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ABSTRACT

Chronic long-term exposure to cuprizone causes 
severe brain demyelination in mice, which leads to 
changes in locomotion, working memory and anxiety. 
These fi ndings suggest the importance of intact myelin 
for these behaviors. This study aimed to investigate 
the possible behavioral changes in mice with mild 
oligodendrocyte/myelin damage that parallels the 
white matter changes seen in the brains of patients 
with psychiatric disporders. We used the cuprizone-
treated mouse model to test both tissue changes and 
behavioral functions (locomotor activity, anxiety status, 
and spatial working memory). The results showed 
that mice given cuprizone in their diet for 7 days had 
no significant myelin breakdown as evaluated by 
immunohistochemical staining for myelin basic protein, 
while the number of mature oligodendrocytes was 
reduced. The number and length of Caspr protein 
clusters, a structural marker of the node of Ranvier, did 
not change. The locomotor activity of the cuprizone-
treated mice increased whereas their anxiety levels 
were lower than in normal controls; spatial working 
memory, however, did not change. These results, for 
the first time, link emotion-related behavior with mild 

white matter damage in cuprizone-treated mice.
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INTRODUCTION 

Recently, studies have found that oligodendrocyte/myelin 
alterations show consistent pathological changes in several 
mental disorders, including schizophrenia, mood disorders, 
and attention deficient hyperactivity disorder[1-6]. These 
findings highlight the important role of oligodendrocytes/
myelin in the behavioral abnormalities and treatment 
of  mental  d isorders.  Animal  models wi th a l tered 
oligodendrocytes/myelin can provide valuable information 
about the relationship between these alterations and 
disease-related behavioral changes[6].

Bis-cyclohexylidenehydrazide (cuprizone) is a copper 
chelator that has been shown to specifically damage the 
white matter of the brain[7, 8]. In recent animal studies, 
abnormal cognitive and emotion-related behaviors were 
reported in cuprizone-exposed mice with demyelination. For 
example, after exposure to 0.2% cuprizone for three and 
four weeks, mice exhibited an increase in brain activity and 
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a reduced anxiety response to a novelty challenge test[9]. 
In another study, C57BL/6 mice given 0.2% cuprizone for 
two to six weeks showed a variety of abnormal behaviors 
at various time points. Mice exposed to cuprizone for two 
and three weeks displayed more climbing behavior and 
reduced prepulse inhibition; mice exposed to cuprizone 
for four to six weeks had less social interaction, along with 
severe brain demyelination, myelin breakdown, and loss of 
oligodendrocytes. At all these time points, the cuprizone-
exposed mice spent more time in the open arms of an 
elevated plus-maze and exhibited spatial working memory 
impairment[10].

Although behavioral changes are associated with 
profound demyelination in cuprizone-treated mice, no 
efforts have been made to investigate the behaviors of mice 
with mild oligodendrocyte/myelin damage that parallels the 
white matter changes seen in the brains of schizophrenic 
patients. We therefore set out to determine whether mice 
with mild white matter damage have abnormalities in 
emotion-related behaviors and spatial working memory. 

MATERIALS AND METHODS

Animals and Experimental Procedures 
Eight-week old male C57BL/6 mice were purchased from 
Central Animal Care Services, University of Manitoba 
(Winnipeg, MB, Canada). The animal facility maintained a 
12 h/12 h light-dark cycle, a constant temperature of 21 ± 
1°C, and 60% humidity. After acclimatization for one week, 
mice were divided into two groups: control (n = 12) and 
curprizone groups (n = 16). Cuprizone was from Sigma-
Aldrich (St. Louis, MO) and mixed into milled LabDiet 
rodent chow (PMI Nutrition International LLC, Brentwood, 
MO) at 0.2% (w/w). The control group received the rodent 
chow without cuprizone, while those in the cuprizone group 
consumed the cuprizone-containing diet for 7 days. Starting 
from the eighth day, behavioral tests evaluating locomotor 
activity, spatial working memory, and anxiety status were 
carried out in order, with an interval of 24 h between 
each test. The tests were performed from 09:00 to 12:00 
each day, and before each test the mice were allowed to 
adapt to the test room for one hour. The mice were then 
sacrificed (details are in the Immunohistochemical and 
Immunofluoresence part below) for immunohistochemical 
and immunofluorescent staining to examine the white 

matter status. During the experimental period, food and 
water were provided ad libitum. All procedures were 
in accordance with the guidelines set by the Canadian 
Council on Animal Care and approved by the University of 
Manitoba Committee on Animal Care and Supply.

