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Abstract
Multiple sclerosis is a chronic demyelinating disease of the central nervous system. Spontaneous
remyelination during early disease stages is thought to preserve and partially restore function.
However, this process ceases in later stages despite the presence of pre-oligodendrocytes.
Cuprizone-induced demyelination is a useful model with which to study the remyelination
process. Previous studies have demonstrated heterogeneities in demyelination in individual
animals. Here we investigated regional differences in demyelination and remyelination within the
corpus callosum. C57BL/6 mice were fed 0.2% cuprizone for 5 weeks to induce demyelination.
Remyelination was examined 2–5 weeks after cuprizone withdrawal. Immunohistochemistry and
electron microscopy were used to quantify regional differences in demyelination, gliosis, and
remyelination. We found that, while demyelination was limited in the rostral region of corpus
callosum, nearly complete demyelination occurred in the caudal callosum, beginning at
approximately −0.5 mm from bregma. Astrogliosis and microgliosis were correlated with
demyelination and differed between the rostral and caudal callosal structures. Remyelination upon
cessation of cuprizone ensued at different rates with splenium remyelinating faster than dorsal
hippocampal commissure. Our data show anatomical differences of cuprizone-induced
demyelination and remyelination in the corpus callosum and the importance of examining specific
callosal regions in myelin repair studies using this model.

Introduction
Multiple sclerosis (MS) is a devastating disease of the central nervous system (CNS) that
almost always results in debilitation. Demyelination and inflammation are pathological
hallmarks of MS and are both thought to contribute to axon injury, and the eventual cerebral
atrophy that is prevalent in the later stages of the disease (Compston and Coles, 2008).
Pathologically, MS lesions have been categorized into four distinct patterns (I-IV) based on
complement activation, IgG deposition, and preferential loss of myelin associated
glycoprotein (Lucchinetti et al., 2000). Of these four, pattern III lesions are distinguished
from others by displaying extensive macrophage/microglia activation, accompanied by
oligodendrocyte apoptosis, and are consistent with a “dying back” gliopathy caused by
hypoxia, metabolic stress or viral infection (Lucchinetti et al., 2000). While still under
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debate, some evidence suggests that this particular pathology may constitute one of the
initial events in lesion formation (Barnett and Prineas, 2004; Breij et al., 2008; Lucchinetti et
al., 2000).

Continued ingestion of the copper chelator cuprizone (bis-cyclohexanone-oxaldihydrazone)
results in a white matter pathology that is similar to pattern III MS lesions, and thus has
proven to be a useful model with which to study the pathogenesis of primary demyelination
caused by mitochondrial dysfunction (Liu et al., 2010; Lucchinetti et al., 2000; Pasquini et
al., 2007; Suzuki and Kikkawa, 1969). As in other animal models, the degree of
demyelination depends on mouse strain (Skripuletz et al., 2008; Taylor et al., 2009; Taylor
et al., 2010), anatomic location (Gudi et al., 2009; Stidworthy et al., 2003a), age (Kipp et al.,
2009), dose (Hiremath et al., 1998), and gender (Taylor et al., 2009). However, the
pathology following cuprizone intoxication of C57BL/6 mice is well characterized and
highly reproducible. In this model, mice fed cuprizone for 3 weeks exhibit extensive reactive
gliosis accompanied by oligodendrocyte apoptosis. Demyelination is evident after 4–6
weeks of intoxication in multiple structures including the hippocampus (Koutsoudaki et al.,
2009), external capsule (Pott et al., 2009), rostral cerebellar peduncles (Blakemore, 1973;
Ludwin, 1978), cerebellum (Groebe et al., 2009; Skripuletz et al., 2010), striatum (Pott et al.,
2009), cerebral cortex (Gudi et al., 2009; Skripuletz et al., 2008) and most notably the
corpus callosum (Matsushima and Morell, 2001). Although the exact mechanism underlying
cuprizone-induced demyelination remains to be elucidated, it is thought to result from
unrelenting mitochondrial stress brought on by the toxic effects of the drug itself in
conjunction with the effector functions of the innate immune response (Linares et al., 2006;
Liu et al., 2010; Pasquini et al., 2007). Interestingly, a spontaneous remyelination process
begins at the height of demyelination, and is greatly potentiated upon the removal of the
toxin with nearly complete remyelination in a matter of weeks (Blakemore, 1972;
Matsushima and Morell, 2001). As remyelination protects against neurodegeneration and
promotes functional recovery (Bando et al., 2008; Duncan et al., 2009; Irvine and
Blakemore, 2008), many studies have utilized the cuprizone model, in conjunction with
other toxin-induced demyelination models, to investigate the molecular events pertinent to
remyelination (Arnett et al., 2001; Mi et al., 2009; Plant et al., 2005). In these studies the
dependency on consistent demyelination of anatomical structures in the brain, most notably
the corpus callosum, is paramount to making accurate and meaningful comparisons.

To date several studies have demonstrated anatomical differences in the extent of
demyelination within the corpus callosum of individual cuprizone-fed mice (Stidworthy et
al., 2003a; Wu et al., 2008; Xie et al., 2010). However, detailed analysis of demyelination in
different anatomical regions of the corpus callosum is incomplete as most have divided the
corpus callosum into three equally spaced regions rather than its known physiologically
relevant five: the lamina rostralis, genu, body, isthmus and splenium. In addition, the dorsal
hippocampal commissure, a separate anatomic structure, has often been included in the
caudal analysis of the splenium. Precise mapping of anatomical locations of demyelination
within the corpus callosum will provide valuable insight for the design of studies aimed at
promoting remyelination, especially those involving stereotaxic injection of potential
therapeutics. Here, we report marked differences in the degree of demyelination,
astrogliosis, and microgliosis in the brains of C57BL/6 mice fed 0.2% cuprizone for five
weeks. Demyelination is anatomically distinct within the corpus callosum with the caudal
region most susceptible. Importantly, upon toxin withdrawal remyelination ensues more
quickly in the splenium when compared to the dorsal hippocampal commissure. Our
findings stress the importance of examining myelin integrity and extent of gliosis at specific
anatomical regions of corpus callosum when making comparisons among various
experimental groups using the mouse cuprizone model.
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Materials and Methods
Animals and cuprizone administration

