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Given the known neuroreparative actions of IL-33 in experimental
models of central nervous system (CNS) injury, we predicted that
compounds which induce IL-33 are likely to promote remyelina-
tion. We found anacardic acid as a candidate molecule to serve
as a therapeutic agent to promote remyelination. Addition of ana-
cardic acid to cultured oligodendrocyte precursor cells (OPCs) rap-
idly increased expression of myelin genes and myelin proteins,
suggesting a direct induction of genes involved in myelination
by anacardic acid. Also, when added to OPCs, anacardic acid
resulted in the induction of IL-33. In vivo, treatment of with ana-
cardic acid in doses which ranged from 0.025 mg/kg to 2.5 mg/kg,
improved pathologic scores in experimental allergic encephalitis
(EAE) and in the cuprizone model of demyelination/remyelination.
Electron microscopic studies performed in mice fed with cuprizone
and treated with anacardic acid showed lower g-ratio scores when
compared to controls, suggesting increased remyelination of
axons. In EAE, improvement in paralytic scores was seen when
the drug was given prior to or following the onset of paralytic
signs. In EAE and in the cuprizone model, areas of myelin loss,
which are likely to remyelinate, was associated with a greater re-
cruitment of IL-33–expressing OPCs in mice which received anacar-
dic acid when compared to controls.
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Oligodendrocytes form extensive processes which wrap
around axons and provide the necessary fidelity for the

conduction of electrical impulses along the nerves. They also
provide key trophic support for the underlying axons and are
necessary for axonal integrity (1, 2). Destruction of myelin and
the attendant loss of neurological function is a key feature un-
derlying the pathophysiology of demyelinating diseases. These
include disorders which are related to underlying infections,
autoimmune disorders, or metabolic causes (3–6). Destruction of
the myelin sheath slows nerve conduction and eventually leads to
destruction of the underlying naked axons. It is well known that
protection of the naked axons is necessary to prevent axonal
transection and persistent neurological dysfunction (7, 8). Repair
and remyelination of naked axons does occur but is often poor or
incomplete, which results in permanent neurological deficits
(9–11). There is an urgent need to recognize and develop mol-
ecules which have the potency to remyelinate axons and thereby
improve clinical recovery and restore neurologic function.
Multiple sclerosis (MS) is the prototypic autoimmune demy-

elinating disease of the central nervous system (CNS) (12). The
clinical disability is due to the presumed autoimmune destruction
of the myelin membranes and loss of underlying axons. While the
acute inflammatory lesions have been managed and treated by a
variety of immunomodulatory and immunosuppressive agents,
there are currently no treatments to repair and remyelinate
axons (13, 14). That is not to say recovery does not happen as a
feature of the normal recovery process in MS; it often does, but
is ineffective and incomplete, suggesting that existing oligoden-
drocyte precursor cells (OPCs) could be harnessed to induce
remyelination (15).

In our previous study, we have shown that Poly-IC, a known
TLR3 agonist, promotes the maturation of OPCs and improves
myelination (16). We proposed that one mechanism by which
Poly-IC induces the maturation of OPCs was through the induction
of IL-33 in glial cells. IL-33 belongs to a family of alarmin mole-
cules and are recognized as first responders to protect the host from
invaders. Interestingly, IL-33 has shown to have immunoregulatory
functions in autoimmune and inflammatory disease states (17–19).
In screening for small molecules, which would induce IL-33 and
thereby promote remyelination, we found that inhibitors of histone
acetyl transferase (HAT) caused an induction of IL-33. We focused
our studies on anacardic acid, a known inhibitor of HAT, and ex-
amined its efficacy to induce IL-33 and promote remyelination in
experimental models of CNS demyelination.

Results
Treatment of Anacardic Acid Induces Expression of Myelin Basic
Protein and Genes Involved in Transcription of Myelin Proteins in
OPCs. In vitro treatment of rat OPCs with anacardic acid showed
a dose-dependent increase in the induction of myelin basic protein
(MBP). Maximal increase of 2.6 ± 0.6-fold over vehicle was seen
when 10 μM anacardic acid was added to the culture (Fig. 1 A and
B). We also quantitated the mRNA expression ofMbp, along with
mRNAs of Sp1, Sox10, and Purα, in OPCs when cultured with
anacardic acid using qRT-PCR. Sp1, Sox10, and Purα are tran-
scription factors which bind to the promoter region of Mbp to
initiate gene expression (20). Addition of 5.0 μM anacardic acid
resulted in a 7.6 ± 4.08-fold induction of Mbp messenger RNA
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(mRNA) when compared with vehicle-treated controls. We also
observed a 2.29 ± 0.52-fold increase in Sp1, 1.86 ± 0.13-fold in-
crease in Sox10, and 1.63 ± 0.11-fold increase in Purα (Fig. 1C).
All results are expressed as ±SD.

