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Abstract

Background: The cuprizone (CPZ) model has been used to study de- and re-myelination in mice; Previous studies have used different
routes for CPZ intoxication, but the results were highly variable. Methods: Here, we compared demyelination induced by the adminis-
tration of 0.3%CPZmixed with ground rodent chow and a 400 mg/kg CPZ suspension in carboxymethyl cellulose (CMC) via oral gavage
in SWR/J mice. The mice were assigned into a control group, a CPZ diet group, and an oral CPZ groups (n = 6 mice/group). Rotarod,
hanging wire, and open field tests were performed to evaluate locomotor activity. Histological analyses were conducted on the corpus
callosum (CC) of the brain to determine myelin loss and on the liver to assess the toxicity of CPZ. Results: The administration of CPZ
with ground rodent chow significantly reduced body weight gains, grip strength, and motor coordination performance during the 5-week
demyelination period. In contrast, all analyzed parameters were less different in mice receiving CPZ via oral gavage. However, both CPZ
routes significantly reduced myelin content in the CC. Additionally, the oral administration of CPZ had strong effects on liver toxicity
compared to that of CPZ diet feeding. This study showed that both routes of CPZ intoxication could induce reproducible and consistent
demyelination changes within the CC of the mouse brain, with the CPZ diet being more effective based on all analytical parameters and
having fewer toxic effects on the liver compared with oral CPZ.Conclusions: In conclusion, the resultsassist in the selection of a suitable
multiple sclerosis (MS) model for investigating disease mechanisms and therapies.
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1. Introduction

Multiple sclerosis (MS) is a chronic inflammatory,
neurodegenerative disease of the central nervous system
(CNS), and between 2.1 and 2.5 million people worldwide
suffer from MS. This makes it the most common cause
of non-traumatic neurological impairment in young adults
[1,2]. Common markers include demyelination, the loss
of oligodendrocytes, and neuronal and axonal degenera-
tion, which are also accompanied by very different clini-
cal complications and histopathological manifestations de-
pending on the affected region and stage of disease [3,4].
Demyelination is the main pathological feature of MS that
distinguishes it from other inflammatory and neurodegen-
erative diseases [5]. Demyelination is often followed by
remyelination, but this is usually not complete [6,7]. Un-
derstanding how remyelination fails and finding ways to
restore myelination is a major problem in MS research. To
develop new therapeutic techniques that target demyelina-
tion and remyelination, a thorough understanding of the
complex interactions that occur during these processes is
required [8]. Animal models are important tools to study
the underlying mechanisms of demyelination and remyeli-
nation, as well as the associated cellular responses and in-

teractions, and to identify potential therapeutic targets [8].
Some common animal models of MS can help to elucidate
the important signaling pathways involved in the patho-
physiology of the disease. These include viral models,
such as those utilizing Theiler’s murine encephalomyelitis
virus, autoimmune models, such as experimental autoim-
mune encephalomyelitis, and toxin-induced demyelination
models, such as those induced using lysolecithin and cupri-
zone (CPZ) [9]. However, each model has its own limi-
tations, representing only part of the pathogenic spectrum
and resulting in the simulation of only a subset of the dis-
ease signs and pathological features of MS [10]. A suitable
model for MS research is therefore primarily determined by
the specific research question.

CPZ (bis-cyclohexanone oxaldihydrazone) is a cop-
per chelator that causes highly consistent demyelination
in many parts of the brain, including the corpus callosum
(CC), cerebral cortex, and superior cerebellar peduncle, and
is associated with behavioral abnormalities similar to those
seen in humans. CPZ is frequently used in MS research to
study the de- and re-myelination phase of MS [11]. Many
different routes of CPZ administration have been reported,
including the traditional method of mixing it into powdered
rodent chow, which requires daily preparation [12]. CPZ-
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containing commercial pellets are also used; however, tem-
perature control is essential during pellet preparation be-
cause the primary disadvantage of this method is that CPZ
is a heat-sensitive chemical [13]. In contrast to CPZ pellet-
mediated intoxication, Hochstrasser T et al. [14] found
that intoxication caused by CPZ mixed with ground rodent
chow is the typical way to induce reproducible and con-
sistent demyelination. However, the main challenge with
this method is the variation in consumption among differ-
ent animals and the deterioration of CPZ due to environ-
mental exposure. CPZ intoxication can also be achieved by
mixing this chemical with the drinking water. The major
limitations of this method are the poor solubility of CPZ in
water and the need for a long duration of administration to
induce complete demyelination [15]. Alternatively, a CPZ-
containing liquid can also be administered orally [8]. In this
case, each animal receives a standard daily dose of CPZ in
suspension via oral gavage.

Numerous studies have shown that intoxication
caused by CPZ, when mixed with ground rodent chow or
administered via oral gavage, is the gold standard method
for inducing consistent demyelination [8,14,16]. Notably,
although both administration methods can induce demyeli-
nation, they can differ in efficiency, consistency, and as-
sociated systemic effects, such as liver damage. The lack
of comparative data makes it unclear which administra-
tion route provides a more reliable balance between effec-
tive demyelination and minimal hepatic histopathological
changes. Therefore, understanding the limitations of in vivo
models and making informed decisions about the appropri-
ate route of CPZ administration can greatly enhance the sen-
sitivity and reproducibility of the results, as well as their ap-
plication in evaluating new treatments. To date, there have
been no studies comparing the differences between routes
of CPZ administration (diet and oral) in SWR/J mice re-
garding behavioral and histological changes in the brain and
liver. The purpose of this study was to compare whether
intoxication in SWR/J mice using 0.3% CPZ mixed into
ground rodent chow induces demyelination to the same ex-
tent as that with a CPZ suspension in carboxymethyl cellu-
lose. To achieve this, CPZ intoxication was induced with
different formulations to evaluate the behavioral changes
associated with CPZ treatment and to quantify the degree of
demyelination in the CC area of the brain. Finally, the toxi-
city of CPZ to the liver was also investigated. This study of-
fers new insight into the advantages and limitations of each
administration method. These findings enhance method-
ological rigor and may inform the selection of the most
appropriate cuprizone-administration strategy in future MS
research.