Male C57BL/6 aged 7 weeks were received from Harlan and allowed 1 week to acclimate to
their new environment prior to the onset of the experiment. Cuprizone (Sigma, C9012) was
milled into normal mouse chow at a concentration of 0.2% and formed into standard pellets
at Harlan (Harlan, TD.01453). Age-matched control mice were kept on a normal diet. Mice
in experimental groups were fed for a total of 5 weeks to induce demyelination. Food pellets
were changed every other day. After 5 weeks post-cuprizone feeding, the diet was changed
to normal rodent chow for additional 2 and 5 weeks to examine remyelination. Mice were
housed two animals per cage and weights and food intake were examined daily. Both food
and water were provided ad libitum. All cuprizone chow was stored in vacuum sealed
containers at 4°C until use. All animal protocols adhered to NIH Guidelines for Care and
Use of Laboratory Animals and were approved by the Texas A&M University Laboratory
Care and Use Committee.

Tissue processing
For histological and immunohistochemical analysis, mice were anesthetized by i.p. injection
of xylazine/ketamine, and fixed by transcardial perfusion using 20 ml of sterile PBS
followed by 20 ml of 4.0% paraformaldehyde (PFA) in PBS at a rate of 2 ml/min. using a
Fusion 100 syringe pump (Chemyx Inc., Stafford, TX). The brains were removed and post-
fixed overnight at 4°C in PFA then cryoprotected with 30% sucrose in PBS. The brains were
segmented in either coronal or sagittal planes with the aid of a mouse-specific alto 0.5 mm
stainless steel matrix (Roboz Surgical Instrument Company, Inc. Gaithersburg, MD), then
frozen with dry ice. Coronal and sagittal sections of 20 μm thickness were cut using a
microtome, placed on glass slides and stored at −80°C.

Myelin staining and demyelination scoring
Myelin was visualized by oil red O staining. Briefly, sections were rehydrated with distilled
water for 5 min. and treated with 100% propylene glycol (Poly Scientific; Bay Shore, NY)
for 2 min., then soaked in oil red O (Poly Scientific; Bay Shore, NY) for 24–48 hours.
Excess stain was removed by washing the slides with 85% propylene glycol followed by a
wash with distilled water. Sections were then lightly stained with hematoxylin (Vector;
Burlingame, CA) to visualize nuclei.

The extent of demyelination in both coronal and sagittal sections was determined by two
investigators blinded to animal treatment. The distance of demyelination from bregma in
sagittal and coronal sections was assessed according to the third edition of The Mouse
Brain: In Stereotaxic Coordinates by Franklin & Paxinos (Franklin and Paxinos, 2008).
Percent demyelination was subjectively scored by 2 independent investigators as follows:
demyelination ranging from 0 – 10 % of the total anatomical structure was scored as a 0; 10
– 30 % represented a score of 1; 31 – 60 % represented a score of 2; 61 – 90% represented a
score of 3; and 91 – 100% of demyelination represented a score of 4 (Supplemental Fig. 1).
Image Processing and Analysis in Java (Image J) software was also used to score
demyelination in sagittal sections. Five areas of interest in the corpus callosum were selected
to best represent the variations in demyelination with respect to anatomic location from
bregma. Starting with the most rostral portion of the corpus callosum these areas were: 1.34
to 1.14 mm, 0.6 to 0.4 mm, −0.2 to −0.4 mm, −0.8 to −1 mm, and −2.2 to −2.4 mm from
bregma, corresponding to the genu (gcc), body (bcc), isthmus (icc), and two representing the
splenium corpus callosum (scc), respectively. Image J was used to measure these distances
in a sagittal view of the brain. Specifically, we measured the distance to said areas of interest
using the most rostral tip of the corpus callosum as a known structural reference. We then
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drew a box (200 μm2) around that region of the corpus callosum and scored the
demyelination within that boxed region. When available, scores of multiple coronal sections
(2–3) within each area of interest were averaged. The final score from each region represents
the average scores from each group of mice.

Immunohistochemistry and immunofluorescence
Myelin basic protein (MBP), microglia, astrocytes and mature oligodendrocytes were
revealed by immunohistochemistry using both diaminobenzidine (DAB) and
immunofluorescence utilizing antibodies specific for MBP, ionized calcium binding adaptor
molecule-1 (Iba-1), glial fibrillary acidic protein (GFAP), and glutathione-S transferase
isoform pi (GST-π) antigens respectively. For DAB staining, samples were rehydrated with
TBS, then treated with 1% H2O2 (Fluka analytical). The samples were blocked and
permeabilized with TBS containing 0.1% Triton-X and 5% goat serum. Primary antibodies
were applied overnight, diluted in TBS as indicated below. Anti-GFAP (1:100, rabbit IgG;
Zymed) was used to visualize astrocytes, anti-GST-π (1:500, rabbit IgG; Assay Designs)
was used to visualize mature oligodendrocytes, anti-Iba1 (1:500, rabbit IgG; Wako) was
used to visualize microglia/macrophages, anti-neurofilament (1:100, rabbit IgG; Millipore)
was used to visualize axons, anti-NG2 (1:150, Chemicon) was used to visualize progenitor
cells and anti-SMI32 (1:200, Covance) was used to visualize axonal spheroids. The
secondary antibody (anti-rabbit, IgG, biotinylated) was obtained from Vectastain and used at
a dilution of 1:200. All reagents used to develop the stain were obtained from the Peroxidase
Rabbit IgG kit (Vectastain) and used as stated by the manufacturer. For immunofluorescent
staining samples were rehydrated, blocked, permeabilized and treated with primary
antibodies as described above. All secondary antibodies were purchased from Invitrogen and
diluted to a concentration of 1:1000 in blocking solution and were incubated for 1h at room
temperature.

