C) Histological
images of the areas of interest labeled with H&E show the lateral ventricles at the prefrontal and parietal levels. Scale bar, 1 mm (D) Ventricular
volume quantification (* p < 0.05, *** p < 0.001, One-way ANOVA with posthoc Tukey test. The box represents the mean, and whiskers denote +
SD. The gray dashed line indicates the mean plus 2 standard deviations of control mice, and the red dotted line indicates the mean plus 5 standard
deviations). (E) Percentages of mice with ventriculomegaly (mice with larger ventricles than mean ventricular size plus two standard deviations of
control mice). (F) Percentages of mice with ventriculomegaly (mice with larger ventricles than mean ventricular size + 5 standard deviations of
control mice). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. DMSO-injected mice show a dose-dependent ventricular lining disruption. (A) Representative immunofluorescence of the ventricular lining
with the cilia marker anti-pIV tubulin (red) and the astrocyte marker anti-GFAP (green). Scale bars 150 pm. (B) Magnifications of the dashed squares
in A. Arrows indicate continuity in the ciliated cells, and asterisks indicate disrupted areas. Scale bars 50 pm. (C) Representative images labeled with
H&E (top) and anti-GFAP and anti-BIV tubulin showing ventricular lining disruption (asterisk) in the frontal horn of the lateral ventricles adjacent to
an area with normal ciliated cells (arrow). Scale bar, 150 pm. (D) Representative images indicating labeled with H&E (left) and anti-GFAP and anti-
BIV tubulin and TUNEL, indicating apoptosis activation (arrows) in the periventricular area adjacent to the ventricular lining disruption (asterisk).
Scale bars 20 pm (E) Percentage of ciliated lining disruption (*** p < 0.001, **** p < 0.0001, One-way ANOVA with posthoc Tukey test. Box
represents mean, and whiskers denote + SD). (F) Correlation between ventricular lining disruption and ventricular volume. The gray dashed line
indicates the control ventricular volume mean plus 2 standard deviations, and the red dotted line indicates the mean plus 5 standard deviations. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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accumulation of cerebrospinal fluid (CSF) and increased intracranial pressure due to the inadequate flow of cerebrospinal fluid (CSF)
from the ventricular system to the systemic circulation [19]. One of the main etiologic factors in developing pediatric hydrocephalus is
the ventricular zone (VZ) disruption. The VZ is a transient layer in which the radial glial cells (RGC) differentiate into ependymal cells
(EQC). In mice it is present until ~ postnatal day 15, when all the RGC has differentiated into EC [20]. The multiciliated EC is responsible
for the local CSF flow. Therefore, the lack of these cells leads to alterations in the CSF flow and, subsequently, to hydrocephalus
[21-25]. Under congenital alterations, such as mutations on alpha snap, or non-genetic conditions, such as intraventricular hemor-
rhage, the VZ is associated with cell junction alterations that induce the disconnection and subsequent detachment of RGC/EC that are
replaced by astrocytes [26-33]. In addition, pathological differentiation of RGC into astrocytes instead of into EC is characteristic in
pediatric hydrocephalus, contributing to the lack of EC [26,34-36]. Thus, the loss of RGC is associated with neural migration disorders,
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Fig. 3. DMSO induces a dose-dependent apoptosis in astrocyte cultures. (A) Schematic overview of the experimental design (B) Representative
images indicating the total cell count labeled with DAPI (blue) and the cells in apoptosis marked with a TUNEL assay (red). Scale bar, 100 pm. (C)
Percentage of apoptosis increases significantly at 10 and 100% of DMSO concentration. Quantification (** p < 0.01, *** p < 0.001, One-way
ANOVA with posthoc Tukey test. The box represents the mean, and whiskers denote + SD). (D) Graphic representation of the cell count associ-
ated with DMSO concentration. (**** p < 0.0001, One-way ANOVA with posthoc Tukey test. The box represents the mean, and whiskers denote +
SD). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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including heterotopies and white matter alterations, as previously described in pediatric hydrocephalus [32,37]. Notably, the lack of
EC is associated with CSF flow alterations and hydrocephalus. Astrocytes are also crucial in the CSF flow since they are the main
structural component of the glymphatic system. The glymphatic system is responsible for clearing excess fluid and metabolic waste.
The subarachnoid CSF flows through the periarterial space into the parenchyma, mixed with interstitial fluid, and exits the paren-
chyma through the perivenous space [38]. The astrocyte end-feet limits the perivascular fluid, playing a fundamental role in the
glymphatic system. Thus, alterations in the Astrocyte end-feet are associated with the malfunction of the glymphatic system, water
balance, and hydrocephalus [39-41].

