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Abstract

Persistent demyelination has been implicated in axon damage and functional deficits underlying
neurodegenerative diseases such as multiple sclerosis. The cuprizone diet model of demyelination
allows for the investigation of mechanisms underlying timed and reproducible demyelination and
remyelination. However, spontaneous oligodendrocyte (OL) progenitor (OPC) proliferation, OPC
differentiation, and axon remyelination during cuprizone diet may convolute the understanding of
remyelinating events. The Akt (a serine/threonine kinase)/mTOR (the mammalian target of
rapamycin) signaling pathway in OLs regulates intermediate steps during myelination. Thus, in an
effort to inhibit spontaneous remyelination, the mTOR inhibitor rapamycin has been administered
during cuprizone diet. Intrigued by the potential for rapamycin to optimize the cuprizone model by
producing more complete demyelination, we sought to characterize the effects of rapamycin on
axonal function and myelination. Functional remyelination was assessed by callosal compound
action potential (CAP) recordings along with immunohistochemistry in mice treated with
rapamycin during cuprizone diet. Rapamycin groups exhibited similar myelination, but
significantly increased axonal damage and inflammation compared to non-rapamycin groups.
There was minimal change in CAP amplitude between groups, however, a significant decrease in
conduction velocity of the slower, non-myelinated CAP component was observed in the rapamycin
group relative to the non-rapamycin group. During remyelination, rapamycin groups showed a
significant decrease in OPC proliferation and mature OLs, suggesting a delay in OPC
differentiation kinetics. In conclusion, we question the use of rapamycin to produce consistent
demyelination as rapamycin increased inflammation and axonal damage, without affecting
myelination.

*"‘Competing Financial Interests: The authors declare that they have no competing financial interests.

"Corresponding author at: Division of Biomedical Sciences, School of Medicine, University of California Riverside, Room 205, 311
School of Medicine Research Building, 900 University Ave, Riverside, CA 92521, USA. Tel.: +1 951 827 7819. seema.tiwari-
woodruff@medsch.ucr.edu (Seema K. Tiwari-Woodruff).

* Author Contributions: SKTW conceived of and supervised the study. HYM, JH, and KL performed experiments. SKTW, HYM, KL,
JM, and UM analyzed the data; HYM, KL, and SKTW wrote the manuscript.

THYM and KL contributed equally and should be considered first co-authors.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yamate-Morgan et al. Page 2

Keywords

oligodendrocyte; demyelination; cuprizone diet; axon damage; compound action potential;
remyelination

INTRODUCTION

Demyelination can be achieved using many well-established mouse models of multiple
sclerosis (MS), including experimental autoimmune encephalomyelitis (EAE), cuprizone
diet (CPZ), lysolecithin and ethidium bromide focal injections (Denic et al., 2011; McCarthy
et al., 2012; Ransohoff, 2012). The most common model of MS is EAE as it recapitulates
the inflammatory, demyelinating, and neurodegenerative aspects of MS pathology
(Sternberger et al., 1984; Wekerle et al., 1994; Baxter, 2007; Mangiardi et al., 2011;
Hasselmann et al., 2017). Cuprizone is toxic to mature oligodendrocytes (OLs) without
causing direct neuronal damage and produces consistent demyelination in both white and
gray matter within the central nervous system (CNS) (Matsushima and Morell, 2001;
Blakemore and Franklin, 2008). Thus, the CPZ model is routinely used to understand
molecular mechanism of de- and remyelination and screen remyelinating therapeutic agents.

While the mechanisms of cuprizone-induced demyelination are not well understood, it has
been hypothesized that it disrupts energy metabolism in mature OLs leading to apoptosis
(Matsushima and Morell, 2001; Bénardais et al., 2013). However, even in the continued
presence of cuprizone, remaining OLs, as well as proliferation and differentiation of OL
progenitor cells (OPCs) into myelinating OLs, drives spontaneous remyelination. This
spontaneous remyelination is incomplete and this phenomenon has the potential to confound
studies assessing the efficiency of remyelinating compounds.

To address this, several eminent research groups have introduced the use of rapamycin along
with cuprizone diet (Narayanan et al., 2009; Bai et al., 2016). Rapamycin inhibits the serine/
threonine protein kinase mammalian target of rapamycin (nTOR). mTOR is part of the
phosphatidyl inositol 3 kinase/protein kinase B (P13K/Akt) signaling pathway and is critical
for OPC/OL survival, proliferation, and differentiation (Tyler et al., 2009; Guardiola-Diaz et
al., 2012; Dai et al., 2014; Wahl et al., 2014). mTOR forms the subunit of two heteromeric
and functionally distinct complexes, known as mTOR Complex 1 (mTORC1) and 2
(mTORC2) and is part of a complex second messenger signaling that regulates cell
proliferation and differentiation (Wood et al., 2013; Dai et al., 2014; Lipton and Sahin,
2014). The primary role of rapamycin in processes specific to OLs depends on a careful
balance of activation and action ofmTORC1 (Lebrun-Julien et al., 2014), shown to be a
positive regulator of late-stage OPC differentiation, active myelination, and potentially also
the local translation of myelin mRNAS, such as myelin basic protein (MBP) (Bercury et al.,
2014).

Our group has been investigating novel remyelinating therapeutics using both EAE and
cuprizone models. We address remyelination events using behavior, immunohistochemistry
(IHC), electron microscopy and electrophysiology to further understand axon pathology and
functional remyelination. Recognizing the potential for rapamycin to optimize the cuprizone
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model by producing more complete demyelination, we sought to characterize the effects of
rapamycin treatment during cuprizone diet on axonal conduction and myelination in the
largest white matter tract in the brain, the corpus callosum (CC), that is coherently affected
by CPZ diet (Patel et al., 2013; Moore et al., 2014; Hasselmann et al., 2017; Lapato et al.,
2017; Karim et al., 2018). In this study, mice were divided between three groups: normal
diet (ND), demyelination (CPZ), and remyelination (CPZ + ND). Within the demyelination
group, mice were fed 0.2% cuprizone, with or without 10 mg/kg intraperitoneal injections of
rapamycin (CPZ + Rapa), for 4.5 weeks and 1.5 weeks. The remyelination group initially
followed the same paradigm as the demyelination group (CPZ versus CPZ + Rapa), but was
then switched to normal diet for 3 weeks of remyelination ([CPZ] + 3ND versus [CPZ +
Rapa] + 3ND). To assess pathological changes in myelination, inflammation, and axon
damage during cuprizone diet with rapamycin administration, IHC was performed with the
antibodies provided in Table 1. To determine the functional consequences of including
rapamycin during cuprizone diet, compound action potentials (CAPs) were recorded across
the CC from acute coronal slices. Our examination of the effects of rapamycin treatment
during cuprizone administration revealed increased inflammation and callosal axon damage
without altering myelin levels during demyelination and remyelination. However, the
presence of rapamycin worsened functional and histopathological indicators of axonal
pathology. Given these findings, caution should be used when determining whether or not to
include rapamycin for functional studies of myelination and interpreting therapeutic effects.

