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A therapeutic goal in the treatment of certain CNS diseases,
including multiple sclerosis, amyotrophic lateral sclerosis, and Par-
kinson disease, is to down-regulate inflammatory pathways. In-
flammatory molecules produced by microglia are responsible for
removal of damaged neurons, but can cause collateral damage
to normal neurons located close to defective neurons. Although
estrogen can inactivate microglia and inhibit the recruitment of
T cells and macrophages into the CNS, there is controversy regarding
which of the two estrogen receptors (ERs), ERα or ERβ, mediates
the beneficial effects in microglia. In this study, we found that ERβ,
but not ERα, is expressed in microglia. Using the experimental
autoimmune encephalomyelitis (EAE) model in SJL/J mice, we eval-
uated the benefit of an ERβ agonist as a modulator of neuroin-
flammation. Treatment of EAE mice with LY3201, a selective ERβ
agonist provided by Eli Lilly, resulted in marked reduction of acti-
vated microglia in the spinal cord. LY3201 down-regulated the
nuclear transcription factor NF-κB, as well as the NF-κB–induced
gene inducible nitric oxide synthase in microglia and CD3+ T cells.
In addition, LY3201 inhibited T-cell reactivity through regulation of
indoleamine-2,3-dioxygenase. In the EAE model, treatment with
LY3201 decreased mortality in the first 2 wk after disease onset,
and also reduced the severity of symptoms in mice surviving for
4 wk. Our data show that ERβ-selective agonists, by modulating
the immune system in both microglia and T cells, offer promise
as a useful class of drugs for treating degenerative diseases of
the CNS.
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Activated microglia provide a therapeutic target in the
treatment of neuroinflammatory diseases, including multi-

ple sclerosis (MS), amyotrophic lateral sclerosis, and Parkinson
disease. MS is the most common inflammatory demyelinating
disease of the CNS (1), affecting approximately two million peo-
ple worldwide (2). MS is subdivided into three main clinical sub-
groups based on the temporal course of the disease: relapsing-
remitting MS (RR-MS), secondary progressive MS, and primary
progressive MS (3). Current therapeutic agents target mainly au-
toimmune and inflammatory aspects of the disease (4–8). Most of
these agents are used only to treat RR-MS, and some have
shown efficacy in decreasing the relapse rate in RR-MS and time
to progression; however, they cannot cure MS, and treatments
for secondary progressive MS and primary progressive MS are
still being sought.
Immunocompetent, macrophage-like cells residing in the

CNS, microglia play essential roles in the maintenance of ho-
meostasis and responses to infection and injury (9–11). Under
physiological conditions, microglia are maintained in a quies-
cent state and constantly survey the surrounding environment
through their ramified processes, which give them their char-
acteristic shape (12). Once microglia sense danger, they become
activated (13); on activation, they release a number of poten-
tially neurotoxic substances, including cytokines such as TNFα,
reactive oxygen species, and nitric oxide (NO) synthesized by
inducible nitric oxide synthase (iNOS). Activated microglia are
thought to be an important contributor to tissue damage in MS

and experimental autoimmune encephalomyelitis (EAE), an
animal model of MS (14). In EAE, microglia accumulate in
areas of demyelination, and a reduction in the number of either
macrophages or microglia results in marked attenuation of
symptoms (15).
There remain differences of opinion among laboratories as to

whether ERα or ERβ is responsible for the anti-inflammatory ef-
fects of estrogen on microglia (16). Saijo et al. (17) demonstrated
that at the mRNA level, ERβ was much more abundant than
ERα. Furthermore, synthetic ERβ-specific ligands (indazole-Br
and indazole-Cl) repressed inflammatory response in microglia
in vitro and prevented EAE in mice (17). ER ligands, through
ERα or ERβ, can inhibit NF-κB transcriptional activity (18) and
significantly inhibit inflammatory responses. Activation of ERβ
decreases NO production and iNOS expression in response to
LPS stimulation of BV-2 microglia in which only ERβ is ex-
pressed (19). However, Vegeto et al. (20) identified ERα as the
receptor modulating microglial activity.
NF-κB, an ubiquitous transcription factor, plays an important