DMSO changes the water dynamics in cells, inducing “hyperhydration.” Thus, DMSO increases the cell’s water content by thinning,
creating transient pores, or partially disintegrating the cellular membrane, depending on the concentration used [42]. Our primary
goal in this manuscript is to report that DMSO induces hydrocephalus, and we hypothesized that it is associated with toxicity in the VZ
and Astrocytes as essential components of the CSF pathway.

2. Results
2.1. DMSO increases ventricular size in a dose-dependent pattern

To determine the effects of DMSO on the neural system, 3-day-old C57BL/6 mice were injected intraventricularly with 3 pl of 2%,
10%, or 100% DMSO and phosphate base saline (PBS) for controls. Magnetic resonance images (MRI) and histology were performed 14
days after ventricular injection (Fig. 1A). MRI confirmed enlarged ventricles in a dose-dependent manner. The forebrain ventricles
volume was; 0.94 4 0.44 mm3 in controls, 1.41 & 0.66 in 2% DMSO, 2.82 4 1.50 in 10% DMSO and 36.18 + 15.35 in 100% DMSO
(Fig. 1B-D & Supplemental Table 1). Ventriculomegaly was defined as ventricles 2 standard deviations larger than the mean control
ventricular volume. We found that 16.6 % of the mice injected with 2% DMSO developed ventriculomegaly (2 out of 12), 72.7 % of the
mice injected with 10% DMSO developed ventriculomegaly (8 out of 11), and 100 % of the mice injected with 100% DMSO developed
ventriculomegaly (Fig. 1D and E). Even with more conservative definition of ventriculomegaly as mean control plus 5 SD, we found
that 8.3 % of the mice injected with 2% DMSO developed ventriculomegaly (1 out 12), 27.3 % of the mice injected with 10% DMSO
developed ventriculomegaly (3 out of 11) and 100 % of the mice injected with 100% DMSO developed ventriculomegaly (Fig. 1D and
F).

2.2. DMSO-injected mice show dose-dependent ventricular lining disruption

To determine the neurocytological effects after intraventricular DMSO injection, the periventricular area of the frontal horns was
analyzed using immunofluorescence with EC cilia (BIV-tubulin) and astrocyte (GFAP) markers.

We found a ventricular lining cilia loss (EC disruption) that progressively increased at higher concentrations of DMSO and was
associated with glial activation (Reactive astrogliosis) and apoptosis (Fig. 2). In control cases, 13.20 + 13.87 % of the ventricular lining
was not ciliated and increased to 43.91 + 20.57 in 2% DMSO, 54.34 + 22.70 in 10% DMSO, and 69.77 + 18.69. (Fig. 2E & Sup-
plemental Table 2). Interestingly, there was no linear correlation between lack of ciliated cells and ventricular volume r = 0.7166, p =
0.2834. The relation between volume and cilia disruption showed an exponential distribution, suggesting that ventriculomegaly takes
place (control mean ventricular volume + 2 SD) at ~ 51 % disrupted ventricular lining or at ~58 % disrupted ventricular lining
(control mean ventricular volume + 5 SD) (Fig. 2F).

2.3. DMSO induces apoptosis in a dose-dependent manner in astrocyte cultures

To determine if astrocytes, a key component in the VZ disruption due to the reactive astrogliosis associated with hydrocephalus
pathology [43] and as a structural component of the glymphatic system involved in the parenchymal CSF pathway [38,44], were
affected by increased concentrations of DMSO, transwell astrocyte cultures were performed. Astrocyte viability was evaluated in cell
cultures (Fig. 3). Results showed that the astrocytes activate apoptosis significantly at 10% and 100% DMSO concentrations
(respectively, 23.08 + 14.48 and 28.03 + 19.64 % of the total cell count) when compared with control (2.13 + 1.65 %) or 2% DMSO
(2.15 £+ 1.45, P < 0.0001) (Fig. 3C & Supplemental Table 3). The cell count decreased with the DMSO concentration. The mean cell
count was 846.2 + 169.5 in control, 728.4 + 72.65 in 2% DMSO, 542.7 + 93.08 in 10% DMSO, 307.6 + 106.0 in 100% DMSO (P <
0.0001) (Fig. 3D Supplemental Table 3).