2. Materials and Methods
2.1 Animals

In total, 18 male SWR/J mice weighing approximately
19–21 g were sourced by the Animal House Unit of the

King Fahd Medical Research Center, in Jeddah, Saudi Ara-
bia. The mice were kept under standard humidity and tem-
perature conditions with a 12-hour light/dark cycle and had
unrestricted access to food and water. The study was con-
ducted in compliance with the ARRIVE 2.0 guidelines (see
Supplementary Material).

2.2 Treatment Preparation
In the current study, acute demyelination in mice was

induced either through the diet or orally.

2.2.1 Diet CPZ Preparation
The 0.3% (w/w) CPZ diet was formulated by mixing

100 g of ground rodent chow and 0.3 g of CPZ powder
(C9012-25G, Sigma-Aldrich, St. Louis, MO, USA) for 1
minute and then forming it into a pellet form [17]. To en-
sure the effectiveness of the CPZ, the pellet was freshly pre-
pared, stored for less than 3 days, and changed daily in the
cage.

2.2.2 Oral CPZ Preparation
To prepare a homogeneous CPZ–carboxymethyl cel-

lulose (CMC) emulsion, the CPZ powder was mixed with
1% CMC [18]. The 1% CMC was prepared weekly by dis-
solving 1 g of CMC (21902-100G, Sigma-Aldrich) in 100
mL ofwater at a constant temperature of 60 °C, and themix-
ture was then kept at 4 °C [19]. The CPZ–CMC suspension
was prepared fresh every day and administered once daily
via oral gavage (0.2 mL/mouse) at a dose of 400 mg/kg
[8,20]; the dosage was changed weekly depending on the
weight of the animals.

2.3 Experimental Design
The mice were randomly allocated to one of three

groups: (I) control group (received 0.2 mL of 1% CMC by
oral gavage and normal chow daily), (II) CPZ-diet group,
and (III) CPZ-oral group (n = 6 mice/group). The total du-
ration of the study was 5 weeks. Behavioral tests were con-
ducted under blinded conditions in an isolated behavioral
laboratory at room temperature (21–23 °C) and under stan-
dard lighting conditions on different days from the first to
the fifth week. Before testing, the mice were habituated to
their environment. Fig. 1 illustrates the experimental de-
sign of the study.

2.4 Behavioral Tests
2.4.1 Open Field Test (OFT)

Locomotor activity was evaluated weekly by perform-
ing an OFT. Individual mice were positioned in the center
of the open-field arena (45 cm × 45 cm square) and per-
mitted to move freely and explore the environment for 3
minutes during the test. The movements of the mice were
tracked and recorded by a video camera mounted above the
arena. The total distance moved (TDM; cm) and velocity
(cm/s) were measured using the EthoVision XT 8 track-
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Fig. 1. Overview of the time course of the study and the behavioral tests. CMC, carboxymethyl cellulose; CPZ, cuprizone. Created
with https://BioRender.com.

ing system (Noldus Information Technology, Wageningen,
Netherlands) [21,22].

2.4.2 Wire Hang Test
The wire-hang test was used to assess the grip strength

of mice. Briefly, each mouse was carefully placed individu-
ally in the center of a horizontal and narrow steel wire mea-
suring 40 cm long, 40 cm high, and 5 mm in diameter. The
latency to fall (the time each mouse remained on the wire
before falling) was measured, with the cut-off time set at
180 seconds. Each mouse underwent three trials, and the
average was calculated [18,23].

2.4.3 Rotarod Test
The Rotarod device (BR1001, B.S Technolab Inc.,

Seoul, South Korea) was used to assess the motor coordina-
tion and balance of mice; the device consists of a variable-
speed rotating rod driven by a motor. Each mouse was po-
sitioned on the rotating rod for 300 seconds with an accel-
eration of 4 to 40 rpm. Each mouse was subjected to three
trials at 1-hour intervals on each test day, and the average
latency to fall was calculated [23,24].

2.5 Tissue Preparation

The mice were anesthetized with isoflurane (Aer-
rane®, Baxter Healthcare Corporation, Deerfield, IL, USA)
inhalation (induction at 5% and maintenance at 3% in 2
L/min oxygen in a sealed container) at the end of the study
period. Adequate anesthesia depth was confirmed by the
absence of reflex responses. Themice were then euthanized
by decapitation, and the brains and livers were removed
and fixed in 10% formaldehyde. After 48 hours of fixa-
tion, the tissues were processed and embedded in paraffin.
Serial sagittal sections of the brains (5 µm) were prepared
and stained with Luxol Fast Blue Stain Kit (LFB, Cat. No.
RPSK345-500, Atom Scientific, Greater Manchester, UK),
while 5 µm liver sections were prepared and stained with
hematoxylin and eosin (H&E) kit (ab245880, Cambridge,
MA, USA).

2.5.1 LFB Staining

Demyelination was detected histochemically through
an examination of sagittal sections of the brain stained with
the LFB Stain Kit (Cat. No. RPSK345-500, Atom Sci-
entific) according to the Klüver–Barrera protocol (1953).
In LFB staining, demyelinated areas appear white. A
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light microscope (Olympus BX51, Olympus Corporation,
Tokyo, Japan) was used at 10× magnification to examine
the stained samples, and photographs were taken with a dig-
ital camera. Image J software (Version 1.53t, National Insti-
tutes of Health, Bethesda, MD, USA) was used to estimate
the percentage of myelinated areas in the CC; three slices
per group were analyzed, and the percentage of the myeli-
nation area was calculated as follows:

Myelination area% = LFB stained area / Total selected
area × 100.

2.5.2 H&E Staining
H&E staining was performed to detect the histological

morphological changes in the liver. The staining procedure
was performed according to a previously reported protocol
[25].

