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A B S T R A C T

Multiple sclerosis (MS) is an inflammatory demyelinating disease of the central nervous system. About 50% of
MS patients develop deficits in learning, memory and executive function, which are accompanied by demyeli-
nating lesions in the hippocampus and/or prefrontal cortex (PFC). Why demyelination in these regions occurs in
some patients but not in others and what is the underlying mechanism remain unclear. Here we report that
myelin density in the hippocampus and PFC is markedly reduced in the cuprizone model, but not in the chronic
experimental autoimmune encephalomyelitis. These two models can be used for studying different neuro-
pathophysiological aspects of demyelinating diseases.

1. Introduction

Proper myelination is vital for various neurophysiological functions
of the central nervous system (CNS). Myelin is composed of compacted
lipid membranes that wrap around axons, providing trophic support, as
well as electrical insulation in saltatory and efficient propagation of
action potentials. Disruption to myelin can lead to CNS diseases, in-
cluding multiple sclerosis (MS). MS is the most common inflammatory
demyelinating disease of the CNS, but still has no known origin or cure.
MS is likely triggered by environmental factors that act on a genetically
susceptible host (Baecher-Allan et al., 2018; Olsson et al., 2017). MS
affects not only sensory and motor functions, but also higher-order
brain functions. Cognitive deficits occur in about half of MS patients,
particularly involving depression, stress, anxiety, and impairment of
executive function, memory, attention and mental processing speed
(Achiron and Barak, 2003; Gaudino et al., 2001; Jongen et al., 2012;
Rao, 1995; Rao et al., 1991). This appears consistent with the fact that
hippocampal and cortical demyelinating lesions are frequently ob-
served in MS patients (Geurts et al., 2007; Jongen et al., 2012). On the
other hand, myelin reduction has been implicated in cognitive deficits
in various neurological and mental disorders, such as schizophrenia,
major depressive disorder, bipolar disorder, Alzheimer's disease and
posttraumatic stress disorder (PTSD) (Bartzokis et al., 2007; Flynn
et al., 2003; Haroutunian et al., 2014; Li et al., 2016; Rajkowska et al.,
2015). However, the mechanisms underlying CNS demyelination

leading to cognitive deficits remain poorly understood.
To uncover the pathogenic mechanisms of MS and search for

treatment strategies, different animal models were developed, in-
cluding the murine experimental autoimmune encephalomyelitis (EAE)
model and the cuprizone model. They represent two major mouse
models currently used for studying MS. Although CNS demyelination
can be induced in both models, it is through different pathogenic me-
chanisms. EAE includes an autoimmune response to myelin proteins as
the antigen with infiltration of immune cells into the CNS, whereas the
cuprizone model relies on ingestion of cuprizone, a copper chelator,
that induces apoptosis of oligodendrocytes and hence demyelination
(Lassmann and Bradl, 2017; Ransohoff, 2012). Consistent with the link
between myelin and cognition, impairments in cognition, spatial
working memory and decreased social interaction were observed in the
cuprizone model (Serra-de-Oliveira et al., 2015; Xu et al., 2009).
Whether cuprizone feeding increases or decreases anxiety-like beha-
viors remains controversy (Franco-Pons et al., 2007; Serra-de-Oliveira
et al., 2015; Xu et al., 2009). In EAE mice, several studies reported
anxiety- and depression-like symptoms (Jones et al., 2008; Peruga
et al., 2011; Pollak et al., 2002). Thus, these two mouse models likely
share some cognitive and behavioral deficits observed in many MS
patients.

Many of the behaviors that are altered in MS patients and animal
models rely on the proper function of the hippocampus and prefrontal
cortex (PFC), which are two interconnected brain regions and play
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central roles in higher brain functions, including learning and memory,
planning complex cognitive behavior, and moderating social behavior
(Nickel and Gu, 2018). The hippocampus, a part of the limbic system, is
a paired structure with mirror-image halves in cerebral hemispheres.
The hippocampus plays critical roles in spatial memory and in the
consolidation of information from short-term memory to long-term
memory. Hippocampal neurons carry out these functions by commu-
nicating with regions of the cerebral cortex, including the PFC. The PFC
is the anterior part of the cerebral cortex in the frontal lobe, and re-
sponsible for regulating social and cognitive behavior, planning and
decision-making. The hippocampus was thought to be solely re-
sponsible for storing new memories, gradually transferring these to the
PFC overtime to form remote memory (Frankland and Bontempi, 2005).
However, a recent study showed that following initial exposure to a
context, both the hippocampus and PFC rapidly form memory cells
(Kitamura et al., 2017). Whereas the PFC engram cells become func-
tionally mature with time, allowing the PFC to participate in remote
recall, hippocampal engram cells gradually become silent (Kitamura
et al., 2017).