3. Discussion

Although DMSO is associated with well-documented severe side effects, including organ damage and intravascular hemolysis, and
mild adverse reactions like nausea, vomiting, hypertension, and allergic responses [45], it remains one of life sciences’ most used
pharmaceutical products. DMSO is considered a universal solvent exhibiting remarkable efficacy in dissolving polar and nonpolar
compounds [1,2]. Our results showed the induction of ventriculomegaly in a DMSO dose-dependent manner. Other authors have
reported dose-dependent pernicious effects associated with DMSO on lipid content, cell viability, and oxidative stress, even a
low-concentration dose (1 %) [46]. In addition, DMSO-dependent microRNA changes and alterations in the epigenetic landscape have
been reported to induce mitochondrial damage and caspase-dependent apoptosis at 2-4 % DMSO [7,8]. Interestingly, at 2% DMSO we
found that between 8 and 16 % of the mice developed ventriculomegaly, which is consistent with the percentage of hydrocephalus
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complications of unknown etiology found in patients treated with TMZ dissolved in DMSO (~5-8 % of the cases) [15,16] also it could
explain why embolic treatments like onyx (dissolved in DMSO) are associated with hydrocephalus as a secondary complication in
pediatric patients [17]. In recent years, ventricular zone (VZ) disruption has been described as a fundamental trigger in the patho-
genesis of pediatric hydrocephalus [31,32,34,37]. At an early age, the disruption of the ventricular lining impairs the normal mul-
ticiliated ependymal cells’ (EC) function and development [27,31,35,36,43]. The cilia motion of the EC plays a fundamental role in the
movement of CSF adjacent to the ventricular lining. Thus, a lack or malfunction of these cilia is associated with altered CSF flow and
ventriculomegaly [21,47]. Our results show a progressive diminution of cilia in the ventricular lining in a DMSO dose-dependent ratio.
This is also associated with a layer of astrocytes replacing the EC, as is reported in other animal models and clinical data [31,33,43]. In
this report, we propose that the toxicity associated with DMSO alters the cilia expression and viability of the VZ cells, including EC and
astrocytes, as our histological preparations show cellular apoptosis in the ventricular lining of the areas with ventricular zone
disruption. However, the lack of cilia does not correlate proportionally with the ventriculomegaly quantified with MRI. Therefore, we
believe other factors may contribute to the development of hydrocephalus. Such as alterations in the blood-brain or the blood-CSF
barriers, besides the described alterations in the ependymal barrier.

We performed confluent astrocyte cultures to confirm if DMSO can induce apoptosis in other neural cells. Astrocytes are associated
with VZ disruption and play a fundamental role in the blood-brain barrier permeability [48], which is increased periventricularly in
hydrocephalus [49]. Our cell cultures show that astrocytes are highly sensitive to DMSO, mainly at concentrations of 10% DMSO or
above, where we found high levels of astrocyte apoptosis that may be associated with the etiopathology of hydrocephalus.

In conclusion, this is the first report that demonstrates DMSO induction of hydrocephalus when injected intraventricularly in
perinatal mice, likely due to the toxicity associated with the periventricular areas. Due to the widespread use of DMSO in clinical
settings, its potential adverse effects on the brain must be understood by clinicians administrating medications intracranially that are
dissolved with DMSO.

4. Limitations of the study

Our studies were limited to our experimental mouse model. Therefore, these results should be carefully considered when
extrapolating to humans.