2.6 Statistical Analysis
GraphPad Prism 9.2.0 (GraphPad Software, La Jolla,

CA, USA) was used for the statistical analysis, and all
data were presented as the mean ± standard error of the
mean (SEM). Statistical differences between groups were
analyzed by performing a two-way analysis of variance
(ANOVA) followed by Tukey’s test for multiple compar-
isons, except for the percent weight gain and myelin con-
tent, which were analyzed by performing an ordinary one-
way ANOVA followed by Tukey’s test for multiple com-
parisons. Significant differences were defined as p < 0.05.

3. Results
3.1 Effect of Different Routes of CPZ Administration on
Body Weight

At the end of the 5-week CPZ-mediated intoxication
period, body weights were significantly decreased in the
CPZ-diet group when compared to those in the control
group (p = 0.0042) and the CPZ-oral group (p = 0.0364),
as shown (Fig. 2A). Weight gain results (in %) also showed
a significant difference between the CPZ-diet group and the
other groups, namely the control group (p = 0.0031) and the
CPZ-oral group (p = 0.0036), with a non-significant differ-
ence between the CPZ-oral and control groups (p = 0.9929)
(Fig. 2B).

3.2 Effect of Different Routes of CPZ Administration on
Locomotor Activity (TDM and Velocity)

As shown in Fig. 3A, no significant differences in the
TDM value were found between the control group and the
other groups, namely the CPZ-diet (p = 0.7844) and CPZ-
oral (p = 0.4040) groups, or between the CPZ-diet and CPZ-
oral groups (p = 0.8715). Furthermore, no significant dif-
ferences in velocity were found between the control group
and the two CPZ groups, namely the CPZ-diet (p = 0.8109)
and CPZ-oral (p = 0.4908) groups, or between the CPZ-diet
and CPZ-oral groups (p = 0.8720) (Fig. 3B).

3.3 Effect of Different Routes of CPZ Administration on
Grip Strength

The mice in the CPZ groups (diet and oral) exhibited
shorter latency compared with control group, as shown in
Fig. 4. Statistically significant differences were observed
between the CPZ-diet and control groups at weeks 2, 3,
and 4 (p = 0.0131, p = 0.0028, p = 0.0262, respectively).
No significant differences were detected at weeks 1 and
5 (p = 0.1986 and p = 0.2048, respectively). In addition,
there were no statistically significant differences between
the CPZ-diet and CPZ-oral groups (p = 0.9016, p = 0.7714,
p = 0.1109, p = 0.5270, and p = 0.6825, respectively) or be-
tween the CPZ-oral and control group at any week of the
study.

3.4 Effect of Different Routes of CPZ Administration on
Motor Coordination and Balance

In the last 3 weeks of the study, the motor performance
in the CPZ groups decreased compared to that in the control
group. A statistical analysis revealed significant differences
between the control and CPZ-diet groups (p = 0.0285 and
p = 0.0149) at weeks 4 and 5, respectively. In contrast, no
significant differences were found between the control and
CPZ-oral groups (p = 0.2402 and p = 0.1186) or between the
CPZ-diet and CPZ-oral groups (p = 0.5268 and p = 0.5854).
Of note, there were no significant differences in the first
weeks among all groups (Fig. 5).

3.5 Effect of Different Routes of CPZ Administration on
CC Demyelination

Demyelination was assessed based on a histological
examination of LFB staining in sections of the CC, as this
area is reproducibly affected by CPZ administration [26].
As shown (Fig. 6), complete myelination was observed in
the CC of the control group, whereas almost complete de-
myelination was detected in all groups receiving CPZ (diet
and oral). Using Image J software, myelin content was cal-
culated by determining the percentage of the myelinated
area. Quantitative analysis of the myelinated region in all
areas of the CC showed that the percentage of the myeli-
nated area decreased significantly (p < 0.0001) in both CPZ
groups (CPZ-diet = 10.23% and CPZ-oral = 12.90%) com-
pared to that in the control group (93.99%), with no sta-
tistically significant differences between the CPZ-diet and
CPZ-oral groups (Fig. 6).

3.6 Effect of Different Routes of CPZ Administration on
Liver Toxicity
3.6.1 Control Groups

A microscopic examination of H&E-stained liver sec-
tions from the control-group mice revealed classic polyhe-
dral lobules with portal vein spaces at the periphery of each
lobule, indicating a normal architecture of the liver (Fig.
7A). Hepatocyte cords extending from the central vein to
the periphery formed the hepatic lobular parenchyma. Nar-
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Fig. 2. Effect of different routes of CPZ administration on (A) body weight (g), and (B) percent weight gain. Data were analyzed via
two-way ANOVA in (A) and ordinary one-way ANOVA in (B), followed by Tukey’s multiple comparisons test. All data are presented as
the mean ± SEM. g, gram; SEM, standard error of the mean; ANOVA, analysis of variance; 6 mice per group = 18 mice. (*) Indicates a
significant difference between control and CPZ-diet groups, (&) indicates a significant difference between control and CPZ-oral groups,
and (#) indicates a significant difference between CPZ-diet and CPZ-oral groups. **p < 0.01, ***p < 0.001, #p < 0.05, ##p < 0.01, &p <
0.05.
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Fig. 3. Effect of different routes of CPZ administration on locomotor activity inOFT: (A) TDM, and (B) velocity. Data are displayed
as the mean ± SEM and were analyzed via two-way ANOVA followed by Tukey’s multiple comparisons test in (A,B), 6 mice/group.
TDM, total distance moved; OFT, open field test.

row blood sinusoids, bordered by Kupffer cells and flat en-
dothelial cells, filled the space between the cell cords and
converged towards the central vein. The hepatocytes con-
tained one or two spherical nuclei in the eosinophilic cyto-

plasm. The small branches of the bile duct, portal vein, and
hepatic artery were visible in the portal vein spaces (Fig.
7B,C).
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Fig. 4. Effect of different routes of CPZ administration on grip strength. Data are shown as the mean ± SEM; a two-way ANOVA
followed by Tukey’s multiple comparison test was performed; 6 mice/group. (*) Indicates a significant difference between the control
and CPZ-diet groups, *p < 0.05, **p < 0.01.