role in controlling the expression of genes involved in immunity,
inflammation, cell proliferation, and apoptosis (21, 22), including
iNOS (23). Agents that decrease activation of NF-κB can provide
protection against EAE (24, 25). Under pathological conditions,
activated NF-κB and iNOS expression are increased (26). The
NO produced through the activity of iNOS increases free radi-
cals, which are involved in the pathophysiology of several human
diseases (27). Reduction of NO synthesis can prevent the de-
velopment of EAE (28) suggesting an important role of NO in
the onset of MS.
In the present study, we used an ERβ-selective agonist (LY3201)

in the EAE mouse model to demonstrate that LY3201 can in-
activate microglia and invading T cells through reducing ex-
pression of NF-κB and iNOS.

Results
ERβ Is the Sole ER Expressed in Microglia. Two estrogen receptors,
ERα and ERβ, mediate the actions of estrogen. To identify
which ER is expressed in microglia, we used double-fluorescence
staining with antibodies for ERβ, ERα, and Iba1 (a marker for
microglia). Both ERβ and ERα were clearly expressed in nuclei
of cells in the brain (Fig. 1 B and G); however, only ERβ was
colocalized in cells with Iba1 (Fig. 1 D and E). There was no
colocalization between Iba1 and ERα (Fig. 1 I and J). Thus,
mouse microglia express ERβ, but not ERα.

LY3201 Inactivates Microglia in Spinal Cord of EAE Mice. Microglia
are innate immune cells residing in the CNS. Resting microglia
are small cells with long, thin ramified processes. On activation
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of microglia, cell bodies become enlarged and processes be-
come poorly ramified, short, and thick. To evaluate whether
LY3201 can suppress activated microglia in EAE mice, we
treated the mice with LY3201 before proteolipid protein
(PLP). LY3201 treatment was applied for 3 d. Controls were
not treated with PLP and are referred to as uninduced mice.
The spinal cord of uninduced mice treated with LY3201 had
few Iba1-positive cells with small cell bodies and long, thin
ramified processes (Fig. 2 A and B). In PLP-treated mice, the
resting microglia became activated, and the number of micro-
glia was significantly increased in both white matter and gray
matter of the spinal cord compared with uninduced mice
(Fig. 2 C, D, and G). When mice were treated with LY3201
before PLP, there were few Iba1-positive cells in the spinal
cord, and these Iba1-positive cells had small cell bodies with
long, thin ramified processes (Fig. 2 E, F, and G).

NF-κB Activation Is Down-Regulated in Spinal Cord of EAE Mice
Treated with LY3201. MS is an inflammatory disease of the CNS,
and NF-κB plays an important role in controlling gene expres-
sion in inflammation. Activation of NF-κB results in the pro-
duction of proinflammatory cytokines and potentially neurotoxic
mediators in EAE. To evaluate whether NF-κB activation is
down-regulated by LY3201, we performed NF- κB p65 immu-
nohistochemistry in the spinal cord. In uninduced mice treated
with LY3201, only a few NF-κB–positive nuclei were detected in
the spinal cord (Fig. 3 A and B). Compared with uninduced mice,
PLP mice exhibited a significant increase in the number of NF-
κB–positive nuclei in both white matter and gray matter of the

spinal cord (Fig. 3 C, D, and G). Mice treated with LY3201
before PLP had fewer NF-κB nuclei in the spinal cord (Fig. 3 E
and F) compared with vehicle-treated PLP mice (Fig. 3 G). We
used double-fluorescence staining to determine whether the
NF-κB–expressing cells were microglia (Iba1) (Fig. 4 A–E) or
T cells (CD3) (Fig. 4 F–J). The results demonstrate that NF-κB
was expressed in both microglia (Fig. 4 D and E) and T cells
(Fig. 4 I and J).