Analysis of fluorescence intensity and cell counting
Fluorescent intensity of GFAP and Iba-1 immunostaining was used as a semi-quantitative
measure of astrogliosis and microgliosis respectively. All images were acquired using an
Olympus DP70 digital camera mounted on an Olympus IX71 microscope. Images from both
coronal and sagittal sections corresponding to 0.6 to 0.4 mm from bregma as well as −0.8 to
−1.0 mm from bregma were taken using a 40X objective. All pictures were acquired using
the same intensity and exposure time. Background was uniformly subtracted from each
image using the eyedropper tool in Adobe Photoshop. Fluorescent intensity was then
measured using Image J. Changes in fold intensity were calculated by dividing the intensity
of each mouse by the average intensity of control mice for each specific anatomical location.
To determine GFAP+ and Iba-1+ cell numbers, the mono-colored images used for intensity
measurement were first merged with Hoechst staining and then analyzed by counting
nucleated GFAP+ or Iba-1+ cells in each field. Axonal spheroids in the corpus callosum and
dorsal hippocampal commissure were determined by counting the number of SMI32+

spheroids in multiple 40× fields (3 per section, 2 sections per mouse, n=5). Data were
expressed as cells per mm2.

Transmission electron microscopy (TEM)
In a subset of mice, demyelination and remyelination of the corpus callosum were examined
and compared at the ultrastructural level by TEM. Mice were anesthetized and perfused as
described above with PBS and then fixed with 20 ml PBS containing 2% paraformaldehyde
and 2.5% glutaraldehyde (Electron Microscopy Sciences, Hatflield PA) and post-fixed
overnight at 4°C. The brains were then segmented in the medial sagittal plane with the aid of
a mouse-specific alto 0.5 mm stainless steel matrix (Roboz Surgical Instrument Company,
Inc. Gaithersburg, MD), trimmed to 2–3 mm thick segments and washed in 0.1M sodium
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cacodylate buffer. After washing, the tissue was stained with 1% osmium tetroxide and
0.5% potassium ferrocyanide in 0.5% sucrose for 1.5 h. The tissues were dehydrated in
ascending alcohol series and embedded in epoxy resin. Ultrathin sections of the corpus
callosum and dorsal hippocampal commissure were examined with an FEI Morgagni 268
transmission electron microscope at an accelerating voltage of 80 kV. Digital images were
acquired with a MegaViewIII camera operated with iTEM software (Olympus Soft Imaging
Systems, Germany) and contrast uniformly adjusted with Adobe Photoshop. The average
number of myelinated axons in the splenium and dorsal hippocampal commissure were
determined from 5–12 (control mice) or 12–27 (cuprizone fed mice) 4400x fields per mouse
for each region and are expressed as axons per mm2. To estimate the number of axonal
spheroids per mm2 in the splenium and dorsal hippocampal commissure, 32–53 overlapping
1800× fields per anatomic area for each mouse (n=2) were automatically photomerged using
Adobe Photoshop. Merged pictures were scanned and the number of axonal spheroids/
swellings counted. Image J was used to calculate the area of each region, and the results
were expressed as axonal spheroids per mm2.

Statistical analysis
Results are expressed as means ± SEM. Data analysis were conducted using regression
analysis, multiple level analysis of variance (ANOVA), and where appropriate Bonferroni’s
post hoc analysis to determine specific differences between groups. Statistical analyses were
performed using GraphPad Prism 4 (GraphPad Software, San Diego, CA).

Results
Cuprizone causes weight loss which subsides after changing the diet to normal chow

We first determined the effects of 5 week 0.2% cuprizone feeding on the overall health of
C57BL/6 mice. Throughout the duration of the experiment all mice fed cuprizone appeared
clinically normal and did not present with symptoms such as ataxia, seizures or anorexia as
observed previously with higher doses (Stidworthy et al., 2003a). Except for an initial
reduction of food intake in cuprizone-fed mice on day 2–5 (Supplemental Fig. 2; p<0.05),
food consumption between mice fed a normal diet and mice fed cuprizone was not different.
However, consistent with previous findings (Stidworthy et al., 2003a), mice fed cuprizone
lost approximately 10% of their body weight during the first week of intoxication, which
was followed by a gradual weight gain during the next 4 weeks. Despite the time-dependent
increase in weight, cuprizone-fed mice weighed significantly less than control mice over the
course of 5 weeks intoxication (Supplemental Fig. 2; p<0.001). Upon returning the
cuprizone-fed mice to a normal diet, they gained weight rapidly and after 1 week were no
longer different from that of the control mice.

Cuprizone induces demyelination and prominent gliosis in multiple brain regions
We next examined myelin breakdown and gliosis in mice fed a diet with cuprizone for 5
weeks using both histochemical and immunohistochemical approaches. Coronal sections
corresponding to the levels of the genu and body of the corpus callosum (1.1 to 0.6 mm from
bregma) of cuprizone-fed mice demonstrated nearly complete demyelination of the external
capsule (ec) and caudate putamen (cp), as determined by oil red O staining for myelin (Fig.
1A, B). Further examination of these regions by immunohistochemistry revealed a decrease
in MBP staining and robust microgliosis in demyelinating regions (Fig. 1 C, D; F–H). In the
external capsule there was a parallel increase in the number of GFAP+ astrocytes (Fig. 1E).
Additionally, the striatum contained numerous activated microglia localized within and
juxtaposed to axon bundles (Fig. 1F–H). Notably, the degree of microgliosis in the caudate
putamen was inversely proportionate to the amount of MBP that remained (Fig. 1F–H).
Astrocytes with an activated morphology were also present throughout the striatum and in
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some cases their processes localized to damaged axon bundles, but to a lesser extent than
microglia (not shown).

Oil red O staining of sagittal sections of cuprizone-fed mice revealed demyelination of the
cerebellum (Fig. 1I, K). However, demyelination was not evident when the most medial
aspects of the cerebellar white matter were examined (Fig. 1J vs. K). Instead, it was only
apparent as the sections approached the myelinated fibers of the medial cerebellar nucleus
(n=3). The pathology in the cerebellum of cuprizone fed mice was similar to that observed
in the external capsule, in that the lack of oil red O stain was associated with decreased MBP
immunoreactivity and was coupled with increased microgliosis and astrogliosis within and
immediately bordering the lesion (Fig. 1K–N).