EXPERIMENTAL PROCEDURES

Animals

All procedures and experiments were conducted according to the guidelines established by
the American Veterinary Medical Association and the National Institutes of Health and were
approved by the Institutional Animal Care and Use Committee (IACUC) of the University of
California, Riverside (UCR). Seven-week-old male C57BL/6 mice were obtained from
Harlan Laboratories and maintained in-house at the UCR animal facility. Animals were
allowed to acclimate for one full week at five animals per cage with standard light/dark
cycles.

Cuprizone and Rapamycin Administration

Mice were fed 0.2% cuprizone [oxalic bis(cyclohexylidenehydrazide)] (Envigo, Madison,
WI1) pellets for 4.5 weeks, as previously described (Crawford et al., 2009a,b). Rapamycin
(99 + %, Thermo Fisher Scientific \Waltham, MA cat# J62473) administration was modified
from an existing protocol, including its dissolution into 100% methanol, according to its
specified solubility at a high concentration (25 mg/mL) in methanol, as compared to less
than 2 mg/mL in ethanol. This rapamycin stock was then stored at =20 °C until its dilution
in 5% PEG-400, 5% Tween 80, and 4% ethanol just prior to injection. Rapamycin was
administered by 0.1 mL intraperitoneal injection at 10 mg/kg body weight per day, five days
per week for the duration of the 4.5-week demyelination period, with weights recorded
weekly.
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Tissue Fixation and Processing

At designated time points and the conclusion of the experiment, mice were deeply
anesthetized by inhalation of isoflurane (Henry Schein 66,794-017-25 Melville, NY) and
transcardially perfused first with phosphate buffered saline (PBS) and then with 10%
formalin (7hermo Fisher Scientific SF100-20 Waltham, MA). Brains were extracted and
post-fixed in 10% formalin for 2 h. Brains were cryoprotected in PBS with 30% sucrose for
48 h and embedded in gelatin for sectioning. Coronal sections (40 pm) were prepared using
a HM525 NX cryostat ( 7hermo Fisher Scientific Waltham, MA).

Immunohistochemistry

Coronal brain sections (bregma +0.85 to +0.95 mm, plates 23-24) with CC but no
hippocampus (rostral slices) or sections (bregma —1.90 to —2.0 mm, plates 47-48)
containing medial hippocampus (caudal slices) were used (Paxinos and Franklin, 2012;
Karim et al., 2018). The brain slices were permeabilized, blocked in normal goat serum, and
immunolabeled with primary antibodies shown in Table 1. Fluorophore-conjugated (Goat
anti-Rabbit Alexa Fluor 555 or 647, Thermo Fisher Scientific Waltham, MA) secondary
antibodies were used to detect immunolabeled cells. Following detection, cell nuclei were
counterstained with 4”,6-diamidino-2-phenylindole (DAPI; 2 ng/mL; Molecular Probes
D1306 Eugene, OR) and sections were mounted onto glass slides and cover-slipped with
Fluoromount G mounting medium ( 7hermo Fisher Scientific 00-4958-02 Waltham, MA) for
analysis.

Microscopy and Quantification

Images were acquired using an Olympus BX61 confocal microscope (Olympus America
Inc., Center Valley, PA). A single 10x or 20x image, or two 40x images, were taken from the
CC per brain section, with two sections analyzed per mouse. Z-stack projections (~20 pum
thick) were exported and quantified using ImageJ version 2.2.0-rc-46/1.50 g (NIH) to adjust
brightness, contrast and threshold, followed by density analysis (% area) and the use of the
multi-point tool to reflect positive immunoreactivity in the CC. IHC analysis generated
values of (i) intensity or (ii) density of labeled cells per square millimeter in ImageJ.
Intensity was measured in images taken at 20x, centered on the CC of one rostral and one
caudal section per mouse after outlining the CC using the polygon tool. Cells were counted
in two 40x images of the CC, one rostral and one caudal section per mouse. In each image,
cells were counted by splitting channels, applying a threshold color for each channel of
interest, and then merging channels to assess overlap between markers of interest (namely,
Olig2 and Ki67). The DAPI channel was used to distinguish background staining from
labeled cells. For counting cells, the Grid tool (200,000 pixels?) was applied, and 10 boxes
falling within the area of the CC were marked using the multipoint tool. Then, the number of
points were then divided by the area (mm?, converted from pixels?) within the boxes
counted.

Electrophysiology

CAPs were recorded across the CC as previously described (Crawford et al., 2009a,b).
Coronal brain slices corresponding approximately to plates 29-48 in the atlas of Paxinos and
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Franklin (2012) were prepared from adult (3—4 months) old C57BL/6. Briefly, mice were
deeply anesthetized by isoflurane inhalation, decapitated, and the isolated brain was
submerged in slicing buffer containing (in mM): 87 NaCl, 75 sucrose 2.5 KCl, 0.5 CaCl,, 7
MgCly, 1.25 NaH»-POy4, 25 NaHCOg3, 10 glucose, 1.3 ascorbic acid, 0.1 kynurenic acid, 2.0
pyruvate, and 3.5 MOPS, bubbled with 5% CO, + 95% O, (Lauderdale et al., 2015).
Coronal slices (350 pm) were prepared using a Leica VT 1000S Vibratome (Bannockburn,
IL), specified for IHC, and subsequently incubated for 45 min at 35 °C then 15 min at room
temperature (24-26 °C). Slices were then transferred to artificial cerebrospinal fluid (ACSF)
oxygenated with 5% CO, + 95% O, containing (in mM): 125 NaCl, 2.5 KCl, 2.5 CaCl,, 1.3
MgCly, 1.25 NaH,POy4, 26.0 NaHCO3, and 15 glucose. Slices were equilibrated in ACSF for
a minimum of 15-20 min prior to recording CAPs.