Crucial for the computation of neural circuits in the hippocampus
and PFC, myelination of the two brain regions is a rather dynamic
process and continues well into adulthood (Abraham et al., 2010; Miller
et al., 2012; Nickel and Gu, 2018). In addition to the demyelinated
lesions in these regions that were observed in patients with neurological
disorders such as MS (Nickel and Gu, 2018), social isolation was shown
to cause demyelination in both hippocampus and PFC (Eluvathingal
et al., 2006; Liu et al., 2012; Makinodan et al., 2012). Widespread
demyelination in the brain including corpus callosum, cortex and hip-
pocampus has been documented in the cuprizone model (Dutta et al.,
2013; Gudi et al., 2009; Kipp et al., 2017). In the chronic EAE model,
several studies reported demyelination in the hippocampus and cortex
(Girolamo et al., 2011; Mangiardi et al., 2011; Ziehn et al., 2010),
potentially leading to deficits in learning and memory (Aharoni et al.,
2019; Sun et al., 2015). Interestingly, it was reported that despite no
consistent evidence of chronic loss of layer V neurons in the cortex,
there was both reversible and chronic decreases in cortical myelin
density in the chronic EAE model (Burns et al., 2014). Therefore, it is of
high interest to compare the patterns of demyelination in the hippo-
campal-prefrontal circuit in the cuprizone and EAE models.

In the present study, we have carefully compared the impacts of
copper chelation and autoimmunity on myelination of the hippo-
campal-prefrontal circuit. Spinal cord and the brain of each mouse were
embedded together and included on the same slide after sectioning.
Demyelination in white matter (WM) of corpus callosum or spinal cord
was clearly observed in cuprizone-fed or EAE mice, respectively.
However, whereas myelin density markedly reduced in the hippo-
campus and PFC in the cuprizone model, we surprisingly observed no
clear change of myelin density in the EAE model. Thus, cuprizone and
EAE models differentially affect myelin density of the hippocampal-
prefrontal circuit and can be used to study different neuropathophy-
siological aspects of MS.

2. Materials and methods

2.1. Induction of the cuprizone model

All animal experiments were conducted in accordance with the NIH
Animal Use Guidelines and approved (2008A0177-R3) by Institutional
Animal Care and Use Committee (IACUC) of the Ohio State University.
The cuprizone model was established with C57BL/6 mice (8–12weeks
old, both male and female mice purchased from the Jackson
Laboratory). The mice were fed with 0.2% cuprizone-containing chow
for 5 weeks, followed with another two weeks of regular chow. The
mice were perfused and fixed for immunohistochemistry studies at two
time points: (1) after 5 weeks of the cuprizone diet as “cuprizone peak,”
and (2) after additional 2 weeks of regular chow as “cuprizone

recovery.” In our study, we did not observe any difference at myeli-
nation, demyelination and remyelination stages between male and fe-
male mice, consistent with early studies (Taylor et al., 2010). Thus, we
used both male and female mice in the cuprizone model in this study.
Any mice that reached 30% weight loss were euthanized immediately
and excluded from the study.

2.2. The MOG-induced EAE model

C57BL/6 mice (8–12 week females from the Jackson Laboratory)
were used to induce chronic monophasic EAE, as we previously de-
scribed (Jukkola et al., 2012; Jukkola et al., 2013; Jukkola et al., 2017).
In brief, myelin oligodendrocyte glycoprotein (MOG) peptide 35–55
(1mg/mL) was emulsified in sterile-filtered PBS and Complete Freund's
Adjuvant (CFA) containing 2mg/mL ground inactivated mycobacteria
tuberculosis H37Ra. Mice were immunized with 100 μL of MOG/CFA or
CFA only (as negative control) by flank subcutaneous injections. Per-
tussis toxin was administered via tail vein injection at 0 and 2 days post
immunization (DPI). Disease progression was monitored daily, and as-
signed a clinical scoring on a scale of 0–6 [0=no symptoms, 1= loss
of tail tone, 2= hindlimb paresis, 3=moderate paralysis, 4= para-
plegia (complete hindlimb paralysis), 5= quadriplegia, 6= death or
moribund state]. Grade 6 mice were removed from the study. Mice
were sacrificed for immunohistochemistry at appropriate experimental
time points. Myelin oligodendrocyte glycoprotein (MOG) peptide 35–55
(MEVGWYRSPFSRVVHLYRNGK) was purchased from Pro-Spec (Re-
hovot, Israel). Ground inactivated mycobacteria tuberculosis H37Ra
and Incomplete Freund's Adjuvant were from Difco Laboratories (De-
troit, MI, USA).