Demyelination and gliosis were also prominent features of the cerebral cortex lateral to the
external capsule in cuprizone-fed mice (Fig. 1O–Q). Despite the marked reduction in myelin
and MBP staining in the cerebral cortex, external capsule and caudate putamen, there was
only limited loss of phosphorylated neurofilament immunoreactivity (Fig. 1Q vs. R).

In contrast to the above mentioned pathology, we observed only minor, and in fact variable,
differences in the degree of demyelination and gliosis in the callosal body.

The degree of demyelination within the corpus callosum varies anatomically
Serial sections of brain tissue stained with oil red O demonstrated demyelination of the
corpus callosum of mice fed cuprizone for 5 weeks when compared to those kept on a
normal diet (Fig. 2A vs. B). Remyelination was evident in mice given 2 weeks to recover
after 5 weeks of cuprizone feeding (Fig. 2B vs. C). Interestingly, cuprizone administration
caused distinct differences in the degree of demyelination within different callosal regions
(Fig. 2A vs. B). Specifically, after 5 weeks, there were only minor changes in oil red O
intensity in the rostral portion of the corpus callosum (Fig. 2B; bottom left). As noted by
others, the changes in this region were not uniform but were patchy in appearance (Fig. 2B)
(Stidworthy et al., 2003a). The exception was the superficial portion of the genu of the
corpus callosum (gcc), which appeared to be substantially demyelinated at the midline in
approximately 80% (4/5) of animals. However, an abrupt and almost complete reduction of
myelin was observed in the caudal aspect of the corpus callosum which included the isthmus
and splenium as well as the dorsal hippocampal commissure in all (5/5) cuprizone fed mice.
The onset of complete demyelination was most apparent when viewed in sagittal sections
and was mapped to approximately 0.5 mm caudal to bregma (mean= −0.438; 95% CI=
−0.1927 to 0.683; n=5) corresponding to the approximate junction of the callosal body and
the isthmus (Fig. 2B). The area of demyelination was accompanied by a vast amount of lipid
debris that appeared purple at low magnification in most mice examined (Fig. 2B), and in
some instances the oil red O stained myelin debris appeared to be perinuclear, probably
indicative of lipid-laden macrophages that were numerous in electron micrographs taken in
this region of 5 week cuprizone mice (see below).

Two weeks after cuprizone withdrawal (5+2), myelin was partially restored (Fig. 2A vs. C)
and the amount of lipid debris in the caudal regions of the corpus callosum was substantially
reduced, although still present in the dorsal hippocampal commissure (Fig. 2C). Indeed,
demyelination scores in 5+2 week mice were significantly lower than those of 5 week mice,
demonstrating effective remyelination in the affected regions during the 2 week recovery
period (Fig. 2D). Importantly, when comparing the demyelination in mice fed cuprizone for
5 weeks with those undergoing remyelination (5+2 week), the scores rostral to −0.8 mm
from bregma were not significantly different (Fig. 2D).
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Differences in demyelination along the rostral-caudal axis of the corpus callosum were
further confirmed by comparing the number of GST-π+ mature oligodendrocytes in the body
(between 0.6 and 0.4 mm from bregma), as well as in the splenium (−0.8 and −1.0 mm
caudal to bregma). In the callosal body, the number of GST-π+ cells per mm2 in cuprizone
fed mice was similar to controls (Fig. 2E, F). In the splenium however, the number of GST-
π+ cells from cuprizone-fed mice were reduced by approximately 90 ± 5.8% (n=3–4) when
compared to control samples (Fig. 2E, F). Additionally, the number of GST-π+ cells differed
between the body and the splenium of cuprizone fed mice, but not of control mice (n=3–4;
p<0.01). Taken together, these results demonstrate that the majority of demyelination in the
corpus callosum of mice fed cuprizone for 5 weeks occurs in regions caudal to −0.5 mm
from bregma.

Both astrogliosis and microgliosis within the corpus callosum are anatomically distinct
Both astrogliosis and microgliosis are closely correlated with demyelination in the cuprizone
model (Hiremath et al., 1998). Therefore, we questioned if the degree of gliosis also varied
with respect to bregma. In general, gliosis as determined by GFAP (Fig. 3) and Iba-1 (Fig.
4) immunostaining was most pronounced in mice fed cuprizone for 5 weeks and appeared
reduced in mice that recovered for 2 weeks after cuprizone intoxication. This effect was also
confirmed in coronal sections, particularity in sections that were anatomically comparable to
those that were demyelinated (Fig. 3, 4A–C). In fact, the degree of gliosis within individual
animals mirrored demyelination insofar as gliosis was most abundant in the isthmus and
splenium as well as the dorsal hippocampal commissure with relatively fewer GFAP+

astrocytes (Fig. 3B; Supplemental Fig. 3) and Iba-1+ microglia (Fig. 4B; Supplemental Fig.
3) in the body of the corpus callosum.

To quantify the extent of gliosis we compared fold change in fluorescence intensity of
GFAP or Iba-1 relative to control samples at different anatomical locations. This
methodology provided an additional, simple quantitative means to measure gliosis.
However, to ensure that this measure was in fact indicative of the level of gliosis, we also
determined the number of GFAP+ and Iba-1+ cells per mm2 and found both approaches
yielded consistent results.