Behavioral Tests 
Locomotor activity test Locomotor activity was measured 
in a transparent Plexiglas activity box (40 × 40 × 23 cm3) 
using the Animal Activity Monitor System (Columbus 
Instruments, Columbus, OH). This system sent out 12 × 12 
horizontal crossed infrared sensor beams which covered 
the whole arena of the box. An event was automatically 
counted once the beams were broken by a mouse moving 
around inside the box and the number of times the beams 
were broken represented the horizontal activity of the 
mouse. In the test, a mouse was placed in one corner of the 
box and allowed to move freely for 10 min. The horizontal 
movement was measured by counting the number of times 
the horizontal infrared sensor beams were broken. 
Elevated plus-maze test The anxiety level of mice was 
assessed in an elevated plus-maze in a 5-min session. The 
maze consisted of two opposite open and closed arms (25 
× 5 cm2) connected by a central area (5 × 5 cm2) 40 cm 
above the ground. A mouse was placed in the central area 
facing an open arm at the beginning of the test and allowed 
to move freely in the maze during the 5-min test session. A 
mouse’s entry into any of the four arms was counted when 
all four paws entered the arm and evaluated by ANY-maze 
software (Version 4.70; Stoelting Co., Wood Dale, IL). 
Y-maze test The spatial working memory of mice was 
assessed with the Y-maze test. The maze was made of 
grey-painted wood. Each arm was 40 cm long, 12 cm high, 
3 cm wide at the bottom, and 10 cm wide at the top. The 
arms converged in an equilateral triangular central area. 
An individual mouse was placed at the end of one arm 
and allowed to move freely in the maze during an 8-min 
session. An arm entry was counted when all four paws 
were in the arm. Alternation was defined as successive 
entries into the three arms, on overlapping triplet sets. 
Spontaneous alternation was calculated as the ratio of 
actual to possible alternations (defi ned as the total number 
of arm entries minus 2) and expressed as a percentage. 
The alternating behavior of rodents in a Y-maze has been 
used to evaluate spatial working memory in previous 



Handi Zhang, et al.    Locomotor activity and anxiety status are affected in mice after brief exposure to cuprizone 635

studies[14-16]. The test was recorded by a camera above the 
apparatus and analyzed by ANY-maze software.

Immunohistochemistry and Immunofl uorescence
C57BL/6 mice were deeply anesthetized with isoflurane 
and perfused intracardially with phosphate-buffered 
saline (PBS; pH 7.4). The brains were removed and fi xed 
in 4% paraformaldehyde in PBS at 4°C overnight, then 
cryoprotected in 30% sucrose at 4°C for 24–48 h. Serial 
coronal sections (15 μm) were cut on a sliding microtome 
(Thermo, Kalamazoo, MI). The free-floating sections 
were pretreated with 3% hydrogen peroxide in PBS for 
20 min, washed with PBS, and incubated with a blocking 
solution composed of 0.3% Triton X-100 and 5% normal 
rabbit serum at 22°C for 30 min. Alternate sections were 
subsequently incubated with primary antibody to myelin 
basic protein (MBP) (1:500; Santa Cruz Biotechnology, CA), 
which is a primary structural protein of the myelin sheath, or 
antibody to the pi form of glutathione-S-transferase (GST-π) 
(1:500; BD Biosciences, Missisauga, ON, Canada), a 
marker for mature oligodendrocytes, in a blocking solution 
at 4°C overnight. After rinsing in PBS, the sections were 
incubated in a solution of biotinylated secondary antibody 
(1:1 000) at 22°C for 2 h. The immunoreactive product 
was labeled by incubation in an avidin-biotin-horseradish 
peroxidase solution of Vectastain (Elite) (ABC kit; Vector 
Labs, Burlingame, CA) at 22°C for 30 min. Finally, the 
sections were developed with a VIP kit (Vector Labs). For 
immunofluorescence, free-floating sections were blocked 
with a blocking solution composed of 0.3% Triton X-100 
and 5% normal goat serum. The sections were then 
incubated with the primary antibody to contactin-associated 
protein (Caspr) (1: 2 000; Abcam, San Francisco, CA) in 
the blocking solution at 4°C overnight. Caspr expression 
is restricted to the paranodal junctions and is used as a 
marker of nodes of Ranvier[17]. After rinsing in PBS, the 
sections were incubated with Alexa Fluor®594 goat anti-
rabbit IgG (H+L) at 22°C for 1 h. After rinses in PBS, the 
sections were mounted and protected from quenching 
using Fluoromount (Sigma), then observed under a Nikon 
TE 2000-E fluorescence microscope (Nikon Instruments 
Inc., Melville, NY).