2.3. Cardiac perfusion, and tissue fixation and sectioning

Mouse tissues were collected and processed according to previously
published methods (Jukkola et al., 2012; Jukkola et al., 2013; Jukkola
et al., 2017). Mice were anesthetized with avertin and perfused through
the left ventricle of the heart with 20–30mL ice-cold PBS, followed by
20mL 4% formaldehyde in PBS (FA/PBS). After carefully removing the
brain and spinal cord, the tissues were post-fixed for 1 h in 4% FA/PBS.
Following post-fixation, the tissues were cryoprotected in 30% sucrose
for at least 24 h and cut into 3-mm blocks using an acrylic brain matrix
(Braintree Scientific, Braintree, MA, USA). These sections were em-
bedded in optimal cutting temperature (OCT) media (Sakura Finetek
USA, Inc., Torrance, CA, USA) and stored at −80 °C until sectioning.
The tissue blocks were cut into 40-μm sections using a Microm HM550
cryostat (Thermo Scientific, Waltham, MA, USA) and mounted on Su-
perfrost Plus microscope slides (FisherScientific, Pittsburgh, PA, USA)
for storage at −20 °C.

2.4. Immunostaining of sections of brain and spinal cord

The following antibodies were used in our study: goat polyclonal
anti-GFAP (AbCAM, MA, USA), rabbit polyclonal anti-neurofilament
200 antibody (Sigma, MO, USA), rat monoclonal anti-MBP antibody
(Chemicon, CA, USA), rabbit polyclonal anti-IBA1 antibody (Waco, VA,
USA), rabbit polyclonal anti-cannabinoid receptor-1 antibody
(Alomone, Jerusalem), and Cy2-, Cy3-, and Cy5-conjugated secondary
antibodies (Jackson ImmunoResearch Laboratories, West Grove, PA,
USA). Mouse brain sections were stained according to previously pub-
lished methods (Barry et al., 2014; Gu et al., 2017; Jukkola et al., 2012;
Jukkola et al., 2013; Jukkola et al., 2017). Briefly, sections were per-
meabilized for 1 h in PBS/1% Triton X-100 at room temperature (RT).
The sections were then blocked with 2.5% normal donkey serum in
PBS/0.02% Triton X-100 for 1 h at RT, and incubated with the appro-
priate concentration of primary antibodies in blocking solution over-
night at 4 °C. The sections were washed 5×5min using PBS/0.02%
Triton X-100, and incubated for 3 h with secondary antibodies in
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blocking solution. These were counterstained in nuclear dye (Hoechst
33342, purchased from Invitrogen, CA, USA) for 10min, and again
rinsed 5×5min at RT. Slides were coverslipped using tris-buffered
Fluoro-Gel mounting media (Electron Microscopy Sciences, PA, USA).

2.5. Conventional fluorescence microscopy and image quantification

Fluorescence microscopy and image analysis procedures were
adapted from previously published methods (Jukkola et al., 2012;
Jukkola et al., 2013; Jukkola et al., 2017). Images were captured using
a Spot CCD camera RT slider (Diagnostic Instruments, Sterling Heights,
MI, USA) in a Zeiss Axiophot upright microscope with 20× 1Plan Apo
objectives and saved as 16-bit TIFF files. Appropriate exposure times
were used so the pixel intensities in the area of interest were below
saturation, with the same exposure times used for each group within an
experiment. Images for quantification were chosen from 8 re-
presentative experiments for MBP antibody, 2 for other antibodies, and
compared between experimental cohorts (5 mice for each experimental
cohort except cuprizone peak, 4). Images were analyzed with NIH Im-
ageJ. MBP quantification was estimated using percent area after setting
image-appropriate intensity thresholds, reflecting overall density of
MBP expression. Staining intensities for GFAP were measured using the
Image J tracing tool to trace and automatically calculate the average
pixel fluorescence intensities of the outline drawn on astrocyte soma
and processes (4–6 sampled per image). These intensities were aver-
aged for each image, and the background intensity of the slide was

subtracted for each image. The data was normalized to controls from
the same staining experiments, as to account for variations in staining
intensity. The image fluorescence intensity values were averaged to
obtain the mean fluorescence intensity for each experimental group.
These fluorescence intensity measurements reflect the level of protein
present within the cells stained by a particular antibody (higher in-
tensity correlates with more protein). All fluorescence intensity mea-
surements were taken from the originally captured image. For re-
presentative images shown in the figures, image brightness and contrast
were adjusted using Adobe Photoshop 7.0 (Adobe Systems In-
corporated, CA, USA).

2.6. Confocal microscopy and 3D reconstruction

High-magnification confocal images were captured with a Leica TCS
SL confocal imaging system (Leica Microsystems, Germany), using a
100× HCX Plan Apo CS oil immersion objective (numerical aper-
ture= 1.00). Multiple channels were acquired simultaneously, and the
signal was averaged over four scans. Channel crosstalk was largely
eliminated through optimization of the laser line intensity by acousto-
optical tunable excitation filters, and by spectral detectors allowing
precisely-defined bandwidth adjustment. Images were saved as 8-bit
TIFF files and adjusted for brightness and contrast using Adobe
Photoshop 7.0. The procedure was described in details in our previous
papers (Jukkola et al., 2012; Jukkola et al., 2013; Jukkola et al., 2017).
The collapsed 2D image from each image stack is shown in the figures.