iNOS Expression Is Decreased in Spinal Cord of EAE Mice Treated with
LY3201. NO, synthesized by iNOS, can damage tissue. We ex-
amined iNOS expression to identify alterations of NO in the
spinal cord. Our data show that iNOS-positive cells in the spinal
cord of uninduced mice treated with LY3201 were very rare (Fig.
5 A). In EAE mice treated with vehicle, iNOS expression was

Fig. 1. Expression of ERα and ERβ in microglia. (A–E ) Iba1 and ERβ double-
fluorescence staining. (D) Colocalization of ERβ (green) and Iba1 (red)
(arrows). (E ) Colocalization of ERβ (green), Iba1 (red), and DAPI (blue)
(arrows). (F–J) ERα and Iba1 double-fluorescence staining. (I and J) Lack of
colocalization between ERα (green) and Iba1 (red). The arrows show ERα-
negative microglia. Nuclei were counterstained with DAPI (blue). (Scale
bars: 20 μm.)

Fig. 2. Microglial cells were inactivated in the spinal cord of EAE mice
treated with LY3201. (A and B) In noninduced mice treated with LY3201,
there were very few Iba1-positive resting microglial cells (arrow) in the
spinal cord. (C, D, and G) EAE mice treated with vehicle had more Iba1-
positive cells (**P < 0.01) than noninduced mice treated with LY3201 both in
white matter and in gray matter of the spinal cord. These activated cells had
larger cell bodies and ramified morphology (arrowheads). (E, F, and G) EAE
mice treated with LY3201 had fewer Iba1-positive cells in the spinal cord
(**P < 0.010) compared with vehicle-treated EAE mice, and these Iba1-
positive cells had small cell bodies and long, thin processes. (H) Hematoxylin
staining shows the white matter and the gray matter of the spinal cord.
(Scale bars: 50 μm.)
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readily detected, particularly in white matter of the spinal cord
(Fig. 5 B). iNOS expression was lower in EAE mice treated with
LY3201 compared with EAE vehicle-treated mice (Fig. 5 C). To
identify the iNOS-expressing cells, we used double-fluorescence
staining to colocalize iNOS/Iba1 (Fig. 5 D–H) and iNOS/CD3
(Fig. 5 I–M). Our results show that some iNOS is expressed in
microglia (Fig. 5 G and H), but most is expressed in T cells (Fig.
5 L and M).

Indoleamine-2,3-Dioxygenase–Positive Cells Are Sharply Decreased in
Spinal Cord of EAE Mice Treated with LY3201. The enzyme indole-
amine-2,3-dioxygenase (IDO), expressed in dendritic cells, cata-
bolizes tryptophan and causes cell death by depleting tryptophan
and generating quinolinic acid, a cytotoxic metabolite of tryp-
tophan. IDO immunohistochemistry analysis in the spinal cord
revealed many IDO-positive cells in vehicle-treated EAE mice,
but none in uninduced mice (Fig. 6 A and B). There was a
marked reduction in IDO-positive cells in EAE mice treated
with LY3201 (Fig. 6 C and D).

Three-Day Pretreatment with LY3201 Promotes Recovery and
Decreases Mortality in EAE Mice. Mice were assessed daily for the
development of clinical signs according to the following EAE
scoring pattern: 0, no signs; 1, limp tail or hind limb weakness but
not both; 2, limp tail and hind limb weakness; 3, partial hind limb
paralysis; 4, complete hind limb paralysis. Treatment with LY3201
reduced the severity of EAE symptoms in mice surviving after 4
wk (Fig. 7A), and decreased the mortality rate in the first 2 wk
(Fig. 7B).