During recording, slices were continuously perfused at room temperature with oxygenated
ACSF maintained at a flow rate of 1 mL/min. Recordings were obtained using a Multiclamp
700B Amplifier connected to an Axon Digidata 1550 controlled by PClamp 10.4 Software
(Molecular Devices, Sunnyvale, CA). Recordings were low-pass filtered at 10 kHz and
digitized at 200 kHz. To stimulate CC fibers, a concentric bipolar stimulating electrode
(FHC Neural microTargeting Worldwide, Bowdoin, ME, USA) was placed approximately 1
mm across from the recording electrode, a glass micropipette with a resistance of 1-3 MQ
(Figs. 9Ai, 10Ai). CAPs were elicited using an episodic stimulation protocol consisting of
eight consecutive sweeps, 12 ms in duration, with a 5 s delay between sweeps and an
immediate stimulus (0.01 ms duration) after the start of each sweep (Crawford et al., 2009a).
Stimulus intensity was adjusted manually using a 1SO-Flex stimulator (A.M.£).
Standardized input—output plots were generated in current clamp mode for each slice by
averaging at least 4 consecutive sweeps together to reduce the signal-to-noise ratio. CAPs
were analyzed using Clampfit 10.4 software (Molecular Devices, Sunnyvale, CA), OriginPro
2016 64Bit (OriginLab Corporation) and GraphPad Prism 6 (GraphPad Software) for
averaged stimulus responses and latency as previously described (Crawford et al., 2009a).

IHC—Brain tissue was collected from n = 5-8 mice per group, from a combination of two
separate experiments. Statistics were performed using GraphPad Prism 6 software. Five
comparisons were made, as shown between the following groups: (i) ND & CPZ, (ii) CPZ &
CPZ + Rapa, (iii) CPZ & [CPZ] + 3 ND, (iv) CPZ + Rapa & [CPZ + Rapa] + 3ND & (v)
[CPZ] + 3ND & [CPZ + Rapa] + 3ND. One-way ANOVASs with Tukey's post hoc test for
multiple comparisons were used to generate p-values. Data are presented as mean + SEM,
with p < 0.05 considered statistically significant. In the case that data violated the one-way
ANOVA assumption for an approximately Gaussian distribution, the Kruskal-Wallis non-
parametric test was used as an alternative to reduce the like-lihood of committing a Type |
error.

CAPs—CC CAPs were quantified from at least seven rostral and eight caudal sections (1-2
slices from n = 4-6 mice per group). The peak amplitude of the N1 and N2 components of
the CAPs were analyzed for statistical significance using ANOVAs along with Holm-Sidak
post hoc tests for multiple comparisons. Statistical analysis of the N2 peak latency was
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analyzed using the Student's t-test. GraphPad Prism 6 (GraphPad Software) and SPSS (IMP
SPSS statistics 23) were used to analyze the data. All values are expressed as mean + SEM.

RESULTS

In this study, mice were divided into one of the three following groups: normal controls
(ND, black), demyelination (CPZ, red), and remyelination ([CPZ] + 3ND, dark blue) (Fig.
1). After rapamycin was administered to half of the mice during demyelination (CPZ +
Rapa, green) and examined following remyelination ([CPZ + Rapa] + 3ND, light blue), IHC
was used to assess markers of demyelination, axonal integrity and inflammation. As
demyelination of the CC in mice fed cuprizone diet is graded, following a caudal to rostral
pathology (Steelman et al., 2012; Tagge et al., 2016), the CC of both rostral (0.85 to 0.95
mm from bregma) and caudal sections (—1.90 to —2.0 mm from bregma) were analyzed
(Paxinos and Franklin, 2012).

Rapamycin Addition During Cuprizone Diet Did Not Influence Myelin Intensity

Cuprizone diet induces significant demyelination in the CC by 4.5 to 6 weeks (Matsushima
and Morell, 2001; Crawford et al., 2009b). To assess the impact of rapamycin on
myelination, brain sections were immunostained with myelin basic protein (MBP) and
nuclei stain, 4”,6-diamidino-2-phenylindole (DAPI). Decreased MBP* immunoreactivity is
shown in coronal brain montages in CPZ and CPZ + Rapa groups (Fig. 2Ai). After
cuprizone administration, significant demyelination (CC area outlined in white boxes; Fig.
2Ai) was observed compared to the normal group, which is consistent with previous studies

+ 3ND and [CPZ + Rapa] + 3ND (Fig. 2B, C). No significant difference in MBP* staining
was observed between the remyelination groups (Fig. 2B, C). To further probe for effects of
rapamycin administration on myelination, brain sections were also immunostained with
myelin oligodendrocyte glycoprotein (MOG) (Fig. 3A), the last protein component
expressed in the formation of myelin sheath which can therefore be evaluated as a more
sensitive gauge for minimal changes in myelin protein (Lindner et al., 2008; Jahn et al.,
2009; Crawford et al., 2009b). Decreased MOG* immunoreactivity was observed during
demyelination compared to the ND control group, whereas an increase in MOG™ intensity
was seen three weeks after stopping the administration of cuprizone diet (Fig. 3B, C).
Furthermore, the addition of rapamycin did not result in any further change in the levels of
MOG during demyelination nor remyelination in caudal or rostral sections (Fig. 3B, C).

Rapamycin Increases Axon Damage During Cuprizone-Induced Demyelination

Three weeks of CPZ administration is sufficient to induce significant axonal dysfunction and
damage (Crawford et al., 2009b). To assess the extent to which rapamycin affects axonal
health, callosal white matter was probed for the non-phosphorylated heavy neurofilament
epitope SMI-32, which is more abundant in damaged projection fibers (Sternberger and
Sternberger, 1983; Trapp et al., 1998; Mangiardi et al., 2011). Elevated immunoreactivity for
SMI-32 is shown in coronal brain montages of mice fed with cuprizone diet in the presence
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and absence of rapamycin (Fig. 4Ai). A significant increase in SMI-32* intensity was
observed in both rostral and caudal CC sections from non-rapamycin groups during acute
demyelination compared to normal (Fig. 4Aiii, Av, B, C). Punctate, swollen callosal axons
(Fig. 4Aii) were present in both demyelination groups where SMI-32* immunostaining
shrouds the trace amounts of remaining visible MBP* signal (Fig. 4Aiv). Rapamycin-treated
mice demonstrated regional differences in SMI-32* immunoreactivity during demyelination
relative to the CPZ group as shown by an increase in rostral but not caudal sections (Fig. 4B,
C). SMI-32* reactivity decreased in the caudal CC (Fig. 4B), yet increased in rostral CC
sections (Fig. 4C), for both remyelination groups; [CPZ + Rapa] + 3ND and [CPZ] + 3ND;
compared to demyelination. There was no significant difference in SMI-32* immunostaining
between rapamycin and non-rapamycin remyelination groups.