GFAP intensity did not differ between normal diet fed controls and cuprizone fed mice
within the body of the corpus callosum (0.4 to 0.6 mm from bregma; Fig. 3). However,
when the intensity of GFAP was compared within the splenium (−0.8 to −1.0mm from
bregma) there were significant differences between groups (Fig. 3D). Specifically, mice kept
on a normal diet showed less GFAP intensity than either mice fed cuprizone for 5 weeks
(p<0.001) or mice allowed to recover for 2 weeks after feeding cuprizone (p<0.001).
Additionally, mice undergoing remyelination had less GFAP intensity than those treated for
5 weeks (Fig. 3D; p<0.05). The same was true when numbers of GFAP+ cells per mm2 were
analyzed (Fig. 3E). In fact, the gliosis as measured by increase in GFAP intensity fold
changes was significantly correlated with the number of GFAP+ cells per mm2 (Fig. 3F).
Likewise, no differences in Iba-1 intensity were found between groups when compared at
the level of the body of the corpus callosum (between 0.6 to 0.4 mm from the bregma; Fig.
4D). However, Iba-1 intensity was significant higher within regions that mapped to the
splenium of the corpus callosum (−0.8 mm from bregma) in the group fed cuprizone for 5
weeks than controls, and withdrawal of cuprizone reduced Iba-1 intensity in caudal regions
of the corpus callosum compared to 5 week cuprizone fed mice (Fig. 4D). Analysis of Iba-1+

cells per mm2 in these regions confirmed the above effect, producing nearly identical results
as Iba-1 intensity measurements. As with GFAP intensity, Iba-1 intensity was correlated
with Iba-1+ cells per mm2 (Fig. 4F). Most importantly, both GFAP and Iba-1 intensity and
numbers were increased in the caudal aspect of the corpus callosum when compared to the
rostral regions of 5 week treated animals, confirming a rostral-caudal gradient in gliosis
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(p’s<0.05; Fig. 3, 4D&E) that mirrors demyelination. Interestingly, the dorsal hippocampal
commissure still appeared to contain elevated numbers of both astrocytes (Fig. 3C) and
microglia (Fig. 4C) 2 weeks after cuprizone withdrawal. These results show spatial
differences in gliosis within the corpus callosum of mice fed cuprizone for 5 weeks, and
indicate differential repair kinetics between the splenium and dorsal hippocampal
commissure.

The repair process is delayed in the dorsal hippocampal commissure when compared to
the splenium

As mentioned above, the dorsal hippocampal commissure still appeared demyelinated, with
increased gliosis when compared to the splenium of the corpus callosum in mice that had
been fed cuprizone for 5 weeks and then allowed to recover for 2 weeks (5+2). This raised
the possibility that the dorsal hippocampal commissure repairs more slowly than the
splenium. We thus examined these regions more closely and measured cells densities,
gliosis, and degree of remyelination between groups. Because fluorescence intensity
measurements correlated closely with the extent of gliosis as determined by cell counting
(Fig. 3&4E), we evaluated astrogliosis, and microgliosis by measuring GFAP and Iba-1
intensity respectively. Within the splenium, the number of cells per mm2 was increased after
5 weeks on cuprizone, and remained increased after 2 weeks of withdrawal (Fig. 5A).
Astrogliosis and microgliosis, determined by measuring GFAP and Iba-1 immunoreactivity
respectively, were significantly elevated at 5 weeks, but resolved 2 weeks after cuprizone
withdrawal and were no longer significantly different from normal mice (Fig. 5B, C).

As in the splenium, the dorsal hippocampal commissure showed a dramatic increase in
cellularity after 5 weeks of cuprizone (Fig. 5D). This increase corresponded to augmented
astrogliosis as well as microgliosis (Fig. 5E, F). However, unlike the splenium, astrogliosis
and microgliosis remained elevated after 2 weeks of cuprizone withdrawal, and were
significantly higher than the control mice (Fig. 5E, F; ps<0.05). These data quantitatively
confirm our previous observations of substantial ongoing gliosis in the dorsal hippocampal
commissure after 2 weeks of cuprizone withdrawal.

Continual gliosis within the dorsal hippocampal commissure may indicate a slower repair
process compared to the splenium. In order to determine if this was the case we examined
the number of myelinated axons by electron microscopy. After 5 weeks on cuprizone there
were substantially fewer myelinated axons in both the splenium (approximately 95.7%;
mean of 15–24 fields; n=2) and dorsal hippocampal commissure (approximately 83.9%;
mean of 25–27 fields; n=2) when compared to control mice (Fig. 6A, B, C), confirming our
conclusions drawn from light microscopy (Fig. 2). Moreover, within these areas of
demyelination, there were numerous lipid laden macrophages/microglia (Fig. 6D). Two
weeks after cuprizone withdrawal, there was an increase in the number of myelinated axons
in the splenium as well as the dorsal hippocampal commissure by approximately 38% (mean
of 16–20 fields; n=2) and 17.3% (mean of 12–16 fields; n=2), respectively (Fig. 6B–C). The
extent of limited remyelination in the dorsal hippocampal commissure remained similar
even 5 weeks after cuprizone cessation (Fig. 6C). Lipid laden macrophages/microglia, which
were prevalent during cuprizone intoxication were no longer evident after 2 weeks recovery
despite the still elevated microgliosis in the dorsal hippocampal commissure. Thus, the
splenium had approximately 20.7% and 37.1% more myelinated axons than did the dorsal
hippocampal commissure after 2 and 5 weeks of recovery, respectively (Fig. 6B vs. C; n=2).
These findings indicate that only marginal remyelination occurs in the dorsal hippocampal
commissure of cuprizone fed mice that have undergone repair for two weeks and 5 weeks
and that the splenium of the corpus callosum is more prone to remyelination, thereby a more
suitable region for studying cuprizone-induced demyelination and remyelination. The
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differences in remyelination between the splenium and dorsal hippocampal commissure may
be exploited for identification of molecular machinery required for remyelination.

