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Multiple sclerosis is an inflammatory, neurodegenerative disease for which experimental autoimmune encephalomyelitis (EAE) is a
model. Treatments with estrogens have been shown to decrease the severity of EAE through anti-inflammatory mechanisms. Here we
investigated whether treatment with an estrogen receptor � (ER�) ligand could recapitulate the estrogen-mediated protection in clinical
EAE. We then went on to examine both anti-inflammatory and neuroprotective mechanisms. EAE was induced in wild-type, ER�-, or
ER�-deficient mice, and each was treated with the highly selective ER� agonist, propyl pyrazole triol, to determine the effect on clinical
outcomes, as well as on inflammatory and neurodegenerative changes. ER� ligand treatment ameliorated clinical disease in both
wild-type and ER� knock-out mice, but not in ER� knock-out mice, thereby demonstrating that the ER� ligand maintained ER�
selectivity in vivo during disease. ER� ligand treatment also induced favorable changes in autoantigen-specific cytokine production in
the peripheral immune system [decreased TNF�, interferon-�, and interleukin-6, with increased interleukin-5] and decreased CNS white
matter inflammation and demyelination. Interestingly, decreased neuronal staining [NeuN� (neuronal-specific nuclear protein)/�3-
tubulin�/Nissl], accompanied by increased immunolabeling of microglial/monocyte (Mac 3�) cells surrounding these abnormal neu-
rons, was observed in gray matter of spinal cords of EAE mice at the earliest stage of clinical disease, 1–2 d after the onset of clinical signs.
Treatment with either estradiol or the ER� ligand significantly reduced this gray matter pathology. In conclusion, treatment with an ER�
ligand is highly selective in vivo, mediating both anti-inflammatory and neuroprotective effects in EAE.

Key words: multiple sclerosis; experimental autoimmune encephalomyelitis; estrogen; cytokines; neuron; microglia

Introduction
In the most widely used animal model for multiple sclerosis
(MS), experimental autoimmune encephalomyelitis (EAE), both
estriol and estradiol (E2) were shown previously to be protective
in both active and adoptive EAE in several strains of mice (Jans-
son et al., 1994; Kim et al., 1999; Bebo et al., 2001; Liu et al., 2003;
Polanczyk et al., 2003; Palaszynski et al., 2004). Numerous anti-
inflammatory mechanisms appear to underlie the protective ef-
fect of estrogen in EAE including downregulation of myelin
protein-specific T helper 1 (Th1) immune responses, increased
Th2 responses, decreased antigen presentation by dendritic cells,
induction of CD4�CD25� regulatory T cells and downregula-
tion of chemokines in the CNS, all resulting in decreased inflam-
matory lesions in the CNS (Kim et al., 1999; Bebo et al., 2001; Ito
et al., 2001; Liu et al., 2002; Zang et al., 2002; Liu et al., 2003;
Subramanian et al., 2003; Xiao et al., 2004). Although a variety of

anti-inflammatory mechanisms of estrogen treatment in EAE
have been described, it is unknown whether estrogen treatment
may be neuroprotective in EAE. A neuroprotective role of estro-
gens in EAE is possible because estrogens have been shown to be
neuroprotective in a variety of animal models of neurodegenera-
tive disease including Parkinson’s disease, spinal cord injury, cer-
ebellar ataxia, Down’s syndrome, epilepsy, and some models of
stroke and Alzheimer’s disease (Leranth et al., 2000; Veliskova et
al., 2000; Dubal et al., 2001; Wise et al., 2001; Jover et al., 2002;
Granholm et al., 2003; Rau et al., 2003; Sierra et al., 2003; Sribnick
et al., 2003, 2005; Heikkinen et al., 2004; Green et al., 2005; van
Groen and Kadish, 2005).