Leukocyte Infiltration is Increased by Rapamycin During Cuprizone Diet

The pan-leukocyte marker cluster of differentiation (CD)45 was used to assess overall
inflammation within the CC (Fig. 5A). Callosal CD45" immunoreactivity increased in the
cuprizone group compared to the normal group in caudal, but not rostral sections (Fig. 5B,
C). Concurrent rapamycin administration caused a dramatic increase in CD45* reactivity in
rostral CC sections versus cuprizone alone (Fig. 5C) but caudal white matter showed
comparable levels (Fig. 5B). CD45* reactivity declined during remyelination in the [CPZ]

+ 3ND group relative to CPZ in caudal sections (Fig. 5B). Additionally, CD45* reactivity
decreased during remyelination in rapamycin-treated mice (Fig. 5B, C). Despite an overall
decrease in CD45* signal during remyelination for both rapamycin and non-rapamycin
groups, CD45* reactivity was significantly higher in [CPZ + Rapa] + 3ND rostral sections
versus [CPZ] + 3ND (Fig. 5C). To distinguish microglia from macrophages and other
leukocytes, immunostaining specific for the ionized calcium binding adaptor molecule-1
(Iba-1) was performed (Fig. 6A). Iba-1* reactivity was significantly higher in caudal
sections during CPZ demyelination compared to the mice given normal diet (Fig. 6B), while
rostral sections from mice treated with rapamycin showed elevated levels of Iba-1 compared
to CPZ alone (Fig. 6C). During remyelination, 1ba-1 levels were significantly reduced
compared to demyelination except for the rostral rapamycin-treated group, which remained
significantly elevated even after three weeks of normal diet (Fig. 6C).

Rapamycin Increases Astrogliosis During Remyelination

An increase in reactive astrocytes is observed in the cuprizone model (Bignami et al., 1972;
Crawford et al., 2009b; Steelman et al., 2012). Elevated immunoreactivity for glial fibrillary
acidic protein (GFAP) is shown in coronal brain montages from mice fed cuprizone (Fig.
7Ai). High magnification images show branched GFAP™ cells (Fig. 7Ai and Aii white box
insets). An overall increase in GFAP* immunoreactivity during demyelination in caudal CC
sections (Fig. 7B) as well as in rostral CC sections (Fig. 7C) was observed. The addition of
rapamycin during cuprizone-induced demyelination did not appear to alter GFAP™ intensity
beyond the effects observed with cuprizone diet alone (Fig. 7A, B, C). GFAP™ reactive
astrocytes decreased during remyelination in both caudal and rostral CC sections (Fig. 7B,
C). However, in rostral CC sections, GFAP™ intensity was elevated in the [CPZ + Rapa]

+ 3ND group compared to the [CPZ] + 3ND group (Fig. 7C). In contrast, GFAP + intensity
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was not different in caudal CC sections between the [CPZ + Rapa] + 3ND group and the
[CPZ] + 3ND group (Fig. 7B).

Rapamycin Addition Reduces Proliferating OPCs and Mature OLs

Spontaneous OPC proliferation and OPC differentiation occur during cuprizone diet.
Because the mTOR pathway is important for the differentiation of OPCs into OLs, inhibiting
this pathway with rapamycin should have a pronounced effect on OPCs and OLs within the
CC. The effect of rapamycin during cuprizone diet on proliferating OPCs was determined by
assessing the number of OLs labeled with the OL lineage-specific transcription factor
(Olig2) co-stained with the prototypic cell cycle related nuclear protein Ki-67, which is
expressed by proliferating cells (Fig. 8A). No significant change in the number of
Olig2*Ki67* OPCs was observed within the caudal or rostral CC sections (rostral not
shown) in the CPZ group compared to normal controls (Fig. 8A, C). Surprisingly,
proliferating OPC numbers in the mice receiving cuprizone with rapamycin were similar to
the CPZ group during demyelination. While there was a trend toward an increase in
proliferating OPCs during remyelination in [CPZ] + 3ND versus CPZ, it did not reach
significant levels (Fig. 8C). Yet, the number of Olig2*Ki67* cells was significantly reduced
in the [CPZ + Rapa] + 3ND group compared to the [CPZ] + 3ND group (Fig. 8C).

The effect of rapamycin on mature OLs during cuprizone diet was determined by assessing
the number of adenomatous polyposis coli (CC1*) cells by IHC (Fig. 8B). During
demyelination, a significant decrease in the number of CC1™ cells was observed as
compared to normal controls. No difference was observed between mice that received
rapamycin and non-rapamycin cuprizone groups during demyelination (Fig. 8). The number
of mature OLs significantly increased during remyelination [CPZ] + 3ND versus. CPZ (Fig.
8D). Additionally, the inclusion of rapamycin resulted in significantly lower numbers of
CC1* cells during remyelination compared to the [CPZ] + 3ND group (Fig. 8D).

Rapamycin Reduces Callosal CAP Amplitude and Delays Conduction Velocity

Functional myelination was assessed by electrophysiological CAP recordings across rostral
and caudal CC sections from acutely isolated brain slices (Fig. 9Ai). Typically, CAPs consist
of two or more downward deflections referred to as N1 and N2. The first downward
deflection, N1, represents the faster myelinated axons, while unmyelinated, or partially
myelinated axons contribute to the second downward deflection, N2 (Crawford et al.,
2009a). We observed a reduction in the myelinated component of the N1 peak amplitude for
cuprizone-induced demyelination compared to ND in both rostral and caudal sections (Fig.
9B), with a further significant decrease in the myelinated component of the CAP for rostral
rapamycin-treated groups (Fig. 9Bii). The amplitude of the second peak, N2, did not
significantly change between any of the groups in caudal sections (Fig. 9Ci), although it was
significantly increased in rostral sections for CPZ + Rapa compared to CPZ alone at the 4
mA stimulation intensity (Fig. 9Cii). Latency, an indicator of axonal conduction velocity and
the types of axons contributing the CAP peaks, was also assessed. Distribution of latencies
in demyelinating and remyelinating nerve fibers depend upon fundamental parameters of
nerve fibers such as diameter, internodal length and extent of myelination. Interestingly, after
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demyelination, N2 peak latency was significantly slower (~11%) in both rostral and caudal
CC from the mice receiving rapamycin (Fig. 9D).