Discussion
In the present work, we show that in EAE mice, the ERβ-
selective agonist LY3201 can inactivate microglia and invad-
ing T cells by down-regulating two important inflammatory
pathways, NF-κB and iNOS. There is much evidence that in-
hibition of proinflammatory mediators in microglia can atten-
uate the severity of MS, Parkinson disease, and cerebral ischemia
(29–31). Thus, inhibition of microglial activation is considered
a key strategy for preventing neurodegenerative diseases (32).
In the present study, immunohistochemistry and immunoflu-

orescence analysis demonstrated expression of ERβ, but not
ERα, in mouse microglia. The ERβ-selective agonist LY3201,
administered before PLP, reduced mortality in EAE mice during
the initiation phase of the disease, modulated the activation of
microglia, and down-regulated expression of NF-κB and iNOS in
both microglia and T cells.
Activated NF-κB regulates the expression of several in-

flammation-related genes, including iNOS, TNFβ, IL-6, and IL-
1β. Gene expression profiling in MS patients and EAE models
has shown increased expression of genes controlled by NF-κB,

Fig. 3. Down-regulation of activated NF-κB in the spinal cord of EAE
mice treated with LY3201. (A and B) There were few NF-κB–positive
cells in the spinal cord of noninduced mice treated with LY3201. (C, D,
and G) There were more NF-κB–positive cells in vehicle-treated EAE mice
(**P < 0.01) than in noninduced mice treated with LY3201. (E, F, and G)
There were fewer NF-κB–positive cells in the spinal cords of EAE mice
treated with LY3201 (**P < 0.01) than in vehicle-treated EAE mice. (Scale
bars: 50 μm.)

Fig. 4. Expression of NF-κB in microglia and T cells. NF-κB/Iba1 (A–E) and NF-
κB/CD3 (F–J) double-fluorescence staining in gray matter of spinal cord of
vehicle-treated EAE mice. (D) Colocalization of NF-κB (green) and Iba1 (red)
(arrows). (E) Colocalization of NF-κB (green), Iba1 (red), and DAPI (blue)
(arrows). (I) Colocalization of NF-κB (green) and CD3 (red) (arrows). (J)
Colocalization of NF-κB (green), CD3 (red), and DAPI (blue) (arrows). (Scale
bars: 20 μm.)
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and drugs that decrease NF-κB activation can provide protection
against EAE (24). These data indicate that the NF-κB pathway
plays a critical role in the pathogenesis of MS and has potential
as a therapeutic target in MS. Previous studies have demon-
strated that both ERα and ERβ can inhibit NF-κB transcrip-
tional activity (33, 34). Our present data show that NF-κB was
activated in microglia and T cells of EAE mice, and that this NF-
κB activation was down-regulated in the spinal cord of EAE mice
treated with LY3201 before PLP.
In the CNS, NO, a damaging free radical (20), is an important

weapon for attacking invading microbes. However, excessive
iNOS activity may damage normal tissue, a factor involved in the
pathophysiology of MS (35). NO metabolites detected in the
cerebrospinal fluid of MS patients are associated with disease
progression, and reduced NO synthesis can prevent the deve-
lopment of EAE (28). These results indicate an important role of
NO in the onset of MS.
The target for inhibition of iNOS expression is NF-κB (36, 37).

LPS, IL-1β, TNF-α, and oxidative stress induce iNOS expression
by activating NF-κB, whereas glucocorticoid-induced inhibition
of iNOS results from inhibition of NF-κB activation. Our data

indicate that in EAE mice, iNOS expression was increased by
PLP, particularly in white matter of the spinal cord. With double
fluorescence, we identified iNOS expression in both microglia
and invading T cells. iNOS expression was markedly decreased in
mice treated with LY3201. This result is in accordance with
findings of a previous in vitro study by Baker et al. (19), which
demonstrated that activation of ERβ decreases iNOS expression
and NO production in response to LPS stimulation of BV-2
microglia.
IDO is a key player in immunosuppression (38). Microarray

studies comparing WT and ERβ−/− mice identified IDO as an
ERβ-induced gene. IDO causes T-cell death through depletion
of tryptophan. In the present study, IDO-positive cells were
abundant in the spinal cord of vehicle-treated EAE mice. These
cells resemble plasmacytoid T cells [dendritic cells (DCs)], which
are needed for T-cell activation. No such cells were detectable
in the LY3201-treated mice. We hypothesize that the ERβ ag-
onist induced IDO in these cells and caused their death through
depletion of tryptophan. ERβ is expressed in DCs (39), pro-
viding the possibility that ERβ-selective agonist modulates DC
functions directly.
Concomitant with the modulation of microglial activity by