Image Analysis 
Coronal sections between 1.98 mm and 0.74 mm from 

bregma were photographed and the targets measured/
counted with Image-Pro Plus (version 4.1, Fryer, Huntley, 
IL). The results were expressed as the percentage of MBP-
positive area over the examined area and the number 
of GST-π positive cells/mm2. The paired Caspr-positive 
staining (Caspr clusters) was expressed as the Caspr 
cluster number/mm2. In addition, the length of Caspr 
clusters was measured and presented as the frequency in 
each subgroup.

Statistical Analysis 
The two-tailed Student’s t-test was performed to determine 
differences between the control and cuprizone groups. The 
results are expressed as mean ± SEM. When a P value 
was <0.05, the difference was considered signifi cant.

RESULTS 

Behavioral Outcomes of Cuprizone-exposure for Seven Days 
The cuprizone group showed more horizontal activity 
in the locomotor activity test than the control group 
(1269 ± 62 versus 969 ± 91, the number of times beams 
were broken, P <0.01; Fig. 1C). In the Y-maze test, the 
cuprizone group had spontaneous alternation and total 
arm entries comparable to the control group (Fig. 1D, E). 
In the elevated plus-maze, mice in the cuprizone group 
spent more time in the two open arms and more frequently 
entered the open arms than the control group (Fig. 1F, G). 
Treated mice traveled a distance in the two closed arms of 
the maze comparable to that of the control group (Fig. 1H).

GST-π-positive Cells Decreased in Cuprizone-exposed 
Mice 
GST-π is a myelin- and oligodendrocyte-associated enzyme 
used to identify mature (myelin-forming) oligodendrocytes 
in mice[18]. In sections labeled with the specific antibody to 
GST-π, cuprizone exposure for 7 days reduced the number of 
GST-π positive cells (Fig. 2A–D). Statistical analysis showed 
a signifi cant difference in the number of GST-π positive cells 
in a segment of the corpus callosum between the cuprizone-
fed group and the normal control group (Fig. 2E).

No Significant Myelin Sheath Damage Was Seen in 
Cuprizone-exposed Mice 
In sections labeled with the specific antibody to MBP, 
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a structural protein specifically expressed in the myelin 
sheath, cuprizone exposure for 7 days did not cause 
evident demyelination in the frontal cortex and corpus 
callosum, as the control and cuprizone groups showed 
similar MBP staining (Fig. 3A–D). There was no statistically 
significant difference between the cuprizone-fed and the 
normal control groups (Fig. 3E).

The nodes of Ranvier are delicate structures arranged 
regularly along myelinated axons to allow the efficient 
conduction of action potentials. Caspr is a structural protein 
important for maintaining the nodes of Ranvier intact[17]. 
In sections with the specific antibody to Caspr, it was 
hard to differentiate the cuprizone-fed mice from normal 

controls, as they showed similar Caspr-positive clusters 
(Fig. 4A and B). Counts of the Caspr-positive clusters and 
measurements of their lengths showed that the cuprizone-
fed mice and the normal controls had comparable numbers 
of clusters (Fig. 4C) and the same frequencies of cluster 
lengths (Fig. 4D).

DISCUSSION

In previous studies, mice consuming cuprizone for three 
weeks showed a tendency to increase locomotor activity 
in the open-field test[9] and more climbing behavior[9, 10]. 