Fig. 1. Specific CNS demyelination in cuprizone and EAE models.
A, The experimental diagram of the cuprizone model. B, WM demyelination in corpus callosum (top) and the fimbria of hippocampus (bottom) of the cuprizone
model is revealed by FluoroMyelin green (FMG, green) and the nuclear dye Hoechst (red) staining. C, Demyelination in corpus callosum revealed by Hoechst (red)
staining and anti-MBP antibody (green) staining. D, A diagram of typical chronic EAE progression. Black arrows, 5 EAE mice used in the present study at different
EAE stages. E, WM myelin (FMG in green) and EAE lesion (Hoechst in red) in the longitudinal sections of spinal cord of control (left) and EAE (right) mice. F, WM
myelin (anti-MBP staining signals in green) and EAE lesion (Hoechst in red) in the longitudinal sections of spinal cord of control (left) and EAE (right) mice. Scale
bars, 250 μm in B, and 50 μm in C–F. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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2.7. Statistical analysis

Statistical significance was determined using Sigmaplot 12.0 (Systat
Software, Inc., IL, USA). One-way ANOVA followed by Dunnett's test
was used for comparing experimental groups to one control group. *,
p < .05 and **, p < .01 were considered statistically significant.
Statistically significant differences from the control group are shown by
an asterisk (*) in figures. Results are presented as means ± SEM.

3. Results

3.1. Demyelination of corpus callosum and spinal cord in the cuprizone and
EAE mice, respectively

To validate the cuprizone and EAE mouse models used in the pre-
sent study, their signature demyelination patterns in specific CNS re-
gions were first examined. WM demyelination and remyelination of
some brain regions in the cuprizone model was previously investigated.
In particular, extensive demyelination of the corpus callosum has been
well documented in the cuprizone model (Matsushima and Morell,
2001). Following five weeks of cuprizone ingestion, we found a marked
reduction of myelin density in corpus callosum, shown by decreased
Fluoromyelin Green (FMG) and myelin basic protein (MBP) levels
(Fig. 1A–C). MBP is a reliable marker for mature myelin segments. After
removing cuprizone from the diet for two weeks, myelin density clearly
and partially recovered (Fig. 1A–C). Similar demyelination followed by

remyelination in the cuprizone model was observed in the fimbria of
hippocampus (Fig. 1B). In sharp contrast, these results of demyelination
and remyelination were not seen following induction of EAE in corpus
callosum, although demyelinated lesions were clearly present in spinal
cord of the same EAE mice (Fig. 1D–F). These findings are consistent
with our previous results (Jukkola et al., 2012; Jukkola et al., 2013;
Jukkola et al., 2017). These lesions in spinal cord contribute to clinical
signs observed in these EAE mice. In the present study, we used five
mice with clinical scores ranging from 3 to 4 and at various days post
immunization (DPI), with one mouse each at DPI17, DPI21 and DPI28,
and two mice at DPI72. Every one of these EAE mice showed extensive
lesions throughout the spinal cord, labeled with FMG and MBP staining.
By contrast, no such lesion was observed in spinal cord of the cuprizone
model. Therefore, myelination is differentially affected by the two
models in different CNS regions.

3.2. Reduction of gray matter myelination in hippocampal dentate gyrus in
the cuprizone but not EAE mice

To determine how myelination in the hippocampal-prefrontal
pathway is altered in the two mouse models, we first focused on po-
tential myelin alterations in the hippocampus. The entorhinal cortex
feeds signals from cortical and subcortical structures to the hippo-
campus via the perforant path, starting the trisynaptic neural circuit.
The flow of information in the hippocampus is believed to be largely
unidirectional. Axons in the perforant path mainly project to the

Fig. 2. Myelin alterations in dentate gyrus of the cuprizone and EAE mice.
A, Diagram map of dentate gyrus in the dorsal hippocampus of a coronal section of the brain. B, GM myelin in the DG of a control mouse (Control). C, GM myelin at
the peak stage of cuprizone mouse (CUP peak). The insert, 3 fold higher magnification of cornered area showing myelin segments from a potential surviving
oligodendrocyte. D, GM myelin at the recovery stage of cuprizone model (CUP recovery). E, GM myelin of an EAE mice with CS of 3 (EAE CS3). B-E, anti-MBP
staining in black and Hoechst staining in blue. F, Summary of altered myelin density in DG. One way ANOVA followed by Dunnett's test: ***, p < .001; **, p < .01.
n= 15 for every condition. G, Confocal image of GM myelin (anti-MBP in green) and dentate granule cells (YFP in red) from a control mice carrying Thy1-YFP
transgene. H-K, Confocal images of DG regions with the staining for endogenous MBP (green) and CB1 (red) under the four different conditions. Scale bars, 250 μm in
B-E and 50 μm in G-K. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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granule cells in the dentate gyrus (DG), and the DG axons pass on the
information to the dendrites of CA3 pyramidal cells, which then extend
to CA1. Axons from CA1 then project back to the entorhinal cortex, or
extend to other cortical areas, such as the PFC. We stained the sections
of brains from control, cuprizone or EAE mice for MBP and examined
the distribution pattern of myelin segments in different hippocampal
subregions, focusing on gray matter (GM).