CAPs from caudal rapamycin and non-rapamycin remyelination sections showed no
significant difference in the N1 nor the N2 peak amplitude (Fig. 10A, Bi, Ci). However, the
N1 and N2 peak amplitudes were both increased in the rostral non-rapamycin remyelination
group compared to the remyelination group that previously received rapamycin during
cuprizone administration (Fig. 10Bii, Cii). Additionally, during remyelination, N2 peak
latency in both caudal and rostral CC was significantly delayed (~21%) in the mice treated
with rapamycin (Fig. 10D).

The present results are consistent with previous studies showing that by 4.5 weeks of
cuprizone diet, demyelination of callosal axons is accompanied by damaged axons (Fig. 4).
Thus, in the present study, the demyelinated and damaged callosal axons after 4.5 weeks of
cuprizone diet may render the finite functional effects of rapamycin undetectable in caudal
sections. Accordingly, an earlier time point of 1.5 weeks of cuprizone diet was used, where
minimal damage of axons has been noted (Crawford et al., 2009b).

Rapamycin Administration for 1.5 Weeks of Cuprizone Reduces Microglial Reactivity But
Does Not Affect CAPs or MOG Immunostaining

We administered rapamycin to animals fed cuprizone diet for 1.5 weeks to dissect the effects
of rapamycin before the onset of global axon injury resulting from prolonged CPZ
administration (Crawford et al., 2009b). MOG immunostaining (Fig. 11A) and Iba-1
immunostaining (Fig. 11B) were assessed in normal controls (ND, black), mice after 1.5
weeks of cuprizone diet (1.5CPZ, red) and mice that were fed cuprizone and received
rapamycin injections for 1.5 weeks (1.5CPZ + Rapa, green). Myelination examined by
MOG showed reduced levels during demyelination but no significant difference between
rapamycin and non-rapamycin groups (Fig. 11Ci), and the population of activated microglia
increased for both 1.5-week demyelination groups, although to a lesser extent when
rapamycin injections were combined with 1.5 weeks of CPZ (Fig. 11Cii). CAPs were also
recorded (Fig. 11D), exhibiting no significant change in the N1 nor N2 peak amplitude (Fig.
11E), or latency (Fig. 11F) in any of the groups at the 1.5-week time point.

DISCUSSION

The cuprizone diet mouse model is widely used to study the mechanisms of demyelination
and remyelination as well as neuroprotective and regenerative agents (Plant et al., 2007;
Zhang et al., 2012; Bai et al., 2016). However, studies employing the cuprizone model may
be confounded by incidences of endogenous myelin recovery which may mask small but
significant therapeutic effects during remyelination. Within the CC, OPCs reach a
proliferative peak after ~4-5 weeks of cuprizone diet in an ongoing attempt to replenish
OLs, which then undergo apoptosis in the presence of cuprizone (Matsushima and Morell,
2001). Yet a subpopulation of newly formed OLs survive and produce myelin that ensheathe
axons (Islam et al., 2009).
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Within the last decade, researchers have started administering mTOR inhibitors (rapamycin
and analogues) during cuprizone diet in an effort to inhibit OPC proliferation and achieve
complete axonal demyelination (Narayanan et al., 2009; Hu et al., 2011; Sachs et al., 2014).
However, the effects of rapamycin within this model have not been well characterized (Gudi
et al., 2014). While our laboratory has investigated the effects of cuprizone-induced
demyelination at multiple time points (from 1.5 to 12 weeks) these studies did not
supplement the model with rapamycin (Crawford et al., 2009a,b; Lapato et al., 2017).
Compelled by the prospect of achieving more complete demyelination within our model, in
a recent evaluation of a therapeutic agent, we included rapamycin as advised by the current
literature (Narayanan et al., 2009; Sachs et al., 2014; Bai et al., 2016). However, unlike
previous reports, our results failed to find differences in the extent of demyelination despite
using the same concentration of rapamycin. This prompted the current study in which we
sought to characterize some of the effects of rapamycin treatment with cuprizone
administration.

During demyelination, rapamycin treatment did not significantly change OPC/OL numbers,
consistent with published results (Sachs et al., 2014). In addition, rapamycin treatment
showed no difference in the extent of demyelination as observed by MBP and MOG
immunostaining. During the formation of the myelin sheath, MBP occupies an integral
location at an earlier time point and is later surrounded by MOG (Jahn et al., 2009).
Therefore, it is useful to examine both MBP and MOG immunostaining for a thorough
assessment of the alterations in myelination that could occur at varying rates or within
different structural components of the myelin sheath. Others have reported that rapamycin
treatment during 6 weeks of 0.3% cuprizone diet resulted in a significant decrease in MOG
immunostaining (Sachs et al., 2014), although we found that 0.2% cuprizone and rapamycin
together did not induce any further loss of MBP or MOG immunostaining than cuprizone
alone for 4.5 weeks.

Our previous studies have shown that administration of cuprizone diet for more than three
weeks increases axonopathy (Crawford et al., 2009a, b; Moore et al., 2014). To assess axon
integrity, we performed IHC with SMI-32, a neuronal marker present in low levels in axons.
When axonal transport becomes impaired during demyelination, SMI-32 accumulates in the
CC axons and has been used as a marker for axon damage (Sternberger and Sternberger,
1983; Trapp et al., 1998; Mangiardi et al., 2011). SMI-32* intensity increased in
demyelination groups compared to normal. A further increase in SMI-32 was observed with
rapamycin treatment, similar to the results reported by Sachs and colleagues with rapamycin
treatment for SMI-32 and amyloid precursor protein (APP) (Sachs et al., 2014). Typically,
during cuprizone diet, there is an increase in infiltrating leukocytes and reactive astrogliosis,
which was also observed in this study. With the addition of rapamycin during demyelination,
an increase in lba-1* microglia, and CD45" infiltrating leukocytes was observed, but GFAP*
intensity was unaltered. Sachs and colleagues observed a similar increase in Iba-1*
immunostaining yet, unlike our observation, an increase in GFAP* immunostaining in the
CPZ + Rapa group relative to the CPZ group (Sachs et al., 2014). This could be due to
experimental paradigm differences including the concentration of cuprizone diet (0.3% CPZ
used in Sachs et al., 2014 study versus 0.2% CPZ used in our study) and/or the duration of
cuprizone diet (6 weeks in Sachs' study versus 4.5 weeks of CPZ diet in our study).
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Additionally, as astrocytes and microglia have an integral role in a plethora of OPC and OL
processes the addition of rapamycin to this model may have additional confounding effects
on the interpretation of these studies by altering glia physiology.