In Vitro Treatment of OPCs with Anacardic Acid Increases Intracellular
IL-33. We examined the ability of anacardic acid to induce the
expression of IL-33 using Western blot assays. In a summary of
three separate experiments, we observed a 1.6 ± 0.4-fold increase
in the expression of IL-33 in nuclear extract of OPCs cultured
with the addition of 10 μM anacardic acid. Expression of mRNA
of IL-33 was also increased with maximal induction of 1.8 ± 0.4
seen with addition of 2.5 μM anacardic acid (Fig. 1 D–F).

Anacardic Acid Induces Differentiation of Rat OPCs. During the pe-
riod of differentiation, OPCs in culture stop dividing and the cell
processes show extensions coupled with increased expression of
MBP. When compared with the vehicle (DMSO)-treated control
cells, addition of 5 μM anacardic acid to the cultures resulted in
increased extension of the cellular processes and a 2.1-fold in-
crease in the expression of MBP (Fig. 2 A–D).

Anacardic Acid Treatment Attenuates the Clinical and Pathological
Scores in Experimental Allergic Encephalitis. We examined the
clinical severity of animals induced to develop experimental al-
lergic encephalitis (EAE) and treated with anacardic acid. A
summary of four different experiments were performed using
four different doses and treatment regimens of anacardic acid
and its effect on the clinical paralytic scores and the amount of
demyelination was determined. In animals which received
2.5 mg/kg anacardic acid beginning from day 0 and treated daily
through day 25, 5/15 animals developed paralytic signs, mean
paralytic score of 1.1 ± 0.4. In animals which received DMSO,
18/20 animals became paralytic, with a mean severity score of
2.4 ± 0.4. Reduction of clinical paralysis was also present when
anacardic acid at doses of 0.25 and 0.025 mg/kg was given
throughout the period of study. The mean maximal clinical se-
verity in animals which received 0.25 mg/kg was 1.1 and 0.8 in
animals which received a dose of 0.025 mg/kg (P < 0.01 for the
above dosing regimens compared to DMSO). When a dose of
0.0025 mg/kg anacardic acid beginning day 0 was given, the mean
maximal paralytic score was 2.3, which was similar to scores seen
in animals treated with vehicle. However, there was a 4-d delay

Fig. 1. Induction of myelin proteins in rat OPCs cultured with anacardic acid. Western blot showing a dose–response induction of MBP with anacardic acid
(A); quantitation of Western blot expression levels of MBP after normalizing with beta actin (B); qPCR results of expression of mbp, sp-1, sox10, and pur alpha
following culture of OPCs with anacardic acid (C); Western blot analysis on the expression of IL-33 protein in OPCs cultured with anacardic acid (D); quan-
titation of expression of IL-33 protein and normalization with beta lamin (E); and qPCR analysis on the induction of IL-33 in OPCs cultured with anacardic acid
(F). All experiments were repeated a minimum of three times. *P < 0.02 compared to controls.

21528 | www.pnas.org/cgi/doi/10.1073/pnas.2006566117 Ljunggren-Rose et al.

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
29

, 2
02

1 

https://www.pnas.org/cgi/doi/10.1073/pnas.2006566117


www.manaraa.com

in the animals to reach maximal disease severity when compared
to mice treated with DMSO (Fig. 3A).
To determine if delaying the treatment regimen will alter the

course of EAE, we began treatment at day 11 when the earliest
clinical paralytic signs were evident. Among the 10 animals in the
DMSO group, 7/10 continued to show paralytic signs on day 20
with a mean paralytic score of 1.8 ± 0.6. In the animals which
received anacardic acid, only one animal in each of 2.5 mg/kg
and 0.25 mg/kg treatments (2/10) failed to improve and each
animal in these groups showed grade 1 paralysis (Fig. 3B).
To further examine the effect of anacardic acid on CNS de-