Fig. 5. Effect of different routes of CPZ administration onmotor coordination and balance in the rotarod test. A two-way ANOVA
was performed, followed by Tukey’s multiple comparisons test, and the data are displayed as themean ± SEM; 6mice/group. (*) Indicates
a significant difference between control and CPZ-diet groups, *p < 0.05.

3.6.2 Diet Group

The microscopic examination of H&E-stained liver
sections from the diet group revealed some disorganiza-
tion of hepatic cords that radiate from the central vein with
dilatation of the central vein, portal vein, and blood sinu-

soids (Fig. 7D). In addition, inflammatory cellular infiltra-
tion was detected around the central veins. The hepatocytes
displayed a range of changes in the form of swelling, a vac-
uolated cytoplasm, and condensed nuclei, especially those
around the central veins and portal spaces (Fig. 7E,F).
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Fig. 6. Myelin content in the CC based on LFB staining and percentage of myelinated area in all groups at week 5. Quantification
was performed using four mice per group, with multiple imaging fields analyzed from the corpus callosum region for each animal. Data
are shown as the mean ± SEM; a one-way ANOVA was used followed by Tukey’s multiple comparisons test. Scale bars: 100 μm. CC,
corpus callosum; LFB, Luxol Fast Blue. ****p < 0.0001, &&&&p < 0.0001; 10× magnification.

3.6.3 Oral Group

The microscopic examination of H&E-stained liver
sections from the oral group revealed more diverse forms
of histopathological changes. This included the disorgani-
zation of hepatic cords around the central veins, which ap-
peared dilated and congested (Fig. 7G). Dilatation of the
portal veins and blood sinusoids was also observed, and fo-

cal areas of inflammatory cellular infiltrates were observed
around the central veins. The hepatocytes displayed a range
of changes in the form of swelling, a vacuolated cytoplasm,
and pyknotic changes of the nuclei, in different parts of the
hepatic lobules (Fig. 7H,I).
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Fig. 7. Photomicrographs of liver sections from the control group showing the following. (A) normal histological structure of the
liver in the form of cords of hepatocytes (Hcs) radiating from the central vein (CV) towards the portal spaces (PSs); H&E, ×200. (B) The
hepatocytes had an eosinophilic cytoplasm and contain one or two rounded nuclei. Notice the normal hepatic sinusoids (Su); H&E, ×400.
(C) Normal Hcs are arranged around the PS, which contains a portal venule (PV). Notice the normal hepatic sinusoids (Su); H&E, ×400.
Photomicrographs of liver sections from the diet group showing the following: (D) disorganization of normal histological architecture
of the liver with little dilation of the CV, PV, and Su. Many Hcs appeared to be vacuolated; H&E, ×200. (E) Little dilation of the CV
and Su. The Hcs showed a vacuolated cytoplasm; H&E, ×400. (F) Little dilation of the CV and Su. The Hcs showed a vacuolated
cytoplasm; H&E, ×400. Photomicrograph of liver sections from the oral group showing the following: (G) disorganization of normal
histological architecture of the liver with dilation and congestion of the CV and PV; H&E, ×200. (H) Dilation of the CV and Su with
areas of inflammatory cellular infiltrates (arrow) observed around the CV. The Hcs showed a vacuolated cytoplasm; H&E, ×400. (I)
Dilation and congestion of the PV and Su; 4 mice/group. The Hcs showed a vacuolated cytoplasm; H&E, ×400. H&E, hematoxylin and
eosin. Scale bar: 50 μm.

4. Discussion

Several animal models have been established for
studying the pathophysiology of MS. The use of CPZ com-
prises a valuablemodel to assess the effect of potential treat-
ments, which has been used over several decades [27,28],
as both de- and re-myelination occur simultaneously, as in
MS [29,30]. Currently, most researchers generally use CPZ
models, in which animals are fed either ground chowmixed
with CPZ or pellets containing CPZ [16]. In addition, other
routes of CPZ administration are also used, such as mixing
CPZ into drinking water [15] or the oral administration of

a suspension of CPZ in CMC [8]. Therefore, in accordance
with previously reported CPZ-administration protocols, the
aim of this study was to compare two standard routes of
CPZ administration (diet and oral) using SWR/J mice, fo-
cusing on their effects on behavioral changes, CC demyeli-
nation, and liver toxicity.

Several studies have reported that CPZ intoxication
can lead to weight loss, which provides evidence of the de-
sired demyelinating effect of CPZ in vivo [8,31,32,33]. Our
results showed that mice fed 0.3% CPZ in ground rodent
chow exhibited a significant reduction in weight gain. In
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contrast, the effect was less pronounced in mice receiving
CPZ in a suspension formulation via oral gavage. This re-
sult is in agreement with previous studies showing that CPZ
administration causes a decrease in body weight [8,34].
There could be several reasons for the difference in weight
gain between the two groups of mice treated with CPZ, in-
cluding differences in the route of administration and the
resulting differences in pharmacokinetics and pharmacody-
namics. Chronic exposure to lower dietary levels of CPZ
may result in cumulative toxicity, gastrointestinal irritation,
decreased nutrient absorption, or other systemic effects that
may reduce weight gain more than that with acute, high-
dose exposure via gavage.