The actions of estrogen are mediated primarily by nuclear
estrogen receptors ER� and ER�, although nongenomic mem-
brane effects have also been described previously (Weiss and
Gurpide, 1988). Originally it was thought that ER� and ER�
would each have distinct tissue distributions, thereby providing a
means through which use of selective estrogen receptor modifiers
(SERMs) could improve tissue selectivity. However, the relation-
ship between ER� and ER� became complex, with most tissues
expressing some detectable level of each of these receptors
(Kuiper et al., 1998). The two receptors at times did, and at other
times did not, colocalize to the same cells within a given tissue
(Kuiper et al., 1997; Enmark and Gustafsson, 1999). Further-
more, in some tissues the two receptors were shown to act syner-

Received Jan. 31, 2006; revised May 15, 2006; accepted May 18, 2006.
This work was supported by National Institutes of Health–National Institute of Neurological Disorders and Stroke

Grant NS45443, National Multiple Sclerosis Society Grants RD3407 and CA1028 (R.R.V.), the Sherak Foundation, and
DirecTV.

Correspondence should be addressed to Rhonda R. Voskuhl, Multiple Sclerosis Program, Department of Neurol-
ogy, University of California, Los Angeles, Neuroscience Research Building 1, Room 475D, 635 Charles Young Drive
South, Los Angeles, CA 90095. E-mail: rvoskuhl@ucla.edu.

DOI:10.1523/JNEUROSCI.0453-06.2006
Copyright © 2006 Society for Neuroscience 0270-6474/06/266823-11$15.00/0

The Journal of Neuroscience, June 21, 2006 • 26(25):6823– 6833 • 6823



gistically, whereas in other tissues they acted antagonistically.
These tissue-specific differences in biologic outcomes are
thought to be attributable in part to tissue-specific differences in
transcription factors, which become activated after binding of
each ER by ligand (Paech et al., 1997; Nilsson et al., 2001; Shang
and Brown, 2002).

Our group and another have each used estrogen receptor
knock-out (KO) mice to show that the protective effect of estro-
gen treatment (estradiol and estriol) in EAE is dependent on the
presence of ER� (Liu et al., 2003; Polanczyk et al., 2003). How-
ever, whether targeted stimulation of ER� is both necessary and
sufficient for the estrogen-mediated protection in EAE remains
unknown. ER� may act synergistically or antagonistically with
ER�, in either the CNS or in the immune system, during estrogen
treatment of EAE.

The purpose of this study was to use a highly selective ER�
ligand, propyl pyrazole triol (PPT) (Harrington et al., 2003), to
determine whether stimulation of ER� is sufficient for the
estrogen-mediated protection in EAE. We report that treatment
with this ER�-selective ligand is indeed sufficient for protection
in EAE, mediating both anti-inflammatory and neuroprotective
effects. This is the first report that treatment with an estrogen, or
an ER�-selective ligand, is neuroprotective in EAE.

Materials and Methods
Animals. Female C57BL/6 mice, 8 weeks of age, were purchased from
Taconic (Germantown, NY). ER� KO mice backcrossed onto the
C57BL/6 background for 16 generations were a generous gift from Dr.
Dennis Lubahn (University of Missouri, Columbia, MO) (Lubahn et al.,
1993). Wild-type littermates from F16 crosses served as ER� KO
matched controls. ER� KO mice, a generous gift from Dr. Jan Ake
Gustafsson (Karolinska Institute, Stockholm, Sweden) (Krege et al.,
1998), were backcrossed onto the C57BL/6 background for eight gener-
ations. Wild-type littermates from these crosses served as ER� KO
matched controls. Animals were housed under guidelines set by the Na-
tional Institutes of Health, and experiments were conducted in accor-
dance with the University of California, Los Angeles Chancellor’s Animal
Research Committee and the Public Health Service Policy on Humane
Care and Use of Laboratory Animals.