myelination, spinal cord sections obtained from cervical, tho-
racic, and thoracolumbar regions were stained with Luxol Fast
Blue (LFB) and the amount of demyelination quantitated. The
demyelinated regions were marked out and the percent demye-
lination was calculated as a ratio of demyelinated regions com-
pared to total white matter of the spinal cord. In mice which
received 2.5 mg/kg anacardic acid starting at day 0, there was a
2.3 ± 1.1% decrease in the myelinated areas. In the group which
received DMSO, there was a 9.9 ± 4.9% decrease in the mye-
linated regions (P,0.01). Demyelination was not seen in the 5
animals which received either 0.25 mg/kg or 0.025 mg/kg ana-
cardic acid. In the animals which received anacardic acid be-
ginning from day 11 postimmunization, there was 7.4 ± 4.7%
decrease in myelinated areas in the DMSO group and 2.4 ± 2.0%
in the group that received 2.5 mg/kg anacardic acid (P < 0.02)
(Fig. 3C).
Since MOG p35-55–induced EAE is a T cell-mediated disease

caused by the activation of IL-17+ autoreactive T cells, we ex-
plored the possibility that anacardic acid could interfere with
activation and proliferation of MOG p35-55–activated T cells. In
the SI Appendix shown, addition of anacardic acid to MOG p35-
55–primed T cells did not inhibit either T cell proliferation nor
did it reduce the production of IL-17 or IL-2 when compared to
vehicle-treated cells (SI Appendix, Tables S1 and S2 and Fig. S1).

Improved Remyelination in Animals Receiving Cuprizone and Treated
with Anacardic Acid. Cuprizone is a copper chelating agent and
when added to the diet induces extensive demyelination in large
white matter tracts and is best seen in the corpus callosum.
Demyelination reaches a peak after animals are fed with the
special diet for 4–6 wk (21). Prior studies have shown that
withdrawal of cuprizone in the diet results in rapid remyelination
of axons (22–24). Demonstration of a therapeutic effect will have
to show that the drug is better than what would otherwise occur
naturally. In order to overcome the problem with rapid remye-
lination seen when the cuprizone is withdrawn from the diet, we
continued with cuprizone in the diet for a total period of 9 wk.
Mice were treated with either anacardic acid 5 mg/kg, 2.5 mg/kg,
or 1.25 mg/kg or vehicle along with cuprizone containing chow
beginning at week 6 and continuing treatment until week 9.
Improvement in myelination was seen at the end of 9 wk when

compared to vehicle treated controls (Fig. 4). When compared to
naïve mice, animals which received anacardic acid showed 77.7 ±
7.3% staining of the corpus callosum with anti-MBP antibody
and 61.73 ± 7.6% staining with anti-MOG (Fig. 4B). In mice
treated with vehicle, there was 58.04 ± 14.1% staining with anti-
MBP antibody and 40.70 ± 11.5% staining with anti-MOG. (P <
0.01). Analysis of remyelination at week 7 and 8 (animals which
received 1 to 2 wk on anacardic acid) showed no differences in
the expression of myelin staining with LFB when compared to
controls, suggesting that at least 3 wk of treatment with anacardic
acid was needed (SI Appendix, Fig. S3). There was no difference
in LFB staining at week 9 between the different doses of ana-
cardic acid used for treatment (SI Appendix, Fig. S2).
To quantify remyelination, we performed electron microscopy

(EM) studies on the myelination of axons in the corpus callosum
on animals fed with diet containing 0.3% cuprizone and treated
with vehicle, 2.5 mg/kg anacardic acid, or 0.25 mg/kg anacardic
acid from week 6 to week 9. A total of 150 axons were examined,
and the ratio of the inner diameter of the axon to the diameter
for the axon (including the myelin sheath) and expressed as the g
ratio was calculated for each axon. The g ratio in the animals
which received 2.5 mg/kg anacardic acid was 0.663 ± 0.06, and

Fig. 2. (A–C) Immunofluorescence analysis of MBP expression in OPCs treated with anacardic acid for 10 d in vitro. (D) Quantitation of MBP expression
in OPCs.
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this value was lower than in mice that received 0.25 mg/kg (mean
g ratio, 0.69 ± 0.09), indicating better remyelination at the higher
dose of anacardic acid (Fig. 4 D–F). Both doses of anacardic acid
were superior to vehicle-treated control. In animals which were
treated with vehicle alone, the g ratio was 0.71 ± 0.08 (P <
0.0001 one-way ANOVA).