The DG is a part of GM regions in the brain (Fig. 2A), but clearly
contains myelin in both granular and polymorph DG. Normally, myelin
segments were organized throughout the granule cell layer, and rela-
tively denser with multiple dimensions throughout the hilus (Fig. 2B).
Five weeks of cuprizone ingestion led to significant reduction in the
density of MBP-positive myelin segments throughout the DG, some-
times with a few individual myelin segments and/or patches of seg-
ments present in the hilus (Fig. 2C). These patches resembled the in-
dividual mature oligodendrocytes with multiple myelin segments
frequently observed in the myelin coculture (Gardner et al., 2012; Gu
and Gu, 2011), and thus likely represented surviving oliogodendrocytes
(Fig. 2C). Two weeks after returning to normal chow, the cuprizone-fed
mice regained some myelin segments throughout the hilus and granule
cell layer, although still significantly less than control in density
(Fig. 2D). Recovered myelin segments also appeared shorter than those
in the control. In sharp contrast, there was no clear reduction of the
density of MBP-positive myelin segments in the DG of EAE mice
(Fig. 2B–F), with similar MBP patterns as control. To visualize the re-
lative location between myelin segments and DG neurons, we

performed confocal imaging on brain sections from Thy1-YFP trans-
genic mice. MBP+ myelin segments were close but not colocalize with
YFP-positive DG neuron soma and dendrites (Fig. 2G).

To further examine the localization of myelin segments with axons
in DG, we performed confocal imaging for endogenous MBP and can-
nabinoid receptor type 1 (CB1) (Fig. 2H–K). Cannabinoids may be de-
veloped to treat MS patients. It was reported that a potent CB1 agonist
WIN55, 212-2, effectively delayed disease progression in EAE mice (de
Lago et al., 2012), while CB1 knockout mice showed a more severe EAE
clinical course (Rossi et al., 2011). CB1 is a G protein-coupled receptor
protein present in preterminal/terminal axons, and are abundant in
GABAergic interneurons of the hippocampus (Lou et al., 2012; Miller
and Devi, 2011). We found that there was no colocalization between
MBP and CB1 in the DG of control, cuprizone and EAE mice
(Fig. 2H–K). Whereas MBP density was greatly diminished at cuprizone
peak, there was no clear change in CB1 expression and density (Fig. 2I).
Thus, CB1 seems mainly present in unmyelinated axons.

3.3. Differential alterations of myelin density in hippocampal CA3/CA1
regions between the two MS models

Axons from the DG granule neurons mainly target the dendrites of
pyramidal cells in CA3 to form synapses in the hippocampus. Normal
myelination of the axons transmitting these inputs in CA3 shows an
organized pattern throughout the pyramidal cell layer, and more dense
and unorganized throughout the molecular layer (Fig. 3A,B). Similar to

Fig. 3. Myelin alterations in the CA3 region of the cuprizone and EAE mice.
A, Diagram map of the CA3 region of a coronal section of the brain. B, GM myelin in the CA3 region of a control mouse (Control). C, GM myelin at the peak stage of
cuprizone mouse (CUP peak). D, GM myelin at the recovery stage of cuprizone model (CUP recovery). E, GM myelin of an EAE mice with CS of 3 (EAE CS3). B-E, anti-
MBP staining in black and Hoechst staining in blue. F, An enlarged image (3 fold higher magnification) of the cornered area in C, showing myelin segments from a
potential surviving oligodendrocyte. G, Summary of altered myelin density in CA3. One way ANOVA followed by Dunnett's test: ***, p < .001; **, p < .01. n= 17
for every condition. H-K, Confocal images of CA3 regions with the staining for endogenous MBP (green) and CB1 (red) under the four different conditions. Scale bars,
250 μm in B-E and 50 μm in F,H-K. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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the DG, the CA3 region showed extensive decrease in MBP+ myelin
density at the cuprizone peak stage, less reduction at the recovery stage,
and no change in EAE model (Fig. 3B–G). Throughout the pyramidal
cell layer at the peak cuprizone stage, almost no MBP expression re-
mained, and only small patches, resembling individual oligoden-
drocytes, of MBP+ segments throughout the molecular level remained
(Fig. 3F). At the recovery stage, the CA3 partially regained MBP density
in the cell layer, and in patches throughout the molecular level. The
MBP+ segments were significantly shorter than control. High resolu-
tion confocal images revealed the changes of myelin densities at the
peak and recovery stages of the cuprizone model, as well as no sig-
nificant change of myelin density in EAE (Fig. 3H–K). CB1 expression
was high in the CA3 region, but had no colocalization with MBP and no
clear change in cuprizone and EAE models (Fig. 3H–K).