Reagents. PPT was purchased from Tocris Bioscience (Ellisville, MO),
and E2 was purchased from Sigma-Aldrich (St. Louis, MO). Miglyol 812
N, a thin liquid oil, was obtained from Sasol North America (Houston,
TX). Myelin oligodendrocyte glycoprotein (MOG) peptide, amino acids
35–55, was synthesized to �98% purity by Chiron Mimotopes (San Di-
ego, CA).

EAE. Active EAE induction ensued with subcutaneous injection of an
emulsion containing the autoantigen MOG peptide, amino acids 35–55
(300 �g/mouse) and Myobacterium tuberculosis (500 �g/mouse) in com-
plete Freund’s adjuvant, as described previously (Suen et al., 1997; Liu et
al., 2003). Mice underwent hormonal treatments as described below and
were monitored daily for EAE disease severity using the standard EAE
grading scale, as described previously (Pettinelli and McFarlin, 1981).
Briefly, to determine the clinical score for each mouse on each day, each
mouse was graded using the standard 0 –5 scale: 0, unaffected; 1, tail
limpness; 2, failure to right on attempt to roll over; 3, partial paralysis; 4,
complete paralysis; and 5, moribund. On each day, the mean of the
clinical scores of all mice within a given treatment group were deter-
mined, thereby yielding the mean clinical score for that treatment group.
Some mice were followed clinically for up to 40 d after disease induction,
and others were killed earlier for mechanistic studies, 1–2 d after the
onset of clinical signs in the vehicle-treated group (day 16 –19 after dis-
ease induction).

Treatments. Isoflurane-anesthetized female mice were ovariectomized
and allowed to recuperate for 10 d. Daily treatments of oil vehicle alone,
estradiol, or PPT began 7 d before EAE immunization. Estradiol and PPT
were dissolved in 10% ethanol and 90% oil to give the final proper con-

centration of 0.04 mg/kg/d estradiol (Jansson et al., 1994) and 10 mg/
kg/d PPT per mouse (Harris et al., 2002). Estradiol, PPT or vehicle alone
were given by daily subcutaneous injections along the midbackline and
continued for the entire disease duration (up to 40 d after disease
induction).

Perfusion. Mice were deeply anesthetized with isoflurane and perfused
transcardially with ice-cold 0.9% saline, followed by 10% formalin. Spi-
nal cord columns were removed and postfixed overnight in 10% forma-
lin and cryoprotected with 20% sucrose solution in PBS. Spinal cords
were removed from the column, cut in three parts (cervical, thoracic, and
lumbar), and embedded in gelatin/sucrose mix. Spinal cord regions in
gelatin were further postfixed and stored in 20% sucrose. Free-floating
sections (25 �m thick) were cut coronally with a sliding microtome and
collected serially in PBS.

Uterine weights. After the mice were killed, each uterus was extracted,
and the fat, connective tissue, and excess fluid were removed to obtain
each uterine weight, as described previously (Frasor et al., 2003).

Immune responses. Spleens were harvested during deep anesthesia be-
fore perfusion. Splenocytes were stimulated with the autoantigen, MOG
peptide 35–55, at 25 �g/ml. Supernatants were collected after 48 and
72 h, and levels of TNF�, interferon-� (IFN�), interleukin-6 (IL6), and
IL5 were determined by cytometric bead array (BD Biosciences Pharm-
ingen, San Diego, CA) as described previously (Liu et al., 2003).