Increased Expression of IL-33 in CNS Models of Demyelination. To
examine the role of IL-33 in demyelination/remyelination, we
examined the expression of IL-33 in regions of demyelination in
animals fed cuprizone or induced to develop EAE and treated
with anacardic acid. In cuprizone-treated mice, there was a
marked increase in the expression of IL-33 in the corpus cal-
losum of mice when compared to vehicle-treated mice. When
IL-33 was measured, the integrated cell density was increased by
22.2% in anacardic acid-treated animals over vehicle-treated
controls. Direct counting of number of IL-33–positive cells
showed a 47.2.2% increase in anacardic acid-treated animals
compared to naive mice treated (Fig. 5, P < 0.01). The IL-
33–positive cells colocalized with cells stained with anti-Olig2
antibody. IL-33 was not seen in GFAP-expressing astrocytes or
in microglial cells stained for CD68 (SI Appendix, Fig. S4).
We next compared the expression of IL-33 in areas of myelin

loss in anacardic acid-treated mice with those treated with
DMSO in animals induced to develop EAE. We sampled 12
areas from 5 animals that received anacardic acid (2.5 mg/kg
group), which showed the presence of demyelinating lesions, and
compared them with those that received DMSO. Each section
was stained with anti-MBP and anti-IL-33 antibodies, the images
were merged and the number of IL-33–staining cells were
counted in demyelinated regions (Fig. 6). In anacardic acid-treated
animals, there were more IL-33+ cells within the demyelinated
regions when compared to vehicle-treated controls. In the latter
group, the IL-33+ cells were located in the normal appearing
matter at the edge of the demyelinated regions. The mean number
of IL-33–expressing cells within the demyelinated region covering
1003 pixels was 4.5 ± 0.6 in the anacardic acid-treated animals
and 2.7 ± 1.08 in the untreated group (P < 0.02). All of the
IL-33–expressing cells colocalized in cells stained with anti-Olig2
antibody, suggesting that the majority of IL-33 were present in
oligodendrocytes.

Discussion
Our studies demonstrate that anacardic acid improved remyeli-
nation and reduced the extent of demyelination in two separate
models of demyelination/remyelination. The improvement in the
pathological scores was accompanied by an increase in the
number of IL-33–expressing Olig2+ cells in the areas of myelin
loss. Our studies demonstrating remyelination using electron
microscopy was performed in the cuprizone model, since the
location of demyelination in this model, and unlike that with
EAE, occurs in anatomically determined sites, allowing for
comparison between treatment groups. The dose-dependent
improvement in g ratios suggests increased remyelination fol-
lowing treatment with anacardic acid. Our treatment protocol
used in the cuprizone model is different from other studies
wherein remyelination was examined following withdrawal of
cuprizone. In our studies, improvement in myelination scores
was seen when animals were continually fed with cuprizone and
treated with anacardic acid, suggesting that anacardic acid can
overcome the ongoing gliotoxic effects of cuprizone (22, 23). We
suggest two overlapping mechanisms of myelin gene expression
in OPCs induced by anacardic acid: a direct action of anacardic
acid on myelin gene expression and an indirect process mediated
through the induction of IL-33 (SI Appendix, Fig. S5).
Anacardic acid, a product from the cashew tree (anacardium

occidentale), was noted to be a histone acetyl transferase (HAT)