Meanwhile, these mice showed clear demyelination in 

Fig. 1. Locomotor activity, spatial working memory, and anxiety status of C57BL/6 mice fed a cuprizone-containing diet for 7 days. A: 
Plexiglas activity box; dashed lines (12 × 12) indicate the infrared sensor beams. B: Y-maze apparatus. C: Mice in the cuprizone 
group showed an increased horizontal locomotor activity during a 10-min test session as shown by the number of broken 
horizontal beams. D–E: In the Y-maze test, mice in the cuprizone group showed spontaneous alternation (C) and total arm entries (D) 
comparable to the control group. F–H: In the elevated plus maze test, mice in the cuprizone group spent more time on open arms 
(F) and more frequently entered the open arms of the maze (G). Mice in the cuprizone group traveled a distance in the two closed 
arms comparable to the control group (H). Data are expressed as mean ± SEM (n = 12–16/group). *P <0.05; **P <0.01.
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Fig. 2. Loss of mature oligodendrocytes in C57BL/6 mice fed a cuprizone-containing diet for 7 days. A–D: Representative images showing 
GST-π positive cells in sections from control (A) and cuprizone-challenged mice (B). Framed regions in A and B magnifi ed in C 
and D. E: Quantitative analysis of GST-π-positive cells in the corpus callosum (CC). Data are expressed as mean ± SEM (n = 6/
group). **P <0.01. Scale bars: A and B,125 μm; C and D, 50 μm.

Fig. 3. No demyelination in C57BL/6 mice fed a cuprizone-containing diet for 7 days. A–D: Representative images showing MBP-like immuno-
reactivity in sections from control (A) and challenged mice (B). Framed regions in A and B magnifi ed in C and D. E: Quantitative analysis of 
MBP staining area in the frontal cortex. Data are expressed as mean ± SEM (n = 6/group). Scale bars: A and B, 100 μm; C and D, 50 μm.
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the brain. However, a defi nitive correlation between white 
matter damage and increased locomotor activity could 
not be reached until the same behaviors were assessed 
in cuprizone-exposed mice without demyelination. For 
the fi rst time, we measured the locomotor activity of mice 
treated with cuprizone for only 7 days. Compared to normal 
controls, the cuprizone-treated mice showed increased 
locomotor activity, comparable immunostaining of MBP, 
normal number and distribution of Caspr (a node of Ranvier 
marker), but reduced numbers of mature oligodendrocytes. 
There are two potential explanations for the increased 
locomotor activity seen in the cuprizone-fed mice. One 
is that the increased locomotor activity is independent 
of intact myelin sheaths. This implies that the increased 
locomotor activity is related to increased brain activity, 
rather than myelin sheath damage. In support of this 
notion, increased locomotor activity and climbing behavior 
disappear in mice consuming a cuprizone-containing diet 

for 4, 5, or 6 weeks, which causes marked demyelination[9, 10]. 
Another explanation is that the increased locomotor activity 
seen in cuprizone-fed mice may be a consequence of mild 
myelin damage, as indicated by the reduced number of 
mature oligodendrocytes; the essential function of mature 
oligodendrocytes is to produce and maintain the integrity of 
myelin sheaths. 

In contrast to locomotor activity, the spatial working 
memory of mice fed a cuprizone diet for 7 days was 
comparable to that of normal controls, suggesting that 
spatial working memory remains normal until the myelin 
sheath damage reaches a certain extent. In support of this 
view, decreased spontaneous alternation is seen in mice 
exposed to cuprizone for 2–6 weeks[10], which sufficiently 
damages white matter[7, 8, 12]. This decrease is also seen 
in mice with white matter changes caused by a non-
toxic paradigm using methamphetamine[19]. Moreover, 
the cuprizone-induced spatial memory impairment is 

Fig. 4. No change in Caspr clusters in C57BL/6 mice fed a cuprizone-containing diet for 7 days. A and B: Representative images showing 
Caspr-positive clusters in sections from control (A) and challenged mice (B). Inserts in A and B are higher-magnifi cation images of 
the selected areas. C: Quantitative analysis of the number of Caspr clusters in frontal cortex. Data are expressed as mean ± SEM (n 
= 6/group). D: Histogram showing the frequency distribution of the length of Caspr clusters in frontal cortex (n = 400–500/group). 
Scale bars, 5 μm (B) and 2.5 μm (inserts).
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significantly improved when the white matter damage 
spontaneously repairs after cuprizone withdrawal[20]. More 
supporting evidence for the essential role of intact white 
matter in spatial working memory includes: transgenic mice 
with impaired myelin/oligodendrocyte structure caused by 
blockade of erbB signaling[21] exhibit cognitive dysfunction; 
in rhesus monkeys, the number of myelinated axons is 
correlated with cognitive function between years 5 and 
20[22]; and patients with multiple sclerosis exhibit cognitive 
impairments[23, 24]. Finally, myelin integrity has been 
correlated with cognitive processing speed in humans[25].