Behavioral assessments using animal models are cru-
cial to understanding the pathophysiology of a disease and
finding possible treatments [35]. In the current study, vari-
ous parameters of locomotion were investigated, including
the TDM, velocity, grip strength, motor coordination, and
balance. Regarding the OFT, our results showed no differ-
ence in locomotor activity between the CPZ groups (diet
and oral) and the control group, as indicated by the sim-
ilar TDM and velocity between the two groups. This re-
sult aligns with previous reports showing that motor per-
formance and locomotor activity are unaffected by CPZ
administration [36,37]. However, contradictory findings
have also been reported, with some studies showing re-
duced locomotion and motor impairment [38]. These dif-
ferences may be due to several experimental variables, such
as the dose of cuprizone, length of exposure, route of ad-
ministration, mouse strain, age, and the specific behavioral
paradigms used. The wire-hang test was used to investigate
the effects of CPZ on neuromuscular function and to eval-
uate the grip strength of mice. Our results showed that the
administration of CPZ (diet and oral) inducedmuscle weak-
ness in mice, compared to results from the control group,
as indicated by a reduced latency to fall. These results are
consistent with those of previous studies that demonstrated
the effect of CPZ intoxication on muscle weakness using a
wire-hanging test [18,39]. Interestingly, we found that the
group of mice that received CPZ mixed with ground rodent
chow had a significant decrease in grip strength compared
to the group that received 400 mg/kg CPZ via oral gavage.
Regarding the rotarod test, our results showed a decrease in
motor coordination in the CPZ groups (diet and oral) com-
pared to that in the control group, as evidenced by a de-
creased latency to the fall time. This finding is in agreement
with previous reports that CPZ administration reduces the
latency to fall from the rotarod [39,40,41]. However, the
CPZ-diet group showed a more significant reduction than
the CPZ-oral group. These results suggest that exposure to
CPZ at low doses over a prolonged period, through the diet,
produces long-lasting systemic effects. The observed be-
havioral abnormalities in the CPZ-diet group could be due
to chronicmetabolic disturbances caused by this continuous
exposure. In contrast, acute, high-dose administration via

gavage could lead to the rapid absorption andmetabolism of
CPZ, resulting in higher peak concentrations but a shorter
duration of action. This could explain the less severe ef-
fects on the behavioral abnormality parameters compared to
those with dietary administration. To the best of our knowl-
edge, no previous study has compared routes of CPZ ad-
ministration (dietary and oral) using SWR/J mice regarding
behavioral deficits.

Demyelination in the CNS is a prominent feature of
MS [42,43]. In the current study, we used LFB staining to
observe myelin loss in the CC of CPZ groups. Our results
showed severe demyelination in the genu part of the CC
and a significant reduction in the percentage of myelin con-
tent in all parts of the CC of the mouse brain in both CPZ
groups compared to that in the control group, which is con-
sistent with the results of previous studies [8,14,31]. Our
findings confirmed the previous results showing that be-
havioral impairment in mice is associated with demyelina-
tion in the brain [44,45]. In addition, an examination of the
histologic effects of CPZ on liver tissue showed the pres-
ence of various forms of histopathologic changes in all CPZ
groups. However, the group that was administered CPZ
orally showed a more pronounced change than the group
that was administered CPZ via the diet. In line with our
data, the Hiremath MM et al. [32] study showed that ad-
ministering dietary CPZ at 0.2%, to C57BL/6 mice, induces
reliable demyelination without harmful systemic toxic ef-
fects. However, no previous study has reported the effect
of oral gavage administration on histopathological liver al-
terations alone or compared it with the dietary route.

5. Conclusions
The current results provide new insights into the routes

of CPZ administration for animal models, which could sig-
nificantly result in a better understanding of the patho-
physiology of MS and thus facilitate the identification of
biomarkers and drug development. These results suggest
that the CPZ-diet model is more appropriate for modeling
MS because it comprises consistent and sustained effects on
demyelination and behavior while minimizing acute liver
toxicity. This model better mimics the chronic progression
and multifaceted nature of MS, making it a more reliable
and representative model for studying the disease. How-
ever, the current study has some limitations, including a
small sample size and short duration of CPZ administration.
In the future, biochemical andmolecular analyses should be
performed, including an assessment of antioxidant markers
and myelin protein quantification in the CC. Future stud-
ies should also evaluate liver toxicity using biochemical as-
says to support the histological findings. These studies will
offer greater insights into how various CPZ routes affect
demyelination dynamics, behavioral results, and systemic
toxicity, thereby improving model selection and increas-
ing the translational value of experimental demyelination
investigations.

10

https://www.imrpress.com


Availability of Data and Materials
The original contributions presented in this study are

included in the article; all data reported in this paper will be
shared by the lead contact upon request.

Author Contributions
KMA-O conceived the study, conducted the exper-

iments, analyzed and interpreted the data, and wrote the
manuscript. The author read and approved the final
manuscript. The author has participated sufficiently in the
work and agreed to be accountable for all aspects of the
work.

Ethics Approval and Consent to Participate
This studywas approved by the Biomedical Ethics Re-

search Committee of King Abdulaziz University (Approval
No. 551-20) and was in accordance with the guidelines of
the Animal Care and Use Committee (ACUC) of King Fahd
Medical Research Centre and the “System of Ethics of Re-
search on Living Creatures” of KingAbdulaziz City for Sci-
ence and Technology, approved by Royal Decree No. M/59
dated 24 August 2010.

Acknowledgment
Not applicable.

Funding
This research received no external funding.

Conflicts of Interest
The author declares no conflicts of interest.

Supplementary Material
Supplementary material associated with this article

can be found, in the online version, at https://doi.org/10.
31083/JIN52589.

References
[1] Wallin MT, Culpepper WJ, Nichols E, Bhutta ZA, Gebrehiwot

TT, Hay SI, et al. Global, regional, and national burden of mul-
tiple sclerosis 1990-2016: a systematic analysis for the Global
Burden of Disease Study 2016. The Lancet. Neurology. 2019;
18: 269–285. https://doi.org/10.1016/S1474-4422(18)30443-5

[2] Browne P, Chandraratna D, Angood C, Tremlett H, Baker C,
Taylor BV, et al. Atlas of Multiple Sclerosis 2013: A growing
global problem with widespread inequity. Neurology. 2014; 83:
1022–1024. https://doi.org/10.1212/WNL.0000000000000768

[3] Thompson KK, Tsirka SE. Guanabenz modulates microglia and
macrophages during demyelination. Scientific Reports. 2020;
10: 19333. https://doi.org/10.1038/s41598-020-76383-w

[4] Ghasemi N, Razavi S, Nikzad E. Multiple Sclerosis: Pathogen-
esis, Symptoms, Diagnoses and Cell-Based Therapy. Cell Jour-
nal. 2017; 19: 1–10. https://doi.org/10.22074/cellj.2016.4867