Fig. 3. Effect of anacardic acid on development and progression of EAE. (A)
Paralytic scores in animals induced to develop EAE and treated with ana-
cardic acid from day 0 of immunization. Paralytic scores of animals with
treatment begun on day of onset of signs of paralysis (B) and quantitation of
demyelination as assessed by staining with LFB in animals from at least two
noncontiguous areas of spinal cord from each animal (C). The data are
represented as the percent decrease in the myelinated regions of the white
matter tracts of the spinal cord. *P < 0.01 anacardic acid compared
to vehicle.
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inhibitor (24, 25). Structurally it is an organic compound con-
sisting of salicylic acid substituted with a saturated 15-carbon
alkyl side chain. In view of its ability to influence epigenes, the
compound has been explored as treatment for neoplastic con-
ditions. Since it has inhibitory effects on activation of NFkb and
matrix metalloproteases, its role in reducing tissue inflammation
cannot be excluded and may provide a basis for its therapeutic
effect in EAE (25). However, the ability of anacardic acid to
induce differentiation of oligodendrocytes and improve mea-
sures of remyelination is novel. Since anacardic acid has been
known to regulate a number of enzymatic pathways, it is not
known if these pathways overlap with those that have been de-
scribed to promote remyelination (26–28).
The cuprizone-induced demyelination and the MOG p35-55

EAE models differ in the mechanism of glial injury. While EAE
is thought to result from the actions of antigen-primed T cells on
glial cells, cuprizone model of demyelination is primarily glio-
toxic and does not require T cell activation. Further, anacardic
acid did not suppress T cell proliferation or inflammatory cyto-
kine expression levels, suggesting that the compound may act by
reducing injury and promoting repair.
IL-33 is a tissue-derived nuclear cytokine belonging to the IL-1

family with important role in tissue repair, in the regulation of
type 2 immunity and in response to inflammation (17, 29–31).
While located in the nucleus, it is released into the extracellular
space following cell death. Like IL-1a, IL-33 localizes to the
nucleus and binds chromatin through a common chromatic
binding motif (17, 19, 32). Nuclear functions of IL-33 in tran-
scriptional regulation has been proposed, but they have not in-
cluded transcription of myelin genes (33).
Prior studies have suggested an immunoprotective role of IL-

33 following CNS injury. IL-33 is recognized as one of the

“alarmins” and thought to play a role in host defense. Hence, IL-
33 is expressed at high levels at entry points of putative patho-
gens and are presumed to detect “danger” (34). It is also
expressed at high levels in the CNS and mostly in oligodendro-
cytes. Since the CNS is not a direct portal of entry for pathogens,
the role of IL-33 as an “alarmin” in CNS is less clear (35).
However, a number of observations suggest a neuroreparative
role for IL-33 in the CNS. In vivo administration of IL-33 re-
duces the severity of EAE when given after the development of
paralytic signs and administration of anti-IL-33 antibody in-
creases clinical severity scores (36). IL-33 receptor-deficient
mice also showed worse clinical scores in mice induced to de-
velop EAE. Also, in vivo administration of IL-33 improves the
myelin content in regions of spinal cord following spinal cord
trauma, suggesting its protective role in noninflammatory dis-
orders (32). These studies therefore suggest that IL-33 may
function to protect oligodendrocytes and repair myelin injury,
and both endogenous nuclear IL-33 and exogenous forms are
effective in improving recovery from tissue injury. Although the
mechanism by which IL-33 promotes recovery is not clear, it is
thought to skew immune response to the M2 phenotype in
microglial cells, which has been shown to reduce inflammatory
injury (37). Our studies show that in addition, IL-33 can directly
influence MBP expression and promote remyelination. IL-
33–mediated therapeutic strategies do not sort out the role of
nuclear IL-33, when compared to extracellular IL-33, in pro-
moting neural repair. Exogenous addition of IL-33, in mice with
genetic deletion of the IL-33R or the knockdown of the IL-33
gene, are associated with increased severity of EAE, suggesting
that the nuclear and extracellular signaling may be beneficial in
remyelination.

Fig. 4. (A) Enhanced remyelination in mice treated with anacardic acid and stained with MBP or MOG. (B) Quantitation of MBP and MOG expression from
eight animals in the treated group and an equal number of controls (*P < 0.01 myelin antigen staining in anacardic acid treated compared to DMSO). (C–F)
EM analysis of remyelination in cuprizone-fed mice treated with anacardic acid. Sagittal section of corpus callosum as stained by osmium tetroxide and the g
ratio manually calculated on 150 axons. Distribution of g ratio between anacardic acid treated and DMSO-treated mice (P < 0.001 ANOVA) (C), scatter plot
showing the difference in the slope between anacardic acid-treated and vehicle-treated mice (D), and sections of axons in anacardic acid-treated animals
(E) and vehicle-treated animals (F). Arrows show the thinning of myelin sheath of axons in vehicle-treated mice.
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One of the approaches to improve remyelination have focused
on inducing the proliferation and differentiation of resident ol-
igodendrocyte precursor cells in the region around the area of
demyelination (27). These include monoclonal antibodies di-
rected against Lingo1, which has shown to increase OPC dif-
ferentiation and maturation (38–40). Other small molecules
directed against the muscarinic receptor, antihistamine agents,
and antifungal agents demonstrate a common pathway for my-
elin gene expression (41–43). In phase II clinical studies, the
effect of remyelination has been modest and, hence, the entry of
these compounds to phase III trials are at present uncertain
(44, 45).
The ability of anacardic acid to induce oligodendrocyte mat-