The electrophysiological effects in caudal sections of combining rapamycin administration
with cuprizone diet were found to be consistent with the results obtained from IHC.
Demyelination was severe after 4.5 weeks of cuprizone and decreased the N1 component of
the CAP to insignificant levels so that no further effect of rapamycin on myelination could
be observed. However, alongside increased axon damage observed with SMI-32 IHC data,
rapamycin groups revealed an increase in both rostral and caudal CC N2 latency, indicating
potential axon damage. We also report a difference in conduction of myelinated axons from
rostral sections, during both demyelination and remyelination. The decrease in N1 for rostral
rapamycin-treated groups during demyelination could have triggered a compensatory
response via an increase in the number of the slower unmyelinated axons contributing to the
N2 component of the CAP, although N2 latency was still increased in these axons. The slight
increase in the N2 component of the CAP observed at the highest stimulation intensity in
rapamycin-treated groups during demyelination is not seen during remyelination. Instead,
rapamycin-treated groups exhibited an N2 CAP component with a dramatically lower
amplitude compared to the non-rapamycin-treated remyelination group. This functional
impairment is consistent with an increased N2 component latency, which is more dramatic
than the increase seen in rapamycin-treated groups during demyelination. Thus, rapamycin
treatment appears to exert negative effects on conduction in a manner which seems to
compile over time, in some cases becoming more severe (loss of N2 CAP amplitude), even
after the rapamycin administration period has ended. In particular, the notable differences
between rapamycin and non-rapamycin groups reported following remyelination points to a
previously unknown, long-lasting effect of rapamycin that is resilient even to three weeks of
normal diet in the absence of any demyelinating agent.

Furthermore, mature OLs immunopositive for CC1 in the CC were decreased following
demyelination, compared to normal, with no significant difference between CPZ and CPZ +
Rapa. However, in mice treated with rapamycin during cuprizone, CC1* OL numbers failed
to reach the high levels restored in non-rapamycin groups during normal diet remyelination.
These findings contradict previous studies in which the CPZ + Rapa group was found to
have fewer mature glutathione S-transferase (GST)n* and CC1* OLs after six weeks of
0.3% cuprizone plus rapamycin administration (Narayanan et al., 2009; Sachs et al., 2014).
Additionally, after one and seven weeks of remyelination (three week normal diet time-point
not evaluated) mature OL counts recovered, even in groups previously treated with
rapamycin (Sachs et al., 2014).

Unlike mature OLs, proliferating OPCs double labeled with Olig2 and Ki67 were unchanged
during demyelination, compared to normal. Other studies have shown that after six weeks
demyelination there is an increase in OPCs labeled with nerve glial antigen 2 (NG2), a
proteoglycan marker of a cycling progenitor population capable of producing OLs as well as
astrocytes (Dawson et al., 2000; Polito and Reynolds, 2005). A significant increase in NG2*
OPCs was also reported for rapamycin-treated groups, compared to non-rapamycin 0.3%
cuprizone groups. After three weeks of remyelination, we observed an increase only in
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proliferating OPCs from non-rapamycin groups. However, following seven weeks of
remyelination, it has been shown that OPC levels have decreased compared to demyelination
(Sachs et al., 2014). The increase in proliferating OPCs counted during remyelination is in
contrast to the low proliferating OPC counts previously reported (Sachs et al., 2014). The
higher ratio of OPCs to mature OLs in our study compared to those previously published
could be explained in part by the loss of functional conductivity due to increased axonal
damage that could be thereby preventing the progression of OPCs to later stages in which
they differentiate to form mature OLs.

To better understand the inhibitory effect of rapamycin on callosal conduction occurring in
the absence of any broad changes in CC myelination, we questioned whether a comparable
outcome could be induced by a shorter 1.5-week demyelination time point. Cuprizone
demyelination for 1.5 weeks has been previously reported by our laboratory to minimally
reduce myelinated CAP peak amplitude and MOG immunoreactivity while escaping the
extensive axon damage manifested by three or more weeks (Crawford et al., 2009b). It then
follows that incorporating rapamycin injections to the 1.5-week cuprizone demyelination
paradigm would reveal functional effects primarily attributable to the presence of rapamycin,
as opposed to those of cuprizone-induced axonal pathology. CAPs recorded in slices from
1.5 week demyelination groups showed only minor N1 amplitude differences that did not
reach significance in comparison to the normal diet control group, although a more
significant reduction in N1 amplitude has been shown previously (Crawford et al., 2009b).
Improvements made over time to our electrophysiology slicing protocol could potentially
have contributed to the attainment of healthier slices from 1.5-week CPZ mice that enabled
recordings to be less distinguishable from control slices. Rapamycin as a supplement to
cuprizone diet for 1.5 weeks did not induce any significant electrophysiological changes
indicative of negative effects on axon health, consistent with a lack of axon damage reported
from immunostaining with SMI-32 and APP, (Crawford et al., 2009b). Demyelination at 1.5
weeks was instead evidenced by a decrease in MOG immunostaining regardless of the
presence of rapamycin and associated with an increase in callosal microglial activation and
accumulation that was more remarkable in the 1.5 week CPZ group than in the 1.5 week
CPZ + Rapa group. The decrease in microglial activation in the rapamycin-treated group is
consistent with previously published data illustrating that rapamycin treatment can reduce
microglial activation (Tateda et al., 2017), however decreasing activated microglia in this
model could be leading to slower clearance of debris and dysfunctional cells leading to
increased axonal damage. The lack of different myelination levels observed between
rapamycin and non-rapamycin groups at 1.5 weeks of demyelination supports the conclusion
that rapamycin does not, in fact, measurably contribute to comprehensive demyelination in a
way that would be advantageous when combined with cuprizone. While rapamycin did
reduce OPCs and mature OLs at longer time points, the effects of inhibiting the mTOR
pathway with rapamycin is not limited to OLs but also affects astrocytes, microglia, and
neurons, thereby potentially confounding studies examining demyelination and
remyelination mechanisms as well as therapeutic out-comes. Results provided in the present
study question the use of rapamycin during cuprizone administration. No further decrease in
myelin was observed during cuprizone diet in the presence of rapamycin. Rather, the
neuropathological effects of including rapamycin during cuprizone administration included
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increased axonal damage, leukocyte infiltration, and reactive gliosis within the CC.
Additionally, the myelinated axon component of the CAP recording showed decreased
amplitude and the unmyelinated component showed increased latency as compared to non-
rapamycin treated cuprizone animals.