CA3 pyramidal neurons send their axons to the dendrites of CA1
pyramidal neurons, while the CA1 axons exit the hippocampus to
project to other CNS regions, including PFC. The pattern of myelin
segments in CA1 was similar to that in CA3, albeit being less dense in
the molecular level (Fig. 4A,B). At cuprizone peak, almost all MBP+
myelin segments disappeared in both the cell layer and molecular layer
(Fig. 4C). The remaining ones were in patches, similar to those seen in
the other hippocampal regions. At the recovery stage, MBP+ myelin
segments appeared in both the cell body layer and molecular level,
although segments were shorter with more anterior-to-posterior or-
ientation (Fig. 4D). Again, we failed to observe any changes in terms of

MBP+ myelin density and MBP signal intensity (Fig. 4E,F). To de-
termine whether the reduction of MBP+ myelin density was due to loss
of myelin or axons, we double-stained for MBP and neurofilament (NF),
an intermediate filament highly expressed in neurons. Within all re-
gions of the hippocampus and under various experimental conditions,
there was no clear change in NF levels and NF+ axonal density. In the
CA1 region, MBP and NF were highly colocalized under control con-
dition, whereas MBP+ myelin segments but not NF+ axonal density
markedly decreased at the peak stage of the cuprizone model
(Fig. 4G,H).

To examine alterations of astrocytes in cuprizone and EAE models,
we co-stained brain sections for MBP and glial fabrillary acidic protein
(GFAP), an intermediate filament mainly expressed in astrocytes. In the
CA1 region, MBP and GFAP staining signals did not colocalize under the
control condition (Fig. 4I). GFAP expression significantly increased at
the peak and recovery stages of the cuprizone model, as well as in the
EAE model (Fig. 4I–L). This is different from alterations of MBP+
myelin density under these conditions (Fig. 4B–L). These findings are
consistent with our previous results showing increased GFAP expression
in the hippocampus of the EAE model (Jukkola et al., 2013), and an-
other study using the cuprizone model (Koutsoudaki et al., 2009).

Fig. 4. Myelin alterations in the CA1 region of the cuprizone and EAE mice.
A, Diagram map of the CA1 region in a coronal section of the brain. B, GM myelin in the CA1 region of a control mouse (Control). C, GM myelin at the peak stage of
cuprizone mouse (CUP peak). D, GM myelin at the recovery stage of cuprizone model (CUP recovery). E, GM myelin of an EAE mice with CS of 3 (EAE CS3). B-E, anti-
MBP staining in black and Hoechst staining in blue. F, Summary of altered myelin density in CA1. One way ANOVA followed by Dunnett's test: ***, p < .001; **,
p < .01. n=15 for every condition. G,H, Confocal images for endogenous MBP (green) and NF (red) in CA1. I-L, Confocal images of CA1 regions with the staining
for endogenous MBP (green) and GFAP (red) under the four different conditions. Scale bars, 250 μm in B-E and 50 μm in G-L. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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3.4. Alterations of gray matter myelination in the PFC in cuprizone and EAE
mice

An important projection facilitating memory encoding and sub-
sequent retrieval involves the interplay of the hippocampus and a re-
gion of the PFC, the medial PFC (mPFC). This interaction plays a key
role in working memory, episodic memory and emotional memory via
direct and indirect paths, allowing for behaviors modulated by past
experiences. Normal myelinated axons of the mPFC, responsible for
facilitating this interaction, extend laterally from the midline in an
organized fashion (Fig. 5A,B). MBP+ myelin density markedly reduced
at the peak and recovery stages of the cuprizone model, but remained
unchanged in the EAE model (Fig. 5B–G). Isolated clusters of MBP+
myelin segments were observed at the peak stage of cuprizone model
(Fig. 5F), likely representing surviving mature oligodendrocytes. Con-
focal imaging of NF and MBP costaining further confirmed that GM
myelin reduction resulted from demyelination but not axon degradation
in the cuprizone model (Fig. 5H–J). Interestingly, we did not observe
any clear reduction of MBP+ myelin density in the EAE model
(Fig. 5K).