Axonal damage is more prominent in the dorsal hippocampal commissure compared to
the splenium

The variation in remyelination between the dorsal hippocampal commissure and the
splenium could attribute to differences in the number of oligodendroglial progenitors
migrated to each anatomical site and/or in their capacities to proliferate and differentiate into
myelinating cells. In three out of five animals, NG2+ progenitors were found to be more
pronounced in the dorsal hippocampal commissure than in splenium (Fig. 7A) while the
number of GST-π+ mature oligodendrocytes did not differ significantly between the two
areas (Fig. 7B). This observation indicates that oligodendrocyte progenitor trafficking to the
dorsal hippocampal commissure is unlikely to account for the observed differences in
remyelination. To determine if the slower repair process in the dorsal hippocampal
commissure was associated with axonal pathology, we measured the number of SMI32+

axonal spheroids in these two regions. In mice given five weeks to recover from cuprizone
intoxication, SMI32+ immunoreactivity in the corpus callosum exhibited a rostral-caudal
gradient pattern that closely mirrored demyelination (not shown). The majority of SMI32+

axonal spheroids were found to be concentrated at the dorsal hippocampal commissure (Fig.
7C, D), where remyelination was also impaired. Electron microscopic analyses confirmed
the presence of axonal spheroids/swellings in both areas with the dorsal hippocampal
commissure apparently possessing greater number of axonal spheroids/swellings (Fig. 7E,
F). Taken together, these data suggest a close relationship between impaired remyelination
and increased axonal injury.

Discussion
This study investigated the inconsistencies of demyelination and gliosis occurring within the
corpus callosum following standardized cuprizone-induced demyelination. We demonstrate
anatomical differences in the extent of demyelination and gliosis within the corpus callosum
with the rostral aspects (i.e., genu, and body) being less susceptible to pathological changes
than the caudal regions (i.e., isthmus, splenium and dorsal hippocampal commissure). These
observations are consistent with results from others (Stidworthy et al., 2003b; Wu et al.,
2008; Xie et al., 2010). Importantly, to our knowledge this study is the first to demonstrate
that the dorsal hippocampal commissure and splenium differ in the myelin repair process
upon cuprizone withdrawal.

Histological examination of mice fed cuprizone showed demyelination in the cerebral
cortex, and the external capsule as well as the caudate putamen. As in the corpus callosum
the demyelination of the cerebellum showed distinct patterning, with the white matter of the
vermis mainly spared (Fig. 1; and (Groebe et al., 2009; Skripuletz et al., 2010). Of interest,
much of the caudate putamen was still noticeably demyelinated after two weeks of recovery,
while other structures such as the external capsule, cerebral cortex, and corpus callosum
showed substantial repair (not shown). As astrocytes have been shown to attract and induce
differentiation of oligodendrocyte progenitor cells in this particular model (Patel et al.,
2010), it is notable that we did not observe as robust astrogliosis in the caudate putamen,
whereas microgliosis was a prominent feature. On the other hand, the dorsal hippocampal
commissure demonstrated continual astrogliosis two weeks after cuprizone withdrawal but
had delayed remyelination when compared to the splenium.

Several different groups have now shown region-specific differences in the demyelination of
the corpus callosum resulting from cuprizone intoxication of C57BL/6 mice (Binder et al.,
2008; Stidworthy et al., 2003a; Wu et al., 2008; Yang et al., 2009b, a). In these experiments
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the degree of demyelination was predicted to be more severe in the caudal aspects of the
callosal structure, a finding later confirmed by MRI and diffusion tensor imaging analysis
(Stidworthy et al., 2003a; Wu et al., 2008; Xie et al., 2010) and by the current study. The
rostral-caudal differences have been indirectly supported by work involving the spatial
organization of the repair processes after cuprizone-induced demyelination as well as by
examination of the effects of the immunoregulator GAS6 on demyelination (Binder et al.,
2008). Neural progenitor cells injected into the lateral ventricles of cuprizone-demyelinated
mice repopulate and repair the superficial aspect of the genu as well as the isthmus and
splenium, but not the body of the corpus callosum (Irvine and Blakemore, 2008). Moreover,
in a recent study examining the role of CXCR4 in promoting migration of oligodendrocyte
progenitors it was found that its ligand, CXCL12, was more abundantly expressed in the
caudal aspect of the corpus callosum compared to the most rostral aspects, suggesting an
increased reparative process ongoing in the more caudal corpus callosum (Patel et al., 2010).

Our results demonstrate complete demyelination in the caudal regions of the corpus
callosum. Importantly, our study provides anatomical parameters for affected callosal
regions for use in designing experiments aimed to investigate cuprizone-induced
demyelination and the molecular machinery involved in facilitating successful
remyelination. These data are particularly relevant when examining coronal sections. Our
data strongly suggest that regions caudal to approximately 0.8 mm bregma should be
considered when studying remyelination while more rostral regions of the corpus callosum
should be avoided as they do not provide adequate separation between groups of mice (Fig.
2). Dual analysis of the dorsal hippocampal commissure and the splenium on sagittal
sections may provide valuable insight when examining the effects of treatments on
remyelination as these structures appear to repair with a differential kinetics (Fig. 5, 6). A
recent study using magnetic resonance diffusion tensor imaging techniques to examine
remyelination in cuprizone-fed mice demonstrated the importance of the caudal callosum
region in identifying factors involved in remyelination (Tobin et al., 2011). Our findings
also suggest that neither the genu nor the body of the corpus callosum are appropriate
anatomic locations for the stereotaxic injection of potential therapeutic factors aimed at
promoting remyelination, as these locations are not completely demyelinated in the
cuprizone model. On the other hand, the callosal body appears to be a more appropriate
anatomical area to examine factors that influence demyelination.

Remyelination capacity and the extent of axonal pathology following cuprizone withdrawal
vary between the splenium and dorsal hippocampal commissure within individual mice.
While the mechanism(s) underlying the regional differences is unknown, it is interesting to
note that impaired remyelination and increased axonal pathology were concurrent with
persistent gliosis in the dorsal hippocampal commissure despite that there appeared to be
more NG2+ progenitors when compared with the splenium. Reactive astrocytes are capable
of producing a multitude of factors including trophic factors and cytokines that can either
promote or hinder remyelination (Williams et al., 2007). Thus, future experiments designed
to elucidate physiological differences between reactive astrocytes in the splenium versus the
dorsal hippocampal commissure may provide insight into the differences in remyelination
processes between these two regions.