These negative effects of the addition of rapamycin to the cuprizone model have the capacity
to significantly confound remyelination studies to such an extent that it is perhaps not worth
the potential benefit of incorporating an mTOR inhibitor to achieve more complete
demyelination.
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Fig. 1.
Eight-week-old male C57BL/6 mice were divided into control, demyelination, or

remyelination groups. The control group was fed normal diet only (ND). Demyelination
groups were fed cuprizone diet (CPZ) for either 1.5 or 4.5 weeks, with or without
intraperitoneal rapamycin (Rapa) injections (10 mg/kg). Remyelination groups were fed
CPZ diet for 4.5 weeks +/- Rapa injections and then switched to ND for 3 subsequent
weeks. Tissue was processed for IHC and CAP recordings.
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Fig. 2.

Rz?pamycin does not change myelin basic protein (MBP) immunostaining in the CC. (A) (i)
Representative 10x magnification montages of coronal brain sections immunostained for
MBP and nuclei (DAPI) from ND, CPZ and CPZ + Rapa groups (scale bar: 1 mm). White
boxes indicate the region of the CC quantified. Representative 10x images of MBP
immunostaining in caudal (ii) and rostral (iii) CC sections from all groups. (B/C) MBP
staining intensity decreased during demyelination compared to ND and recovered during
remyelination. No difference was observed between Rapa and non-Rapa groups, nor
between rostral and caudal CC sections. All scale bars: 100 um, unless otherwise specified.
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Fig. 3.
Rapamycin does not change myelin oligodendrocyte glycoprotein (MOG) immunostaining

in the CC. (A) Representative 10x coronal brain section images of MOG immunostaining in
the CC from ND, 4.5CPZ, 4.5CPZ + Rapa, [4.5CPZ] + 3ND, and [4.5CPZ + Rapa] + 3ND
groups. (B/C) MOG staining intensity decreased during demyelination compared to ND and
recovered during remyelination. No difference was observed between Rapa and non-Rapa
groups, nor between rostral and caudal CC sections. Scale bar: 100 pm.
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Fig. 4.

Re?pamycin increases SMI-32 immunostaining in the CC. (A) (i) Representative 10x
magnification montages of coronal brain sections immunostained for non-phosphorylated
neurofilament SMI-32 and nuclei (DAPI) from ND, CPZ, and CPZ + Rapa groups (scale
bar: 1 mm). (ii) High magnification images (scale bar: 200 pm) of SMI-32 and DAPI in CC
fibers from groups in (i), including white arrows to identify the appearance of axonal
blebbing. Representative 10x images of SMI-32 and DAPI (iii) and merged with MBP (iv)
in caudal CC sections from all groups. (v) Representative 10x images of SMI-32 in rostral
CC sections from all groups. White boxes indicate the region of CC depicted in (ii). (B/C)
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SMI-32 staining intensity increased in CPZ compared to ND and was significantly higher in
rostral CPZ + Rapa compared to CPZ. SMI-32 intensity decreased during remyelination
compared to CPZ, both with and without Rapa (except that SMI-32 intensity increased in the
rostral remyelination group compared to CPZ). No difference was observed during [CPZ +
Rapa] + 3ND, compared to [CPZ] + 3ND. All scale bars: 100 um, unless otherwise
specified.

Neuroscience. Author manuscript; available in PMC 2019 August 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Yamate-Morgan et al. Page 21

CD45+DAPI=" »

CD45

CD45

Z
O

CPZ+Rapa

P+Raa

|CPZ‘+3ND |CPZ+Raia|+3ND

|[epned

|eJysol

B Caudal c Rostral
*x%k%
80_ P ——— 80"
*%k% * %%
- 601 *%k% o 60+ * %%
A e o e
< <
g 40- * 9 40+
T
20+ 20+
0 0

HE ND BEm CPZ mm CPZ+Rapa Hm [CPZ]+3ND = [CPZ+Rapa]+3ND

Fig. 5.

Rz?pamycin increases leukocyte common antigen expression during demyelination. (A) (i)
Representative 10x magnification montages of coronal brain sections immunostained for
common leukocyte antigen cluster of differentiation (CD) microglia/macrophage marker
(CD45) and nuclei (DAPI)from ND, CPZ, and CPZ + Rapa groups (scale bar: 1 mm). White
boxes highlight the absence of CD45+ cells in high magnification CC images from ND
relative to multiple CD45+ leukocytes co-labeled with DAPI in both CPZ and CPZ + Rapa.
Representative 20x images of CD45 in caudal (ii) and rostral (iii) CC sections from all
groups. (B/C) Levels of CD45 were increased during CPZ compared to ND in caudal
sections but not in rostral sections, however CD45 levels were significantly higher for CPZ +
Rapa in both rostral and caudal sections. Levels of CD45 were decreased during
remyelination compared to demyelination in both with and without Rapa mice. All scale
bars: 100 um, unless otherwise specified.
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Fig. 6.
Rapamycin increases ionized calcium binding adaptor molecule-1 (Iba-1) expression during

demyelination and remyelination. (A) Representative 40x coronal brain section images of
Iba-1 immunostaining in the CC from ND, 4.5CPZ, 4.5CPZ + Rapa, [4.5CPZ] + 3ND, and
[4.5CPZ + Rapa] + 3ND groups. (B/C) Iba-1 staining intensity increased during
demyelination, to a significantly greater degree in caudal brain sections. Rapamycin
presence during cuprizone diet increased levels of Iba-1 intensity in CC of both caudal and
rostral brain slices. During remyelination, Iba-1 staining was greatly reduced except for the
rostral remyelination group previously treated with CPZ + Rapa, which exhibited Iba-1
levels that remained elevated after 3 weeks of normal diet. Scale bar: 10 pm.
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Fig. 7.
Ra?pamycin increases GFAP reactivity during remyelination. (A) (i) Representative 10x
magnification montages of coronal brain sections immunostained for glial fibrillary acidic
protein (GFAP) and nuclei (DAPI) from ND, CPZ, and CPZ + Rapa groups (scale bar: 1
mm). White boxes depict individual GFAP+ astrocytes co-labeled with DAPI in high
magnification CC images from ND, CPZ, and CPZ + Rapa groups. Representative 20x
images of GFAP in caudal (ii) and rostral (iii) CC sections from all groups. (B/C) Although
levels of GFAP intensity were increased during CPZ compared to ND, no difference was
observed in GFAP immunostaining between CPZ and CPZ + Rapa. Rapa did, however,
result in significantly higher levels for [CPZ + Rapa] + 3ND compared to [CPZ] + 3ND in
rostral sections. All scale bars: 10 um, unless otherwise specified.
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Fig. 8.