[5] Compston A, Coles A. Multiple sclerosis. Lancet. 2008; 372:
1502–1517. https://doi.org/10.1016/S0140-6736(08)61620-7

[6] Patrikios P, Stadelmann C, Kutzelnigg A, Rauschka H, Schmid-
bauer M, Laursen H, et al. Remyelination is extensive in a sub-

set of multiple sclerosis patients. Brain. 2006; 129: 3165–3172.
https://doi.org/10.1093/brain/awl217

[7] Goldschmidt T, Antel J, König FB, Brück W, Kuhlmann T. Re-
myelination capacity of the MS brain decreases with disease
chronicity. Neurology. 2009; 72: 1914–1921. https://doi.org/10.
1212/WNL.0b013e3181a8260a

[8] Zhen W, Liu A, Lu J, Zhang W, Tattersall D, Wang J. An
Alternative Cuprizone-Induced Demyelination and Remyelina-
tion Mouse Model. ASN Neuro. 2017; 9: 1759091417725174.
https://doi.org/10.1177/1759091417725174

[9] Blakemore WF, Franklin RJM. Remyelination in experimental
models of toxin-induced demyelination. Advances in multiple
Sclerosis and Experimental Demyelinating Diseases (pp. 193–
212). Springer: Berlin, Heidelberg, Germany. 2008.

[10] Torre-Fuentes L, Moreno-Jiménez L, Pytel V, Matías-Guiu JA,
Gómez-Pinedo U, Matías-Guiu J. Experimental models of de-
myelination and remyelination. Neurologia (English Edition).
2020; 35: 32–39. https://doi.org/10.1016/j.nrl.2017.07.002

[11] Skripuletz T, Gudi V, Hackstette D, Stangel M. De- and remyeli-
nation in the CNS white and grey matter induced by cuprizone:
the old, the new, and the unexpected. Histology and Histopathol-
ogy. 2011; 26: 1585–1597. https://doi.org/10.14670/HH-26.
1585

[12] Pfeifenbring S, Nessler S, Wegner C, Stadelmann C, Brück W.
Remyelination After Cuprizone-Induced Demyelination Is Ac-
celerated in Juvenile Mice. Journal of Neuropathology and Ex-
perimental Neurology. 2015; 74: 756–766. https://doi.org/10.
1097/NEN.0000000000000214

[13] Gudi V, Gingele S, Skripuletz T, Stangel M. Glial response
during cuprizone-induced de- and remyelination in the CNS:
lessons learned. Frontiers in Cellular Neuroscience. 2014; 8: 73.
https://doi.org/10.3389/fncel.2014.00073

[14] Hochstrasser T, Exner GL, Nyamoya S, Schmitz C, Kipp M.
Cuprizone-Containing Pellets Are Less Potent to Induce Consis-
tent Demyelination in the Corpus Callosum of C57BL/6 Mice.
Journal of Molecular Neuroscience. 2017; 61: 617–624. https:
//doi.org/10.1007/s12031-017-0903-3

[15] Zatta P, Raso M, Zambenedetti P, Wittkowski W, Messori L,
Piccioli F, et al. Copper and zinc dismetabolism in the mouse
brain upon chronic cuprizone treatment. Cellular and Molecular
Life Sciences : CMLS. 2005; 62: 1502–1513. https://doi.org/
10.1007/s00018-005-5073-8

[16] Liu L, Belkadi A, Darnall L, Hu T, Drescher C, Cotleur AC, et al.
CXCR2-positive neutrophils are essential for cuprizone-induced
demyelination: relevance to multiple sclerosis. Nature Neuro-
science. 2010; 13: 319–326. https://doi.org/10.1038/nn.2491

[17] Al-Otaibi KM, Alghamdi BS, Al-Ghamdi MA, Mansouri RA,
Ashraf GM, Omar UM. Therapeutic effect of combination vi-
tamin D3 and siponimod on remyelination and modulate mi-
croglia activation in cuprizone mouse model of multiple sclero-
sis. Frontiers in Behavioral Neuroscience. 2023; 16: 1068736.
https://doi.org/10.3389/fnbeh.2022.1068736

[18] Abo Taleb HA, Alghamdi BS. Neuroprotective Effects of
Melatonin during Demyelination and Remyelination Stages in
a Mouse Model of Multiple Sclerosis. Journal of Molecu-
lar Neuroscience. 2020; 70: 386–402. https://doi.org/10.1007/
s12031-019-01425-6

[19] Lan W, He L, Liu Y. Preparation and Properties of Sodium
Carboxymethyl Cellulose/Sodium Alginate/Chitosan Compos-
ite Film. Coatings. 2018; 8: 291. https://doi.org/10.3390/coatin
gs8080291

[20] Kopanitsa MV, Lehtimäki KK, Forsman M, Suhonen A, Kopo-
nen J, Piiponniemi TO, et al. Cognitive disturbances in the cupri-
zone model of multiple sclerosis. Genes, Brain, and Behavior.
2021; 20: e12663. https://doi.org/10.1111/gbb.12663

11

https://doi.org/10.31083/JIN52589
https://doi.org/10.31083/JIN52589
https://doi.org/10.1016/S1474-4422(18)30443-5
https://doi.org/10.1212/WNL.0000000000000768
https://doi.org/10.1038/s41598-020-76383-w
https://doi.org/10.22074/cellj.2016.4867
https://doi.org/10.1016/S0140-6736(08)61620-7
https://doi.org/10.1093/brain/awl217
https://doi.org/10.1212/WNL.0b013e3181a8260a
https://doi.org/10.1212/WNL.0b013e3181a8260a
https://doi.org/10.1177/1759091417725174
https://doi.org/10.1016/j.nrl.2017.07.002
https://doi.org/10.14670/HH-26.1585
https://doi.org/10.14670/HH-26.1585
https://doi.org/10.1097/NEN.0000000000000214
https://doi.org/10.1097/NEN.0000000000000214
https://doi.org/10.3389/fncel.2014.00073
https://doi.org/10.1007/s12031-017-0903-3
https://doi.org/10.1007/s12031-017-0903-3
https://doi.org/10.1007/s00018-005-5073-8
https://doi.org/10.1007/s00018-005-5073-8
https://doi.org/10.1038/nn.2491
https://doi.org/10.3389/fnbeh.2022.1068736
https://doi.org/10.1007/s12031-019-01425-6
https://doi.org/10.1007/s12031-019-01425-6
https://doi.org/10.3390/coatings8080291
https://doi.org/10.3390/coatings8080291
https://doi.org/10.1111/gbb.12663
https://www.imrpress.com