The axons from CA1 pyramidal neurons also project to the lateral
region of the PFC, agranular insular dorsal cortex (AID) (Fig. 6A)
(Cenquizca and Swanson, 2007). AID plays a key role in object re-
cognition memory and extinction learning (Bermudez-Rattoni et al.,
2005), and regulates the cued reinstatement of drug-seeking, but not
food-seeking, behavior in rats (Contreras et al., 2012; Cosme et al.,

2015). Typical GM myelination with mesh-like network of MBP+
myelin segments was observed in AID (Fig. 6B). Myelin density mark-
edly reduced at the peak and recovery stages of the cuprizone model,
but remained unchanged in the EAE model (Fig. 6B–F). In Thy1-YFP
transgenic mice, pyramidal neuron dendrites with abundant dendritic
spines were present in AID, where MBP+ myelin segments were pre-
sent (Fig. 6G). Reduction of myelin density in the cuprizone model was
due to loss of myelin, rather than axonal loss, revealed by confocal
imaging for MBP and NF co-staining (Fig. 6H). These patches are si-
milar to those found in the hippocampus. Removal of cuprizone al-
lowed for partial recovery of myelin density throughout all layers of the
cortex, but the segments were noticeably shorter than myelin segments
in control. Again, there was no clear change in MBP+myelin density in
EAE mice (Fig. 6E–H).

4. Discussion

The present study showed that myelin density in the hippocampus
and PFC was differentially altered in the two established mouse models
of MS, the cuprizone and chronic EAE models. After 5 weeks of cupri-
zone intake, GM myelin density markedly decreased in various sub-
regions of the hippocampus and PFC. After 2 weeks of returning to
normal diet, myelin density clearly and partially recovered in these
regions. In sharp contrast, there was no significant reduction of myelin
density in these regions at both peak and late stages of EAE mice. Taken
together, cuprizone toxicity and autoimmunity differentially impact

Fig. 5. Myelin alterations in mPFC of the cuprizone and EAE mice.
A, Diagram map of the mPFC of a coronal section of the brain. B, GM myelin in mPFC of a control mouse (Control). C, GM myelin at the peak stage of cuprizone
mouse (CUP peak). D, GM myelin at the recovery stage of cuprizone model (CUP recovery). E, GM myelin of an EAE mice with CS of 3 (EAE CS3). F, Enlarged images
of cornered areas in B (left) and C (right). B-F, anti-MBP staining in black and Hoechst staining in blue. G, Summary of altered myelin density in mPFC. One way
ANOVA followed by Dunnett's test: ***, p < .001; **, p < .01. n= 14 for every condition. H-K, Confocal images of mPFC regions with the staining for endogenous
MBP (green) and NF (red) under the four different conditions. Scale bars, 250 μm in B-E and 50 μm in F,H-K. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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myelin density in GM of the brain, mimicking different aspects of de-
myelinating diseases.

Throughout our studies, we found significant and consistent re-
duction of myelin density induced by cuprizone intake in not only ty-
pical WM of the brain including corpus callosum (Fig. 1), but also GM
including the hippocampus and PFC (Figs. 2–6). Our results are con-
sistent with earlier studies reporting widespread demyelination of the
brain in the cuprizone model (Dutta et al., 2013; Gudi et al., 2009; Kipp
et al., 2017). Mature myelin segments in WM and GM reside in different
microenvironments. For instance, GM myelin is often located adjacent
to neuronal cell bodies, dendrites and synapses, whereas WM myelin is
not. Thus, GM and WM myelination may be regulated differently. Our
studies showed that myelin density in both WM and GM including
corpus callosum, hippocampus and PFC, reduced at the peak stage of
the cuprizone model, which does not exclude potential quantitative
differences across various brain regions. While we were examining GM
myelin density in the cuprizone model, we often observed isolated
clusters of myelin segments at the peak stage and sometimes the re-
covery stage as well (Figs. 2C, 3F, 5F). These clusters of myelin seg-
ments resemble the morphology of multiple MBP+ myelin segments of
a mature oligodendrocyte (Gardner et al., 2012; Gu and Gu, 2011).
Whether these patches are surviving oligodendrocytes during massive

demyelination or newly differentiated oligodendrocytes for re-
myelination remain to be determined in future studies. Recent studies
reported that GM myelin segments in layers 2 and 3 of neocortex
(~50%) and in the hippocampus (~80%) ensheath the axons from
parvalbumin-positive GABAergic interneurons (Micheva et al., 2016;
Stedehouder et al., 2017). Therefore, it will be interesting to determine
which type of axons (e.g. glutamatergic versus GABAergic) is demye-
linated or remyelinated first in a specific brain region at different stages
of the cuprizone model.

Our recent studies showed EAE lesions containing demyelination in
spinal cord and cerebellum (Jukkola et al., 2017), and altered astro-
cytes in various brain regions of EAE mice (Jukkola et al., 2013).
However, we failed to observe any significant reduction of GM myelin
density in the hippocampus and PFC of EAE mice (Figs. 2–6), as well as
other several brain regions. This is in stark contrast with several earlier
studies showing demyelination in the hippocampus and cortex (Aharoni
et al., 2019; Girolamo et al., 2011; Sun et al., 2015; Ziehn et al., 2010).
Interestingly, one recent study reported that there were significant
decreases in both MBP and synaptophysin (a presynaptic marker) im-
munoreactivity at DPI14 and DPI35, but not in the control nor at DPI21
and DPI100 (Burns et al., 2014). Our EAE samples were obtained from
mice with early to late EAE, and consistently showed no significant