Rz?pamycin prevents the recovery of proliferating OPCs and mature OLs during
remyelination in caudal CC sections. (A) Representative 40x magnification images of
transcription factor Olig2, proliferation marker Ki67, and nuclei (DAPI) in caudal CC
sections from ND, [CPZ] + 3ND, and [CPZ + Rapa] + 3ND. Orange dotted boxes in merged
images were split to show the Olig2 and Ki67 channels separately with DAPI below each
image. (B) Representative 40x magnification images of mature OL marker CC1 and nuclei
(DAPI) in caudal CC sections from ND, [CPZ] + 3ND, and [CPZ + Rapa] + 3ND. (C/D)
Cell counts were obtained from two 40x images of the center CC. Numbers of proliferating
OPCs (C), identified by co-labeling with Olig2 and Ki67, as well as CC1 + OLs (D), were
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unchanged between ND and CPZ groups. During remyelination, the OPC and OL
populations were both significantly increased in [CPZ] + 3ND, but not in [CPZ + Rapa]
+ 3ND. Scale bars: 100 pm. (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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Fig. 9.

Rz?pamycin increases CC CAP latency and decreases amplitude during demyelination. (A)
(i) Recordings were performed across the CC by placing a recording electrode (rec)
approximately 1 mm away from a stimulating (stim) electrode, with intensity between 0 and
4 mA. (A) Representative CAP traces at 4 mA from ND, CPZ, and CPZ + Rapa. The dashed
line separates the stimulus artifact from the CAP. The ND group has a very pronounced N1
and N2, while the N1 peak for both the CPZ and CPZ + Rapa groups was greatly
diminished. (B)The N1 peak amplitude decreased significantly in the CPZ mice compared to
ND (p < 0.001) for both caudal (i) and rostral (ii) sections, as well as for rapamycin-treated
groups compared to non-rapamycin groups in rostral recordings only (ii). No significant
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difference was observed between CPZ and CPZ + Rapa for the N1 peak amplitude in caudal
section recordings (i). (C) For the unmyelinated axons, no significant change was observed
in N2 peak amplitude in caudal sections (i), although an increase in amplitude was seen in
rostral recordings for the rapamycin-treated group compared to the non-rapamycin
cuprizone group. (D) The latency of the N2 peak was significantly longer for CPZ + Rapa
compared to CPZ alone for both caudal (i) and rostral (ii) sections.
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Rapamycin during CPZ increases CC CAP latency and decreases amplitude after

|esjsou
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remyelination. (A) (i) Recordings were performed across the CC by placing a recording
electrode (rec) approximately 1 mm away from a stimulating (stim) electrode, with intensity
between 0 and 4 mA. (A) Representative CAP traces at 4 mA from ND, [CPZ] + 3ND, and
[CPZ + Rapa] + 3ND. The dashed line separates the stimulus artifact from the CAP. There is
a pronounced N1 and N2 peak for ND, compared to the [CPZ] + 3ND and [CPZ + Rapa]

+ 3ND mice which have a similar N2 Peak but relatively diminished N1 Peak. (B) No

significant difference was observed in N1 peak amplitude between the [CPZ] + 3ND mice
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compared to the [CPZ + Rapa] + 3ND mice in caudal sections (i), although the N1 peak
amplitude was significantly lower in the rapamycin-treated remyelination group compared to
the non-rapamycin group in rostral sections (ii). (C). Similarly, N2 peak amplitude showed
no significant difference in caudal sections (i), with a lower N2 peak amplitude for
rapamycin-treated groups in rostral sections (ii). (D) The latency of the N2 peak was
significantly longer for [CPZ + Rapa] + 3ND compared to [CPZ] + 3ND for both caudal (i)
and rostral (ii) sections, indicating slower axonal conduction.
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Fig. 11.
Rapamycin administration for 1.5 weeks does not change MOG immunostaining or CAPs

but reduces Iba-1 levels in the CC relative to cuprizone diet alone. (A) Representative 10x
coronal brain section images of MOG immunostaining in caudal CC sections from ND,
1.5CPZ, and 1.5CPZ + Rapa groups (scale bar: 100 um), quantified for both rostral and
caudal sections in (C) (i). (B) Representative 40x coronal brain section images of Iba-1
immunostaining in rostral CC sections from ND, 1.5CPZ, and 1.5CPZ + Rapa groups (scale
bar: 10 um), quantified for both rostral and caudal sections in (C) (ii). (C) MOG staining
intensity (i) decreased during demyelination compared to ND, with no difference observed
between Rapa and non-Rapa groups. Iba-1 staining intensity (ii) increased during 1.5CPZ
demyelination compared to ND but was reduced in the rapamycin-treated group compared to
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1.5CPZ alone. Scale bar: 100 um. (D) Electrophysiological recordings of CC CAPs at a
stimulus strength of 4 mA were recorded from ND, CPZ for 1.5 weeks (1.5CPZ) and CPZ +
Rapa for 1.5 weeks (1.5CPZ + Rapa). (E) After 1.5 weeks of demyelination, neither N1 nor
N2 peak amplitude showed any statistically significant difference between any groups. (F)
The N1 and N2 peak latencies were also not statistically significant between any groups.
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Select primary antibodies were used for the examination of myelin, axons, astrocytes, leukocytes, OPCs, and

mature OLs, paired with secondary antibodies Alexa Fluor 555 and 647 for immunohistochemistry.

Antibody  Target Vendor Catalog #
MBP Myelin basic protein Millipore AB9348
MOG Myelin oligodendrocyte glycoprotein Millipore MAB5680
SMI-32 Unphosphorylated neurofilament H Millipore NE1023
GFAP Glial fibrillary acidic protein; Astrocytes Zymed 18-0063
CD45 Cluster of differentiation 45; Common leukocyte antigen BD BD550539
Pharmingen

Iba-1 lonized binding adaptor molecule-1; Microglia Wako 019-19,741
Olig2 Oligodendrocytes Millipore AB9610
CC1/APC  Mature myelinating oligodendrocytes Genetex GTx16794
Ki67 Cell cycle related nuclear protein Millipore AB9260
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