uration directly and indirectly through induction of IL-33 and its
trophic effects on axons suggests that the compound offers
therapeutic promise in the treatment of human demyelinating
disease such as MS.

Materials and Methods
Reagents. Antibodies specific for MBP (sc-13914, sc-271524), β-Actin (sc-47778),
and Lamin-β (sc-6216) were obtained from Santa Cruz Biotechnologies. IL-33

antibodies were purchased from Enzo (ALX-804-840) and R&D Systems
(AF3626). Antibodies specific for CC1 (ab16794), GFAP (ab7260), and CD68
(ab125212) were purchased from Abcam. Olig2 antibody (AB9610) was
obtained from Millipore. TRIzol, SuperScript VILO cDNA kit, PowerUp SYBR
Green master mix solution, Alexa-488, Alexa-555, and Alexa-594 conjugated
secondary antibodies were purchased from Thermo Fisher Scientific. Anacardic
acid was purchased form Selleck Chemicals. Triton X-100, mammalian protease
inhibitor mixture, and DNase I from bovine pancreas were purchased
from Sigma. Percoll solution was purchased from GE Healthcare Biosciences.
Cuprizone [oxalic acid bis (cyclohexylidene hydrazide)] containing chow diet
was purchased from Envigo. PDGF and basic FGF were purchased from
Peprotech Inc. MOG35-55 immunization kit (EK-2110) was procured from
Hooke Laboratories (Lawrence, MA). OPC differentiation media was purchased
from Sciencell.

Animals. Male and female C57/B6 mice 8–12 wk of age were obtained from
Jackson Laboratories. Sprague–Dawley rats were obtained from Charles River
Laboratories. All experimental procedures involving animals were carried out in
accordance with the recommendations in the NIH Guide for the Care and Use
of Laboratory Animals (46). The institutional animal care and use committee of
Vanderbilt University Medical Center (protocol M1700140-00; M1600127-00)
approved the study. All animals were housed in temperature- and humidity-
controlled rooms maintained on a 12-h dark/light cycle. Animals were

Fig. 5. (A–C) Colocalization of IL-33–staining cells in corpus callosum of mice fed cuprizone. IL-33 in corpus callosum of anacardic acid treated mice (A) and
corpus callosal regions showing reduced number of IL-33–expressing cells in vehicle-treated animals (B). Oligodendrocytes stained with anti CC-1 antibody (C),
staining of cells with anti-IL-33 antibody (D), and colocalization of the staining of IL-33 in CC-1–positive cells (E). (F) Quantitative analysis of IL-33 expression in
corpus callosum in treated and untreated mice (*P < 0.01).
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euthanized using CO2 narcosis. All efforts were made to minimize the
number of animals used and to ameliorate their suffering.

Preparation of Oligodendrocyte Precursor Cells. Two-day-old newborn pups
from pregnant mothers were used for the isolation of OPCs. Rat OPCs were
purified from cerebral hemispheres following previously published protocol.
Briefly, 2-d-old Sprague–Dawley rat pups were decapitated, brains excised,
and meninges-free cerebral hemispheres were collected and processed as
described by us previously. Using this method, we have previously shown
that >95% of cells belong to one of three groups, A2B5+, Olig2+MBP−, and
O4+MBP+ (47).

Cuprizone-Induced Demyelination. Eight- to nine-week-old C57/B6 mice were
fed with chow containing 0.2 or 0.3% cuprizone for 9 wk. Once every third
day, old cuprizone containing chow was replaced with fresh chow. From week
6 onwards, until the end of the experiment, mice were treated daily with
different doses of anacardic acid in 0.1 mL containing 15% DMSO or vehicle
alone. At the end of the ninth week, mice were euthanized and perfused with
4% paraformaldehyde in phosphate buffered saline (PBS). Whole brains were
collected and embedded in paraffin blocks for histological analysis.