LY3201 was amelioration of the clinical signs of EAE. LY3201
reduced the mortality of EAE mice in the first 2 wk and pro-
moted the recovery of EAE mice surviving for more than 4 wk.
In summary, the present study demonstrates that in mice,

ERβ, not ERα, is the receptor that modulates microglial activity.
The ERβ-selective agonist LY3201 can suppress activated mic-
roglia and down-regulate PLP-induced NF-κB activation and
iNOS expression in both microglia and T cells invading the spinal
cord. The action on both microglia and T cells suggests that
LY3201 may have a role in therapeutic intervention in MS and
perhaps other neurodegenerative diseases in which both cell
types play crucial roles in pathogenesis. All of this can be ach-
ieved without negative effects on the pituitary, mammary gland,
and uterus, which are the organs adversely affected with the use
of estradiol.

Materials and Methods
Materials, Animals, and Tissue Preparation. The ERβ agonist LY3201, (3aS, 4R,
9bR)-2, 2-difluoro-4-(4-hydroxyphenyl)-3, 3a, 4, 9b-tetrahydro-1H-cyclo-
penta[c] chromen-8-ol (CAS 787621–78-7), was prepared as described
previously (40). All animals were 8-wk-old SJL/J females, purchased from
Jackson Laboratory. Thirty-five mice were divided randomly into three
groups: (i ) no induction, treated with LY3201 (n = 5); (ii ) PLP treated with
vehicle (n = 15); and (iii ) PLP treated with LY3201 (n = 15). Mice from the
second and third groups were immunized with 50-μL s.c. injections of a
1 mg/mL solution of PLP in equal volumes of PBS and complete Freund’s
adjuvant containing Mycobacterium tuberculosis strain H37RA into the
shoulders and flanks. Then 200 ng of pertussis toxin was injected i.p. on
the day of PLP injection and again 2 d later. LY3201 was used in pellet
form (0.04 mg/d), as produced by Innovative Research of America and
implanted on the lateral side of the neck between the ear and the
shoulder. The pellet is composed of a matrix fused with an active product;
ingredients include cholesterol, cellulose, lactose, phosphates, and stea-
rates. The mice were treated by insertion of pellets (vehicle or LY3201) 3 d
before PLP. Mice were housed in a room at standard temperature (22 ±
1 °C) with a regular 12-h light/12-h dark cycle and given free access to
water and standard rodent chow. EAE score was measured daily for 30
d after PLP. Mice were killed on day 36 with 60 mg/kg pentobarbital
(Mebunat; Orion Pharma) and transcardially perfused with heparinized
(2.5 IU/mL) saline followed by 4% paraformaldehyde in 0.1 M PBS (pH 7.4).
These experiments were performed by The Jackson Laboratory, West 4910
Raley Blvd., Sacramento, CA 95838. All brains were dissected and post-
fixed in the same fixative overnight at 4 °C. After fixation, lumbar spinal
cords were processed for paraffin sections (5 μm).

Immunohistochemistry. Paraffin sections were deparaffinized in xylene,
rehydrated through graded alcohol, and processed for antigen retrieval by
boiling in 10 mM citrate buffer (pH 6.0) for 12–15 min in Pre-Treatment
module. Sections were incubated in 0.3% H2O2 in 50% methanol for 30