5. STARxMethods
Key resources table (Table 1).

5.1. Experimental model and subject details

Experimental animals. Subjects utilized in this study comprised wild-type mice (C57BL/6). The pregnant dams were acquired

Table 1

Key resources table. NIH, National Institutes of Health. Cat#, Catalog number.
REAGENT OF RESOURCE SOURCE IDENTIFIER
Antibodies
Mouse Anti-beta IV Tubulin Abcam Cat#: ab11315
Rabbit Anti-GFAP Abcam Cat#: ab7260
Anti-mouse IgC (H + L) Sigma Cat#: SAB4600066
Goat Anti-Rabbit IgC H&L Abcam Cat#: ab150077
Chemicals, peptides, and recombinant proteins
Phosphate buffered saline (PBS) Gibco Cat#: 70011-044
Paraformaldehyde Thermo Scientific Cat#: J61899
Dimethyl Sulfoxide Sigma Life Science Cat#: D2438
Fetal Bovine Serum ScienCell Cat#: 0010
Penicillin/streptomycin Solution ScienCell Cat#: 0503
fluoromount-G w/DAPI Invitrogen Cat#: 00-4959-52
Ethanol VWR Cat#: 89370-084
Xylene Cardinal Health Cat#: C4330
THC Select Citrate Buffer Millipore Sigma Cat#: 21545
SuperSignal West Pico Chemiluminescent Thermo Scientific Cat#: 34577
Astrocyte Growth Supplement ScienCell Cat#: 1852
Basal Medium ScienCell Cat#: 1801
Laemmli Sample Buffer Thermo Scientific Cat#: 84788
Sample Reducing Agent Novex Cat#: 2398614
Critical Commercial Assays
TUNEL Assay Kit-BrdU — Red Abcam Cat#: ab66110
Cells
Human Astrocytes ScienCell Cat#: 1800
Software and Systems
Image J NIH https://imagej.en.softonic.com/
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from The Jackson Laboratory, which subsequently delivered the pups under the supervision of the Animal Experimentation Service of
the Children’s Hospital of Orange County. Mice were housed in a controlled environment at 22 °C with a 12:12 light/dark cycle and
provided standard food and water ad libitum. All animal handling, care, housing, and experimental procedures adhered to established
protocols and legislation. Approval for experimental protocols was obtained from the Children’s Hospital in Orange County Institu-
tional Animal Care and Use Committee. Furthermore, experiments were conducted according to guidelines outlined in the Guide for
the Care and Use of Laboratory Animals and the Animal Welfare Act within an AAALAC-accredited facility. Three-day-old mice were
injected with 3 pL of PBS (n = 6), 2% DMSO in PBS (n = 12), 10% DMSO in PBS (n = 11), or 100% DMSO (n = 6) into the right lateral
ventricle following stereotactic coordinates (0.8 mm lateral, 1.7 mm anterior, and 1.5 mm deep from the lambdoid fontanelle) as
previously described [50]. The solutions were injected over 30 s using a 25-pL syringe (Hamilton, 80366) with a UMP3 Ultra
Micropump (World Precision Instruments) while animal anesthesia was induced through hypothermia.

Magnetic resonance imaging. MRI was conducted 14 days post-DMSO injection, an in vivo MRI was performed, and mice were
euthanized for immunohistochemistry analyses. The mice (dam and pups) were transported from CHOC to the Preclinical and
Translational Neuroimaging Center at the University of California, Irvine, to perform magnetic resonance imaging. The mice were
received by the UC Irvine personnel and treated under the Preclinical and Translational Neuroimaging Center mice protocol (IACUC
standing for routine MRI imaging, AUP 20-172; MRI Services). Imaging was conducted using a 4.7T horizontal bore Agilent MRI and a
2 cm ID quadrature RF coil. The animals were administered with isoflurane anesthesia, and their core temperature was regulated
through controlled airflow. Respiration was monitored and maintained by adjustments in anesthesia.

T2-weighted images were used for ventricular volume segmentation with the ITK-SNAP program (ITK-SNAP 4.0, www.itksnap.
org). The ventricular volume was quantified according to the method described by Botfield et al. (2013) [51].