The differential sensitivity to cuprizone-induced demyelination along the corpus callosum
may have a few implications. As the largest compact white-matter structure in the brain, the
corpus callosum is anatomically divided into five separate regions, from rostral to caudal,
the lamina rostralis, the genu, the body, the isthmus, and the splenium (Raybaud, 2010). The
corpus callosum can also be subdivided into two physiologically separate regions. While the
genu and body are responsible for the commissural transfer of myelinated axons originating
from the prefrontal cortex, premotor cortex, primary motor cortex, and supplemental motor
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area, the splenium and dorsal hippocampal commissure are involved in the transfer of
sensory information from the posterior parietal cortex temporal lobe and occipital lobe
(Raybaud, 2010). The isthmus, which is located at the junction of the fornix and callosal
body between the septum pellucidum and hippocampal commissure, contains fibers from the
motor strip, somato-sensory strip and the primary auditory cortex (Raybaud, 2010). As such,
it can be predicted that mice undergoing cuprizone-induced demyelination might experience
more difficulty with sensory modalities rather than motor function. This is consistent with
the fact that cuprizone mice do not have obvious clinical signs (Ludwin, 1978). However,
this interpretation must be made with caution as we and others have demonstrated
demyelination in other structures, including the caudate putamen and the cerebellum
(Groebe et al., 2009; Pott et al., 2009; Skripuletz et al., 2010), which may in part contribute
to the decreased performance of cuprizone mice in the rotarod test as observed by several
groups.

Toxin induced neuropathies have been known for a long time to also differentially affect
specific regions of the brain. For example, isonicotinic acid hydrazide given to Peking ducks
caused severe demyelination of the cerebellar medulla, white matter folia and deep
cerebellar nuclei, while the medullary layer of occipital lobe, tectothalamic tract and
cerebellar peduncles are less affected (Carlton and Kreutzberg, 1966). Additionally,
hexachlorophene toxicosis and triethyltin can cause specific demyelination pattering and
gliosis with similarities to that of described for cuprizone (Poppenga et al., 1990). In
humans, inhalation of heroin vapor, industrial solvents, methanol misuse, alcohol abuse and
nutritional deficiency can cause distinct patterns of demyelination with characteristic
appearance upon imaging (Smith and Smirniotopoulos; Smith and Smirniotopoulos, 2010).
The corpus callosum is suspected to be affected in almost all MS patients (Gean-Marton et
al., 1991). Unlike the regional distribution following cuprizone intoxication, diffusion tensor
image mapping studies of MS patients have, however, demonstrated the callosal body and
isthmus as being most affected areas while the genu and splenium the least (Ge et al., 2004;
Lou et al., 2009; Ozturk et al.). Therefore, while it is peculiar that the isthmus, splenium and
dorsal hippocampal commissure are more susceptible to cuprizone-induced demyelination
when compared to the genu and body, this is not necessarily surprising as different
demyelinating diseases with different etiologies show distinctive pathological patterning.

In conclusion, we have demonstrated rostral-caudal differences in demyelination and gliosis
within the corpus callosum structure following cuprizone intoxication. We have mapped the
location for gliosis and demyelination of the corpus callosum to approximately 0.5 mm
caudal to bregma, and have demonstrated substantial differences in remyelination of these
regions following cuprizone withdrawal. Together, these data provide guidance for the
design of studies aimed at uncovering the mechanisms involved in demyelination and
remyelination using this animal model.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• We examine cuprizone-induced demyelination and remyelination in the corpus
callosum

• Mapping rostral-caudal regional differences in demyelination and gliosis

• The caudal corpus callosum structure shows reliable demyelination and
remyelination