Experimental Autoimmune Encephalomyelitis. Ten- to thirteen-week-old fe-
male C57/B6 mice were immunized with MOG35–55 peptide emulsion con-
taining complete Freund’s adjuvant. Pertussis toxin (100–150 ng dose
calculated based on the potency of the lot) was injected intraperitoneal (i.p.)
once on the day of immunization and 24 h later. Mice received anacardic
acid in 15% DMSO from the day of immunization or from the onset of
paralytic signs. The paralytic scores were as follows: 0, normal; 1, loss of tail
tone; 2, weakness of hind limbs with inability to right; 3, paresis of hind
limbs; 4, paralysis of hind and fore limbs; 5, death. Paralytic scores were
recorded daily. After the experimental period, mice were anesthetized and
perfused with 4% paraformaldehyde in PBS, and spinal cords were collected
and stored in 4% paraformaldehyde solution. Spinal cords were then
decalcified, sections were embedded in paraffin blocks, and subjected to
histological analysis.

Western Blot Analysis. Western blot studies were performed from OPC cul-
tures as previously described (16). Briefly stated, OPCs obtained from 2- to

3-d-old rat pup brains were cultured with increasing doses of anacardic acid
or vehicle for 10 d in differentiation medium. At the end of the culture
period, cell and nuclear isolates were prepared and the proteins separated
on 10% SDS gels and probed for the presence of MBP or IL-33 using anti-
MBP or anti-IL-33 antibody using enhanced chemiluminescent (ECL) re-
agents. β-actin for cytosolic proteins and lamin-β for nuclear proteins were
used as loading controls and probed with respective antibodies. Images of
Western blot bands were scanned and the densitometric analysis of bands
were quantified using ImageJ software.

Quantitative Real-Time PCR. qRT-PCR analysis was performed in postnatal 3-
or 4-d-old OPCs (3 × 106) treated with either DMSO vehicle or anacardic acid
for 4 h at 37 °C to examine the expression of myelin-related genes and
known transcription factors that bind at theMbp promoter region. After the
incubation, cells were washed with PBS and lysed with TRIzol reagent, and
total RNA was isolated following manufacturer’s instructions. Complimen-
tary DNA was synthesized from total RNA using SuperScript VILO cDNA kit.
qRT-PCR was performed using PowerUp SYBR-Green master mix solution in
The Bio-Rad CFX Real-Time PCR instrument. Data were analyzed using Bio-
Rad CFX manager version 3.1 software. Details of the PCR primers are shown
in SI Appendix, Table S1.

Immunocytochemistry. To examine the expression of MBP using immuno-
histochemical methods, OPCs were harvested and cultured as outlined for
Western blot studies. Once every 3 d, anacardic acid at different doses (in
differentiation media) were replaced. After 10 d of culture with anacardic
acid, cells were fixed with 4% paraformaldehyde in PBS for 20 min at room
temperature. Cells were washed 2 × 5 min with 0.1 M Tris pH 8, 3 × 5 min
with PBS and permeabilized with 0.5% Triton X-100 for 15 min at room
temperature. Cells were washed 1 × 3 min with PBS and blocked in 0.03%
Triton X-100 and 10% bovine serum in PBS for 1 h at room temperature.
Staining was performed using anti-MBP mouse monoclonal antibody (1:50
dilution) in blocking solution, and the chamber slides were incubated
overnight (16–18 h) at 4 °C. The next day, wells were washed 3 × 5 min with
PBS containing 0.3% Triton X-100 and 2% bovine serum. Cells were incu-
bated with secondary antibodies (Alexa 488-conjugated donkey anti-mouse)
at 1:500 dilution in blocking solution for 2 h at room temperature. Chambers
were washed 3 × 5min with washing buffer andmounted using DAPI mounting
medium and examined using a fluorescence microscope (Olympus Ax70A)