Fig. 5. Reduced expression of iNOS in the spinal cord of LY3201-treated
EAE mice. (A) There were very few iNOS-positive cells in the spinal cord of
noninduced mice treated with LY3201. (B) In vehicle-treated EAE mice there
was a markedly increased iNOS expression, especially in white matter. (C)
The expression of iNOS was lower in LY3201-treated EAE mice than in ve-
hicle-treated EAE mice. (D–H) iNOS and Iba1 double-fluorescence staining in
white matter of the spinal cord of vehicle-treated EAE mice. (G) Colocali-
zation of iNOS (green) and Iba1 (red) (arrows). (H) Colocalization of iNOS
(green), Iba1 (red), and DAPI (blue) (arrows). (I–M) iNOS and CD3 double-
fluorescence staining in white matter of spinal cord of vehicle-treated EAE
mice. (L) Colocalization of iNOS (green) and CD3 (red) (arrows). (M) Coloc-
alization of iNOS (green), CD3 (red), and DAPI (blue) (arrows). (Scale bars: 50
μm in A–C; 20 μm in D–M.)
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min at room temperature to quench endogenous peroxidase. Sections
were then incubated in 3% BSA for 30 min to block nonspecific binding,
after which a biotin-blocking system (Dako) was used to block endogenous
biotin. Sections were then incubated with anti–NF-κB (1:200; Abcam) and
anti-iNOS (1:100; Abcam) at 4 °C after blocking of nonspecific binding in 3%
BSA. BSA replaced primary antibodies in negative controls. After washing,
sections were incubated with an HRP polymer kit (GHP516; Biocare Medical)
for 30 min at room temperature, followed by 3,3′-diaminobenzidine tetra-
hydrochloride as the chromogen (41, 42). For immunofluorescence, quench-
ing of endogenous peroxidase and blocking of endogenous biotin were
omitted.

Sections were incubated overnight with anti-Iba1 (1:400; Abcam), anti-
ERα (1:100; Abcam), anti-ERβ (1:100; made in our laboratory), anti–NF-κB
(1:200; Abcam), anti-iNOS (1:100; Abcam), anti-CD3 (1:100; Santa Cruz
Biotechnology), and anti-IDO (1:100; Santa Cruz Biotechnology) at 4 °C

after blocking of nonspecific binding in 3% BSA. Primary antibodies
were detected with donkey anti-goat Cy3 (1:400; Jackson ImmunoR-
esearch), donkey anti rabbit FITC (1:400; Santa Cruz Biotechnology), and
donkey anti-chicken FITC (1:400; Jackson ImmunoResearch). Sections
were later counterstained with Vectashield mounting medium containing
DAPI (Vector Laboratories) to label nuclei (43). The number of microglia
and NF-κB–positive cells in the spinal cord of each mouse were counted
under light microscopy as described previously. The ERβ antibody
was homemade, raised in hens immunized with ERβ protein and puri-
fied from egg yolks. It has been used extensively in mouse brain
and spinal cords (44–47), as well as in mouse and human prostates and
mammary glands (48, 49). For cell counting, we took every fifth slice from
25 consecutive slices, that is, five slices from each mouse. One 400×
magnification field was counted in each slice, for a total of five fields
per mouse.

Fig. 6. Fewer IDO-positive cells in the spinal cord of EAE mice treated with LY3201. (A) There were no IDO-positive cells in the spinal cord of noninduced mice
treated with LY3201. (B) IDO-positive cells (red arrow) were markedly increased in vehicle-treated EAE mice. (C) There were fewer IDO-positive cells in the
spinal cord of EAE mice treated with LY3201. (D) The number of IDO-positive cells differed significantly in LY3201-treated and vehicle-treated EAE mice. **P <
0.01. (Scale bars: 50 μm.)

Fig. 7. LY3201 promoted recovery and decreased mortality in EAE mice. EAE score was determined daily for 30 d after PLP immunization. (A) Compared with
vehicle-treated mice, LY3201-treated mice had less severe symptoms at 4 wk after PLP induction (*P < 0.05). (B) Treatment with LY3201 reduced the mortality
of EAE mice in the first 2 wk. *P < 0.05.
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Data Analysis. Data are expressed as mean ± SD. Statistical comparisons were
done using one-way ANOVA followed by the Newman–Keuls post hoc test.
Mortality was assessed using the χ2 (×2) test. P < 0.05 was considered to
indicate statistical significance.
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