Fig. 6. Myelin alterations in agranular insular cortex of the cuprizone and EAE mice.
A, Diagram map of agranular insular cortex of a coronal section of the brain. B, GM myelin in agranular insular cortex (AID) of a control mouse (Control). C, GM
myelin at the peak stage of cuprizone mouse (CUP peak). D, GM myelin at the recovery stage of cuprizone model (CUP recovery). E, GM myelin of an EAE mice with
CS of 3 (EAE CS3). B-E, anti-MBP staining in black and Hoechst staining in blue. F, Summary of altered myelin density in AID. One way ANOVA followed by Dunnett's
test: ***, p < .001; **, p < .01. n= 13 for every condition. G, Confocal image of myelin (anti-MBP in green) and pyramidal neuron dendrites (YFP in red) from a
control mice carrying Thy1-YFP transgene. H, Confocal image with the staining for endogenous MBP (green) and NF (red) at the peak stage of the cuprizone model
(CUP peak) and at the peak stage of EAE (EAE). Scale bars, 250 μm in B-E and 50 μm in G-H. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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change in myelin density. Importantly, in these EAE mice used in our
study, the spinal cord and the brain were sectioned onto the same slide.
We routinely verified EAE lesions in spinal cord while we were ex-
amining myelin density in the brain. Currently, it is not clear what
caused such differences. At the same time, we cannot exclude possible
alterations of myelin membranes in EAE brains at the ultrastructural
level.

Using NF as an axonal marker, we found that MBP+ myelin seg-
ments formed along NF+ axons and there was no clear reduction of NF
+ axonal density in the cuprizone and EAE models (Figs. 4G,H, 5G–K,
6H). CB1 is another axonal marker we examined in this study. Canna-
binoids carry out their functions mainly through two receptors, CB1
and CB2, although additional receptors are implicated (Pertwee et al.,
2010). CB1s are mainly expressed in the CNS and distributed in axonal
terminals (Lou et al., 2012; Miller and Devi, 2011), whereas CB2s are
mainly expressed in immune cells (Atwood and Mackie, 2010; Klein
et al., 2003). Our results showed that there was no colocalization be-
tween MBP and CB1 in the hippocampus of control, cuprizone and EAE
mice (Figs. 2, 3), consistent with the localization pattern of CB1 in
axonal terminals and presynaptic sites, which are not myelinated.
Therefore, our findings do not argue against a potential regulatory role
of cannabinoid pathways in myelination or multiple sclerosis.

The autoimmune response in EAE is mainly mediated by MHC Class
II restricted CD4+ T-lymphocytes (Lassmann and Bradl, 2017). Im-
mune cells that infiltrate into the CNS can be easily observed in spinal
cord and the cerebellum (Jukkola et al., 2012; Jukkola et al., 2017). In
the hippocampus and cortex of EAE mice, localized presence of ramified
and hypertrophied microglia/macrophages (CD45+ or Iba1), T cells
(CD3) and B cells (CD19) was also observed (Kocovski et al., 2019;
Mangiardi et al., 2011). In contrast, the cuprizone model involves
apoptosis of oligodendrocytes, demyelination and activated microglia,
but not infiltrating immune cells (Lassmann and Bradl, 2017;
Ransohoff, 2012).

Astrocytes were viewed as cells that promote inflammation and
form glial scars that hinder remyelination and axon growth in the past.
We now know that astrocytes can enhance CNS myelination by pro-
moting the migration, proliferation, and differentiation of oligoden-
drocyte progenitor cells (Ishibashi et al., 2006; Nash et al., 2011;
Watkins et al., 2008). Our results showed that GFAP expression was
significantly upregulated in the hippocampus at the peak and recovery
stages of the cuprizone model, as well as in the EAE model (Fig. 4I–L).
This is consistent with our previous findings in the EAE mice (Jukkola
et al., 2013). Although GFAP expression was significantly upregulated,
myelin density in the hippocampus remained unchanged in the EAE
mice but markedly reduced in the cuprizone model (Figs. 2–4). Thus,
astrocyte activation may not always correlate with myelination or de-
myelination in the brain.

While the chronic EAE is a well-established model for studying the
autoimmune aspect of MS, our study showed that the cuprizone model
may be better suited for investigating the role of demyelination in
hippocampal-prefrontal circuit in MS-related cognitive deficits. More
research is needed to fully understand the impact of myelination of the
hippocampal-prefrontal circuit on cognitive functions. To further elu-
cidate molecular mechanisms underlying GM myelin may uncover new
targets for therapy of various demyelinating diseases. Taken together,
although the cuprizone model's mode of demyelination is not similar to
most MS lesions, the model provides results that align with MS de-
myelination patterns and physiology, and should be further studied to
discern myelin's role in cognitive impairment.
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