Fig. 6. Colocalization of IL-33–expressing cells with Olig2-expressing oligodendrocytes. (A–C) Double staining for MBP and IL-33 in spinal cord sections of five
animals with EAE and treated with anacardic acid (2.5 mg/kg) or five animals treated with DMSO. DMSO treated (A), anacardic acid treated (B), and
quantitation of IL-33 staining cells within the demyelinated regions (C). Note the increased expression of IL-33–positive cells in the demyelinated regions in
mice treated with anacardic acid. Arrows show the region of demyelination in the lateral column of the spinal cord. Axial sections of spinal cord stained with
anti-IL-33 antibody (D), and sections stained with anti-Olig2 antibody (E). (F) Merged section showing the colocalization of IL-33 with Olig2. Most of the cells
expressing Olig2 also express IL-33.
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with a charge-coupled device (CCD) camera (Q color 3, Olympus, USA), and
ImageJ software was used to analyze the fluorescent staining.

Immunohistochemistry. Paraffin-embedded brain tissue and spinal cord tissue
were cut with serial coronal sections (8 μm thickness) and were subjected to
histochemical staining with LFB. For immunostaining, sections were depar-
affinized, and antigen retrieval was performed using antigen retrieval so-
lution (Enzo, pH 9) for 20 min in an autoclave. Sections were washed for
5 min with water, and slides were processed for chromagen horseradish
peroxidase staining using the Multiview PLUS kit from ENZO according to
manufacturer’s recommendations. For fluorescent staining, slides were
washed for 5 min with Enzo wash buffer and incubated with respective
primary antibodies diluted in Enzo wash buffer (anti CC-1, anti-GFAP, anti-
CD68, anti-Olig2, anti-IL-33, anti-MBP, and anti-MOG antibodies) for 1 h at
room temperature. Sections were washed 3 × 5 min with wash buffer and
incubated with Alexa 488- or 594-conjugated secondary antibodies (1:500)
for 1 h at room temperature. After washing sections 4 × 5 min, the sections
were mounted using DAPI mounting medium. The stained sections were
imaged using a microscope (Olympus Ax70A), and ImageJ software was used
to analyze the chromagen and the fluorescent staining.

Image Analysis for EAE Spinal Cord Tissue. For estimating the amount of
demyelination in the spinal cords of mice with EAE, a minimum of two
sections of the spinal cord from each animal was examined. The regions of
demyelination (loss of LFB staining) and total area of white matter tracts
(without the central gray) in the axial sections was outlined in each section
and the data expressed as the percent decrease in area of myelination
compared to the total area of nongray regions of the cord and was done by
two blinded independent readers (48).

Image Analysis for Cuprizone-Treated Animals. To quantify the amount of
myelin staining in anacardic acid-treated animals compared to vehicle con-
trols, both MBP and MOG antibodies were used in immunostaining. Identical

imaging parameters were set for all slides. Magnification (10×) was acquired
and three images of the corpus callosum were taken, which included the
central body and the regions of the cornua on each side. Images were
converted to 8-bit and inverted, and the mean pixel intensities (representing
the white areas) were acquired and compared to naïve. To quantify number
of IL-33–positive cells, central body corpus callosum (representing an 1,800 ×
399 pixel area) was analyzed and counted manually by two independent
readers and compared to naïve control.

EM Analysis. Mice were perfused with 2% paraformaldehyde, 2% glutaral-
dehyde in 0.1 M cacodylate, and sagittal sections of the brain was made. The
samples were further fixed in 2.5% glutaraldehyde for 24 h, postfixed in 1%
OsO4 and stained with 1% uranyl acetate. The brain slices were then
dehydrated in a graded ethanol series and infiltrated with Epon-812 using
propylene oxide as a transition solvent. The Epon-812 was polymerized at
60 °C for 48 h and sectioned on a UC7 ultramicrotome at a nominal thickness
of 70 nm. TEM was performed using FEI Tecnai T12 operating at 100 kV
using an AMT CCD camera. The ratio of diameter of axon to the area of the
nerve including the myelin was manually measured and the g ratio was
determined using published methods (49).

Statistical Analysis. All data are presented as mean ± SD. Comparisons be-
tween treatment groups versus controls were analyzed by Student’s un-
paired t test. EAE and EM data were analyzed with one-way ANOVA
comparison. Statistical analysis was performed using Prism 8 (GraphPad
Software), and P value less than 0.05 was considered statistically significant.

Data Availability. All data, associated protocols, methods, and sources of
materials are available in the main text or in SI Appendix.
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