Cell growth. 1 mL of Human Astrocytes (ScienCell, Cat. #1800) was thawed at 37 °C for 5 min. Complete astrocyte medium was
prepared by adding 5 mL of Astrocyte Growth Supplement (AGS, Cat #1852), 10 mL of fetal bovine serum (FBS, Cat. #0010), and 5 mL
of penicillin/streptomycin solution (P/S, Cat. #0503) to 500 mL of basal medium (ScienCell, Cat. #1801). The media was warmed to
37 °C. The thawed astrocytes were combined with 2 mL of the media and were seeded onto one 24-well plate (100 pL/well, 33,333
cells/well) and 12- transwell plate (50 pL/inset, 16,666 cells/inset). The cells were incubated for 1 h under standard conditions (37 °C,
5% CO2). After 1 h, additional media was added to the 24-well plate (1mL/well) and the 12-transwell plate (200 pL/inset, 800 pL/
well). Cells were then incubated under standard conditions for 7 days, with the media being refreshed every 48 h.

Immunofluorescence. After Imaging, the mice were euthanized through cardiac perfusion at UC Irvine (IACUC protocol AUP
20-172). Under deep general anesthesia (inhaled isoflurane + IP injection of ketamine and xylazine), the chest wall was opened to
expose the heart, and 4% paraformaldehyde was injected into the left ventricle. Mice’s brains were dissected, dehydrated, embedded in
paraffin, and cut coronally in 10-pm thick sections. Tissue samples were deparaffinized and rehydrated using three Xylene incubations
followed by three ethanol incubations (100%, 95%, and 70%). One slide of each brain was stained with hematoxylin and eosin (H&E),
and adjacent slices were used for immunoreaction. The cuts were treated with IHC Select Citrate Buffer for 20 min at 100 C°. Then
slides were washed in dH20 minutes and PBS for 5 min each. Tissue samples were covered with primary antibodies Anti-Beta IV
Tubulin at 1:100 (Abcam, AB11315) and Anti-GFAP at 1:400 (Abcam, AB7260). After 24 h of incubation at room temperature, tissue
was covered with fluorescent anti-mouse (1:400) and fluorescent anti-rabbit (1:400) secondary antibodies for 2 h. After two 5-min PBS
washes, samples were treated with fluoromount-G, DAPI mounting solution, and coverslipped.

The immunofluorescence was imaged using a KEYENCE microscope. The percentage of ciliated ventricular lining was quantified in
the axial plane of the frontal horns. Thus, the length of the non-ciliated ventricular lining was divided by the total length of the
ventricular lining and multiplied by 100.

In vitro apoptosis assay. Cells were incubated with different DMSO solutions at 2% (15.3 pL. DMSO + 749.7 pL media), 10% (76.5
pL DMSO + 688.5 pL media), and 100% (765 pL. DMSO). PBS was used as a control (765 pL PBS). Additional media (9 mL) was added to
each solution. Every 1 mL of the 100% DMSO solution contained 85 pL of DMSO. Cells were treated with the DMSO solutions for a
period of 2 h before undergoing immunofluorescence.

s for 2 h. After 2 h, cells were rinsed in two 5-min PBS washes. Cells were then fixed with paraformaldehyde for 7 min, which was
followed by 2 5-min washes in PBS. Cells were stained using TUNEL Assay Kit -BrdU-Red (Abcam, ab66110). The membrane of the
inserts was removed and mounted using fluoromount-G with DAPI mounting solution (Thermofisher, 00-4959-52). The fluorescence
was imaged using a KEYENCE microscope. The total cells were quantified through DAPI labeling (blue) as previously described [35,52,
53]. Similarly, the apoptosis was quantified trough tunnel labeling (red). The NIH software, ImageJ was used to perform these
quantifications.

Statistical analysis. Analyses were performed using GraphPad Prism 9 Software (San Diego, CA, USA). Data were represented as
mean + SD. Kolmogorov-Smirnov test was used to confirm normality (P > 0.1) and one way ANOVA with posthoc Tuckey test was used
to analyze the data. Comparisons were considered statistically significant at p < 0.05.

Data and code availability
This paper does not report new code. Any additional data can be provided by the corresponding author.
Data availability

All data supporting the results in this manuscript are included in the supplemental materials.
Further information can be requested from the corresponding author contact, Dr. Leandro Castaneyra-Ruiz (Leandro.castaneyra.
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