[21] Han SR, Kang YH, Jeon H, Lee S, Park SJ, Song DY, et al.
Differential Expression of miRNAs and Behavioral Change in
the Cuprizone-Induced Demyelination Mouse Model. Interna-
tional Journal of Molecular Sciences. 2020; 21: 646. https:
//doi.org/10.3390/ijms21020646

[22] BalkayaM, Kröber JM, Rex A, EndresM. Assessing post-stroke
behavior in mouse models of focal ischemia. Journal of Cerebral
Blood Flow and Metabolism. 2013; 33: 330–338. https://doi.or
g/10.1038/jcbfm.2012.185

[23] Mohamed-Fathy Kamal O, Ojeda-Hernández DD, Selma-Calvo
B, Benito-Martín MS, Fuente-Martín SDL, García-Martín M, et
al. Technical Assessment of Motor and Behavioral Tests in Ro-
dent Models of Multiple Sclerosis. Journal of Integrative Neu-
roscience. 2025; 24: 26429. https://doi.org/10.31083/JIN26429

[24] Sen MK, Almuslehi MSM, Coorssen JR, Mahns DA, Shortland
PJ. Behavioural and histological changes in cuprizone-fed mice.
Brain, Behavior, and Immunity. 2020; 87: 508–523. https://doi.
org/10.1016/j.bbi.2020.01.021

[25] Cardiff RD, Miller CH, Munn RJ. Manual hematoxylin and
eosin staining of mouse tissue sections. Cold Spring Harbor Pro-
tocols. 2014; 2014: 655–658. https://doi.org/10.1101/pdb.prot
073411

[26] Groebe A, Clarner T, Baumgartner W, Dang J, Beyer C, Kipp
M. Cuprizone treatment induces distinct demyelination, astrocy-
tosis, and microglia cell invasion or proliferation in the mouse
cerebellum. Cerebellum. 2009; 8: 163–174. https://doi.org/10.
1007/s12311-009-0099-3

[27] Blakemore WF. Observations on oligodendrocyte degeneration,
the resolution of status spongiosus and remyelination in cupri-
zone intoxication in mice. Journal of Neurocytology. 1972; 1:
413–426. https://doi.org/10.1007/BF01102943

[28] Blakemore WF. Demyelination of the superior cerebellar pe-
duncle in the mouse induced by cuprizone. Journal of the Neu-
rological Sciences. 1973; 20: 63–72. https://doi.org/10.1016/
0022-510x(73)90118-4

[29] Bruce CC, Zhao C, Franklin RJM. Remyelination - An effective
means of neuroprotection. Hormones and Behavior. 2010; 57:
56–62. https://doi.org/10.1016/j.yhbeh.2009.06.004

[30] Franklin RJM. Why does remyelination fail in multiple sclero-
sis? Nature Reviews. Neuroscience. 2002; 3: 705–714. https:
//doi.org/10.1038/nrn917

[31] Mojaverrostami S, Pasbakhsh P, Madadi S, Nekoonam S, Zarini
D, Noori L, et al. Calorie restriction promotes remyelination in
a Cuprizone-Induced demyelination mouse model of multiple
sclerosis. Metabolic Brain Disease. 2020; 35: 1211–1224. https:
//doi.org/10.1007/s11011-020-00597-0

[32] Hiremath MM, Saito Y, Knapp GW, Ting JP, Suzuki K,
Matsushima GK. Microglial/macrophage accumulation during
cuprizone-induced demyelination in C57BL/6 mice. Journal of
Neuroimmunology. 1998; 92: 38–49. https://doi.org/10.1016/
s0165-5728(98)00168-4

[33] Hilton JBW, Kysenius K, Liddell JR, Mercer SW, Hare DJ, Bun-
cic G, et al. Evidence for decreased copper associated with de-
myelination in the corpus callosum of cuprizone-treated mice.
Metallomics: Integrated Biometal Science. 2024; 16: mfad072.
https://doi.org/10.1093/mtomcs/mfad072

[34] Chang H, Liu J, Zhang Y, Wang F, Wu Y, Zhang L, et al.
Increased central dopaminergic activity might be involved in
the behavioral abnormality of cuprizone exposure mice. Be-
havioural Brain Research. 2017; 331: 143–150. https://doi.org/
10.1016/j.bbr.2017.05.045

[35] Sukoff Rizzo SJ, Crawley JN. Behavioral Phenotyping Assays
for Genetic Mouse Models of Neurodevelopmental, Neurode-
generative, and Psychiatric Disorders. Annual Review of Ani-
mal Biosciences. 2017; 5: 371–389. https://doi.org/10.1146/an
nurev-animal-022516-022754

[36] Li Z, HeY, Fan S, Sun B. Clemastine rescues behavioral changes
and enhances remyelination in the cuprizone mouse model of
demyelination. Neuroscience Bulletin. 2015; 31: 617–625. http
s://doi.org/10.1007/s12264-015-1555-3

[37] Cui C, Wang J, Mullin AP, Caggiano AO, Parry TJ, Colburn
RW, et al. The antibody rHIgM22 facilitates hippocampal re-
myelination and ameliorates memory deficits in the cuprizone
mouse model of demyelination. Brain Research. 2018; 1694:
73–86. https://doi.org/10.1016/j.brainres.2018.05.013

[38] Yu H, Wu M, Lu G, Cao T, Chen N, Zhang Y, et al. Prednisone
alleviates demyelination through regulation of the NLRP3 in-
flammasome in a C57BL/6 mouse model of cuprizone-induced
demyelination. Brain Research. 2018; 1678: 75–84. https://doi.
org/10.1016/j.brainres.2017.09.034