Histopathology and immunohistochemistry. Serial sections were
mounted on slides and stained with hematoxylin and eosin (H&E), Nissl,
or Luxol fast blue (LFB)– cresyl violet. Consecutive sections were also
examined by immunohistochemistry. Briefly, 25 �m free-floating sec-
tions were permeabilized in 0.3% Triton X-100 in PBS and blocked with
10% normal goat serum. White matter immunostaining was enhanced
by treating sections with 95% ethanol/5% acetic acid for 15 min before
permeabilization and blocking. To detect specific cell types and struc-
tures, sections were preincubated with primary antibodies in PBS solu-
tion containing 2% NGS for 2 h at room temperature, and then overnight
at 4°C. The following primary antibodies were used: anti-�3 tubulin and
anti-neurofilament-NF200 [monoclonal (Chemicon, Temecula, CA);
polyclonal (Sigma Biochemical)], anti-neuronal-specific nuclear protein
(NeuN), anti-CD45 (Chemicon), anti-myelin basic protein (MBP;
Chemicon) and anti-Mac 3 (BD Biosciences Pharmingen). The second
antibody step was performed by labeling with antibodies conjugated to
TRITC, FITC, and Cy5 [Vector Laboratories (Burlingame, CA) and
Chemicon]. IgG control experiments were performed for all primary
antibodies, and no staining was observed under these conditions. To
assess the number of cells, a nuclear stain 4�,6�-diamidino-2-
phenylindole dihydrochloride (DAPI; 2 ng/ml; Invitrogen, Eugene, OR)
was added for 15 min before final washes after secondary antibody addi-
tion. The sections were mounted on slides, dried, and coverslipped in
fluoromount G (Fisher Scientific, Hampton, NH).

Microscopy. Stained sections were examined and photographed using a
confocal microscope (TCS-SP; Leica, Mannheim, Germany) or a fluo-
rescence microscope (BX51WI; Olympus, Tokyo, Japan) equipped with
Plan Fluor objectives connected to a camera (DP70; Olympus). Digital
images were collected and analyzed using Leica confocal and DP70 cam-
era software. Images were assembled using Adobe Photoshop (Adobe
Systems, San Jose, CA).

Quantification. To quantify immunostaining results, sections from
spinal cord levels T1–T5 were examined, six from each mouse, with n �
3 mice per treatment group, for a total of 18 sections per treatment group.
Images were captured under microscope (4�, 10�, or 40�) using the
DP70 Image software and a DP70 camera (both from Olympus). Identi-
cal light intensity and exposure times were applied to all photographs
from each experimental set. Images from the same areas of spinal cord
were compared (T1–T5) and were acquired separately from delineated
whole gray and white matter regions. The middle region of the ventral
horn was the focus for gray matter analysis, whereas the area lateral to the
ventral horn was the focus for white matter analysis. Six gray matter and
six white matter pictures were collected from the two sides of T1–T5
sections (100 � m apart) from three animals in each treatment group. All
images were converted to grayscale and then analyzed by density mea-
surement with ImageJ version 1.29 (the Windows version of NIH Im-
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age), downloaded from http://rsb.info.nih.gov/ij. A fixed threshold range
of 0 –160 was chosen to highlight the staining signals in normal spinal
cord sections, and the total area within this range was measured, aver-
aged, and compared.

Increase in total number of infiltrating cells after induction of EAE was
measured by density measurements of DAPI� nuclei in the whole white
matter. Neuronal cells were quantified by counting the NeuN�/� 3-tu-
bulin�/DAPI� cells per square millimeter in the whole gray matter.
Both white and gray matter assessments occurred in the T1–T5 spinal
cord sections. Laser-scanning confocal microscopic scans at 40� were
performed on Mac 3�/�3-tubulin� immunostained spinal cord sec-
tions corresponding to levels T1–T5 ventral horn. The results for each
experimental condition were averaged from four unilateral levels per
mouse (100 �m apart, three mice in each treatment group, total of 12
sections per treatment group) and were expressed as mean fold change
compared with healthy matched controls.

Statistical analysis. EAE disease severity was compared between groups
using the Friedman test, histopathological changes were assessed using
1 � 4 ANOVAs, and uterine weights and cytokine levels were compared
between treatment groups using Student’s t test, as described previously
(Dalal et al., 1997).