• Kinetics for myelin repair differs between splenium and dorsal hippocampal
commissure
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Figure 1. Demyelination and gliosis occur in multiple brain structures after 5 weeks of cuprizone
feeding
Mice were kept on a normal diet or fed 0.2% cuprizone (CPZ) for 5 weeks. A&B, Coronal
sections at the level of the genu (1.1 mm bregma) were stained for myelin with oil red O.
Comparisons between normal (A) and CPZ fed (B) mice showed decreased oil red O
intensity in the cortex (ctx), cingulated gyrus (cg), external capsule (ec) and caudate
putamen (cp) of CPZ mice. LV is lateral ventricle. C–E, Immunohistochemical staining of
the external capsule using specific antibodies to MBP (C), Iba-1 (D), and GFAP (E).
Individual Iba-1+ and GFAP+ cells (arrows) are depicted at a higher magnification in the
inserts. F–H, In the caudate putamen of cuprizone fed mice, microglia were localized to
demyelinating axon bundles (arrows) as determined by immunostaining. I–K, Sagittal
sections of the cerebellum at the level of the medial nuclei of a normal (I) or at the midline
of CPZ fed (J) mouse demonstrated conserved myelin by oil red O staining. Same mouse as
in J showed reduced oil red O intensity at the level of the medial nucleus (K). Insert is lesion
edge magnified 5X. L–N, Closer examination of cerebellar pathology by
immunohistochemistry showed decreased MBP staining (arrows, L) as well as increased
Iba-1+ microglia (arrows, M) and GFAP+ astrocytes (arrows, N) within and on edge of
lesions. O&P, Representative pictures demonstrating MBP staining in the cortex and
external capsule (ec) of a normal (O) and cuprizone fed mouse (P). Q&R, The external
capsule and caudate putamen showing reduced MBP staining (red) but relatively normal
phosphorylated neurofilament (pNF) distribution (green) in cuprizone fed mouse (R) vs.
control mouse (Q). Inserts in Q&R are of axon bundles magnified 3X. Scale bars, A, B, I–
K, 200 μm; C–H, L–P, 50 μm; Q–R, 25 μm. Pictures are representative of 3–4 mice per
group at each location and condition.
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Figure 2. Demyelination is distinct in specific callosal regions after cuprizone intoxication
Mice were fed a normal diet or one containing 0.2% cuprizone for 5 weeks (5 wk) to induce
demyelination. In some mice cuprizone was withdrawn after 5 weeks and the diet returned
to normal chow for 2 week to allow recovery (5+2 wk). A–C, Serial sagittal and coronal
sections were stained for myelin with oil red O. Sagittal sections showing the genu (gcc),
body (bcc), isthmus (icc), and splenium of the corpus callosum (scc) as well as the dorsal
hippocampal commissure (dhc) of a normal (A), 5 week treated (B) or recovered mouse
(5+2; C). Scale bar = 500 μm. Coronal sections of normal (A), cuprizone (B) and cuprizone
+ recovery (C) groups corresponding to approximately 0.5 and −0.9 mm from the bregma.
Scale bar = 200 μm. D, Average demyelination scores with respect to the bregma. Data are
means ± SEM from n=3–5 animals. E–F, The number of GST-π+ mature oligodendrocytes
per mm2 at 0.5 ± 0.1 mm and −0.9 ± 0.1 mm to the bregma (E) and representative pictures
(F). Results are representative from n=3–4 animals. **, p<0.01. ‡, p<0.01 between 0.5 and
−0.9mm.
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Figure 3. Degree of astrogliosis following cuprizone intoxication mirrors demyelination
Mice were treated as in Fig. 3. A–C, Serial sagittal and coronal sections at indicate
anatomical locations were stained for GFAP+ astrocytes by immunohistochemistry. Bregma
represented by arrow. Scale bars for sagittal sections = 500 μm, coronal sections = 200 μm.
D&E, Astrogliosis quantified by measuring fold change in GFAP fluorescence intensity (D)
and by counting cell number of nucleated cells (E) and graphed with respect to bregma. F,
Regression analysis showing a significant correlation between GFAP fluorescence intensity
analysis and GFAP+ cell number analysis. Data are means ± SEM; n=3–5. *, p<0.05; **,
p<0.01; ***, p<0.001 when compared to controls. ‡, p ≤0.05 between 0.5 and −0.9mm.
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Figure 4. Microgliosis following cuprizone intoxication correlates with demyelination
Mice were treated as in Fig. 3. A–C, Serial sagittal and coronal sections at indicate
anatomical locations were stained for Iba-1+ microglia by immunohistochemistry. Bregma
represented by arrow. Scale bars for sagittal sections = 500 μm, coronal sections = 200 μm.
D&E, Microgliosis quantified by measuring fold change in Iba-1 fluorescence intensity (D)
and by counting cell number of nucleated cells (E) and graphed with respect to bregma. F,
Regression analysis showing a significant correlation between Iba-1 fluorescence intensity
analysis and Iba-1+ cell number analysis. Data are means ± SEM; n=4–5. *, p<0.05; **,
p<0.01; ***, p<0.001 when compared to controls. ‡, p ≤0.05 between 0.5 and −0.9mm.
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Figure 5. Gliosis differs between the splenium, and dorsal hippocampal commissure after 2
weeks of recovery
The extent of gliosis was quantified in the splenium corpus callosum (SCC; A–C), and
dorsal hippocampal commissure (DHC; D–F) of mice undergoing demyelination (5 week;
5wk) or remyelination (5+2 week; 5+2 wk) and compared to those kept on a normal diet
(CTL). Total cell number per mm2 was increased after 5 weeks of cuprizone in the SCC (A)
and DHC (B) an effect that diminished in the DHC after 2 weeks of withdrawal. B–C, Both
GFAP and Iba-1 intensity were increased relative to controls in the SCC after 5 weeks on
cuprizone. After 2 weeks of recovery the amount of gliosis was lower at 5 weeks and did not
differ from control mice. E–F, GFAP and Iba-1 intensity were increased in the DHC to the
same extent as the SCC (B, C vs. E, F) after 5 weeks of cuprizone. However, unlike in the
SCC, this increase persisted in the DHC after 2 weeks of cuprizone withdrawal. Results are
means ± SEM; n=3. *, p<0.05; **, p<0.01; ***, p<0.001. ‡, p<0.05 compared to CTL.
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Figure 6. The repair process is slower in the dorsal hippocampal commissure compared to the
splenium corpus callosum after 2 weeks of recovery from cuprizone
Mice were fed a normal diet (CTL) or one containing 0.2% cuprizone for 5 weeks to induce
demyelination (5 wk). In some mice cuprizone was withdrawn after 5 weeks and the diet
returned to normal chow for 2 weeks (5+2 wk) or 5 weeks (5+5 wk) to allow recovery. A,
Representative electron micrographs showing myelinated axons in the splenium corpus
callosum (SCC; top) and dorsal hippocampal commissure (DHC; bottom) of normal, 5, 5+2,
and 5+5 week mice. Scale bar = 5μm. B–C, The number of myelinated axons per mm2 was
determined for the SCC (B) as well as the DHC (C). D, Representative micrograph showing
microglia with multiple lipid droplets within the cytosol (arrow) taken of mouse at 5 weeks
post cuprizone. Scale bar = 2.5 μm. Results in B and C represent the mean number of axons
per mm2 derived from 5–12 4400x fields (control mice) or 12–27 4400x fields (cuprizone
fed mice) for each mouse; n=2.
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Figure 7. Increased axonal dystrophy in the dorsal hippocampal commissure compared to the
splenium
Mice were fed cuprizone for 5 weeks and allowed to recovery for four (IHC) to five weeks
(EM). A, Representative picture showing NG2 immunoreactivity in the splenium (SCC) and
the dorsal hippocampal commissure (DHC). Arrow depicts a NG2+ cell magnified in the
insert. Scale bar = 50μm. B, GST-π + mature oligodendrocytes per mm2 in the SCC and
DHC. Results are means ± SEM; n=5. C–D, Increased axonal dystrophy as determined by
SMI32 immunoreactivity in the dorsal hippocampal commissure when compared to the
splenium. Scale bar=50 μm. Result represents mean ± SEM; n=5. *, p<0.05. E,
Representative electron micrograph showing 3 axonal spheroids/swellings in the DHC
(arrows). Scale bar =5 μm. F, The number of axonal spheroids/swellings estimated from 32–
53 1800× fields for each mouse per area; n=2.
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