[39] Elbaz EM, Senousy MA, El-Tanbouly DM, Sayed RH. Neu-
roprotective effect of linagliptin against cuprizone-induced de-
myelination and behavioural dysfunction in mice: A pivotal role
of AMPK/SIRT1 and JAK2/STAT3/NF-κB signalling pathway
modulation. Toxicology and Applied Pharmacology. 2018; 352:
153–161. https://doi.org/10.1016/j.taap.2018.05.035

[40] Kumar P, Sharma G, Gupta V, Kaur R, Thakur K, Malik R, et
al. Preclinical Explorative Assessment of Dimethyl Fumarate-
BasedBiocompatible Nanolipoidal Carriers for theManagement
of Multiple Sclerosis. ACS Chemical Neuroscience. 2018; 9:
1152–1158. https://doi.org/10.1021/acschemneuro.7b00519

[41] Wang WW, Lu L, Bao TH, Zhang HM, Yuan J, Miao W, et
al. Scutellarin Alleviates Behavioral Deficits in a Mouse Model
of Multiple Sclerosis, Possibly Through Protecting Neural Stem
Cells. Journal of Molecular Neuroscience. 2016; 58: 210–220.
https://doi.org/10.1007/s12031-015-0660-0

[42] Frischer JM, Bramow S, Dal-Bianco A, Lucchinetti CF,
Rauschka H, Schmidbauer M, et al. The relation between in-
flammation and neurodegeneration in multiple sclerosis brains.
Brain. 2009; 132: 1175–1189. https://doi.org/10.1093/brain/aw
p070

[43] Stys PK, Zamponi GW, van Minnen J, Geurts JJG. Will the
real multiple sclerosis please stand up? Nature Reviews. Neuro-
science. 2012; 13: 507–514. https://doi.org/10.1038/nrn3275

[44] Franco-Pons N, Torrente M, Colomina MT, Vilella E. Behav-
ioral deficits in the cuprizone-inducedmurine model of demyeli-
nation/remyelination. Toxicology Letters. 2007; 169: 205–213.
https://doi.org/10.1016/j.toxlet.2007.01.010

[45] Hibbits N, Pannu R,Wu TJ, Armstrong RC. Cuprizone demyeli-
nation of the corpus callosum in mice correlates with altered
social interaction and impaired bilateral sensorimotor coordina-
tion. ASN Neuro. 2009; 1: e00013. https://doi.org/10.1042/AN
20090032

12

https://doi.org/10.3390/ijms21020646
https://doi.org/10.3390/ijms21020646
https://doi.org/10.1038/jcbfm.2012.185
https://doi.org/10.1038/jcbfm.2012.185
https://doi.org/10.31083/JIN26429
https://doi.org/10.1016/j.bbi.2020.01.021
https://doi.org/10.1016/j.bbi.2020.01.021
https://doi.org/10.1101/pdb.prot073411
https://doi.org/10.1101/pdb.prot073411
https://doi.org/10.1007/s12311-009-0099-3
https://doi.org/10.1007/s12311-009-0099-3
https://doi.org/10.1007/BF01102943
https://doi.org/10.1016/0022-510x(73)90118-4
https://doi.org/10.1016/0022-510x(73)90118-4
https://doi.org/10.1016/j.yhbeh.2009.06.004
https://doi.org/10.1038/nrn917
https://doi.org/10.1038/nrn917
https://doi.org/10.1007/s11011-020-00597-0
https://doi.org/10.1007/s11011-020-00597-0
https://doi.org/10.1016/s0165-5728(98)00168-4
https://doi.org/10.1016/s0165-5728(98)00168-4
https://doi.org/10.1093/mtomcs/mfad072
https://doi.org/10.1016/j.bbr.2017.05.045
https://doi.org/10.1016/j.bbr.2017.05.045
https://doi.org/10.1146/annurev-animal-022516-022754
https://doi.org/10.1146/annurev-animal-022516-022754
https://doi.org/10.1007/s12264-015-1555-3
https://doi.org/10.1007/s12264-015-1555-3
https://doi.org/10.1016/j.brainres.2018.05.013
https://doi.org/10.1016/j.brainres.2017.09.034
https://doi.org/10.1016/j.brainres.2017.09.034
https://doi.org/10.1016/j.taap.2018.05.035
https://doi.org/10.1021/acschemneuro.7b00519
https://doi.org/10.1007/s12031-015-0660-0
https://doi.org/10.1093/brain/awp070
https://doi.org/10.1093/brain/awp070
https://doi.org/10.1038/nrn3275
https://doi.org/10.1016/j.toxlet.2007.01.010
https://doi.org/10.1042/AN20090032
https://doi.org/10.1042/AN20090032
https://www.imrpress.com

	1. Introduction
	2. Materials and Methods
	2.1 Animals
	2.2 Treatment Preparation
	2.2.1 Diet CPZ Preparation
	2.2.2 Oral CPZ Preparation

	2.3 Experimental Design
	2.4 Behavioral Tests
	2.4.1 Open Field Test (OFT)
	2.4.2 Wire Hang Test
	2.4.3 Rotarod Test

	2.5 Tissue Preparation
	2.5.1 LFB Staining
	2.5.2 H&E Staining

	2.6 Statistical Analysis

	3. Results
	3.1 Effect of Different Routes of CPZ Administration on Body Weight
	3.2 Effect of Different Routes of CPZ Administration on Locomotor Activity (TDM and Velocity)
	3.3 Effect of Different Routes of CPZ Administration on Grip Strength
	3.4 Effect of Different Routes of CPZ Administration on Motor Coordination and Balance
	3.5 Effect of Different Routes of CPZ Administration on CC Demyelination
	3.6 Effect of Different Routes of CPZ Administration on Liver Toxicity
	3.6.1 Control Groups
	3.6.2 Diet Group
	3.6.3 Oral Group


	4. Discussion
	5. Conclusions
	Availability of Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgment
	Funding
	Conflicts of Interest
	Supplementary Material
	References