Mice exposed to cuprizone for 7 days spent longer 
periods in the open arms and more frequently entered the 
arms in the elevated plus-maze test, suggesting a lower 
anxiety level than controls. This finding is in accordance 
with the results of our recent study in which mice fed a 
cuprizone-containing diet for 2–6 weeks spent longer 
periods in the open arms of the elevated plus-maze[10]. 

As presented in this study, cuprizone feeding for 7 days 
did not severely damage the myelin sheath in the brains 
of mice as evaluated immunohistochemically. However, 
it is possible that 7-day treatment with cuprizone caused 
mild damage that was not severe enough to be detected 
by the immunohistochemical staining used in the present 
study. Therefore, it appears that abnormal performance in 
the elevated plus-maze test either is independent of intact 
myelin sheaths or is related to mild damage of sheaths 
caused by short-term cuprizone treatment. A recent study 
reported complete recovery of mouse performance in the 
elevated plus-maze in the second week after cuprizone 
withdrawal, when white matter damage was still evident[20], 
which did not support an association between the myelin 
sheath and anxiety. Defi nitely, further study using electron 
microscopy would be helpful for detecting possible damage 
caused by short-term cuprizone treatment.

It has been demonstrated in mice that demyelination 
occurs in the third week of cuprizone-feeding and 
thereafter[7, 11, 26]. Recent studies have investigated the 
white matter of mice exposed to cuprizone for one and two 
weeks. Cuprizone exposure for two weeks significantly 
decreased the expression of MBP mRNA in the corpus 
callosum[13]. In another study[11], two weeks of cuprizone 
feeding caused a significant decrease in the number of 
GST-π-positive cells in the corpus callosum, suggesting a 
decrease in mature oligodendrocytes. This is in line with the 

increased apoptosis seen in mice treated with cuprizone for 
two weeks[11]. In the same study[11], one week of cuprizone 
feeding caused no changes in the number of GST-π 
positive cells, in contrast to the report by Hesse et al.[27], 
which found decreased Nogo-A-positive oligodendrocytes 
in mice that consumed a cuprizone-containing diet for 4 
or 6 days. The discrepancy in mature oligodendrocyte 
numbers after cuprizone exposure for a short time 
may be due to the different brain regions examined in 
different studies, as we found more severe loss of mature 
oligodendrocytes in the anterior than the posterior part 
of brain (data not shown). Consistent with Hesse’s study, 
we found a signifi cant decrease in the number of GST-π-
positive cells in the corpus callosum and cerebral cortex, 
but no changes in MBP-like immunoreactivity and in Caspr 
clusters, suggesting that the cell bodies of oligodendrocytes 
may be more sensitive than their processes in response 
to cuprizone challenge. Alternatively, myelin pathology 
and mature oligodendrocyte death may be independent 
processes[28]. 

The data presented in this study expand the current 
understanding of the influence of oligodendrocyte/
myelin changes on behavior. However, future studies 
investigating specific brain regions such as prefrontal 
cortex are warranted as distinct brain regions relate to 
different behavioral changes. The mechanisms underlying 
hyperactivity and decreased anxiety levels in short-
term cuprizone-exposed mice were not addressed 
in this study either. Although oligodendrocyte loss is 
associated with abnormal emotional behavior, we do not 
know the underlying molecular mechanism. The only 
clue is the findings from one of our recent studies in 
which mice fed a cuprizone-containing diet for two weeks 
showed higher dopamine and lower norepinephrine in 
the frontal cortex, along with a lower anxiety level and 
increased climbing behavior[10]. These findings suggest 
an association between abnormal emotional behaviors 
and altered levels of dopamine and norepinephrine in 
the brain, which is independent of the condition of myelin 
sheaths, but can nevertheless be induced by cuprizone 
treatment. In addition, normal MBP immunostaining and 
Caspr clusters after short-term cuprizone exposure do 
not necessarily mean that action potential conduction 
along axons is unaffected in these animals. Examining the 
electrophysiological properties of the short-term cuprizone-
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exposed mice will be an interesting and challenging task for 
future studies.  
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