Results
Treatment with an ER� ligand remains highly selective for
ER� in vivo during EAE
We initially identified a dose of the ER�-selective ligand for use in
our EAE experiments which could induce a known biological
response on a control tissue (the uterus). Estrogen-induced in-
creases in uterine weight had been shown previously to be medi-
ated by ER�, and doses of the ER� ligand PPT needed for this in
vivo treatment effect had been described (Frasor et al., 2003).
When we gave daily subcutaneous injections of PPT, at a dose
previously shown to increase uterine weight (10 mg/kg/d), we
observed a significant increase in uterine weight in female
C57BL/6 mice with EAE at day 40 after disease induction, Figure
1A. Sensitivity of this technique was shown by the decrease in
uterine weight in ovariectomized compared with sham-operated,
vehicle-treated mice. Treatment with injections of high doses of
estradiol (to induce pregnancy levels in serum) served as a posi-
tive control, whereas treatment with injections of vehicle alone
served as a negative control. To further demonstrate the in vivo
selectivity of this dose of PPT, uterotrophic responses were also
examined during PPT treatment of ER� or ER� knock-out mice.
Significant increases in uterine weight were observed in PPT-
treated ER� knock-out mice (Fig. 1B) but not in ER� knock-out
mice (Fig. 1C). Together, these data demonstrated that our
method of administration of the ER� ligand PPT induced an
expected biological response in vivo on a positive control tissue.

Treatment with an ER� ligand reduces the clinical severity
of EAE
Using the above dose and method of administration, PPT treat-
ment was then assessed for its effect on the clinical course of EAE.
Ovariectomized, C57BL/6 wild-type female mice with MOG
35–55 peptide-induced active EAE were treated with the ER�-
selective ligand PPT. PPT treatment significantly reduced the
clinical severity of EAE (Fig. 2A). Treatment with injections of
estradiol served as a positive control, whereas treatment with
injections of vehicle alone served as the negative control.

We then addressed whether the selectivity of PPT remained
specific for ER� during in vivo treatment of EAE, as opposed to
being mediated in part through ER� or nongenomic effects.
When ovariectomized, ER� knock-out C57BL/6 female mice
were treated with PPT during active EAE, clinical disease severity
was again significantly decreased (Fig. 2B). These data demon-

strated that the presence of ER� was not required for disease
protection mediated by treatment with PPT. In contrast, when
PPT was administered to ovariectomized ER� knock-out mice
induced with active EAE, the disease-ameliorating effect of PPT
treatment was abolished, as evidenced by the lack of a difference
in mean clinical scores when comparing PPT-treated and vehicle-
treated ER� knock-out mice (Fig. 2C). Similar results were ob-
tained when castrated male mice were used instead of ovariecto-
mized females (data not shown), consistent with a previous

Figure 1. Treatment with an ER�-selective ligand is highly selective in vivo during EAE. A,
Treatment with the ER� ligand PPT induced expected biological responses on uterine weight
( y-axis � uterine weight in grams). Uterine weight was increased with PPT given as daily
subcutaneous injections at 10 mg/kg/d. The decrease in uterine weight with ovariectomy com-
pared with sham surgery demonstrated the sensitivity of the technique in detecting differences
in uterine weights associated with differences in estrogen levels. Treatment with a dose of
estradiol known to induce a late pregnancy level of estradiol was used as a positive control for an
increase in uterine weight, whereas treatment with vehicle alone served as the negative con-
trol. The uteri were removed at day 35– 40 during EAE treatment with the indicated hormone
(sham vehicle, n � 6; OVX vehicle, n � 12; OVX estradiol, n � 18; OVX PPT, n � 18). OVX PPT
and OVX Estradiol, each compared with OVX Vehicle, ***p � 0.0001. WT, Wild type. B, Uterine
weights were examined in ovariectomized ER� knock-out mice as in A. Uterine weights were
increased with PPT treatment in ER� knock-out mice (OVX vehicle, n � 9; OVX estradiol, n �
12; OVX PPT, n � 12). OVX PPT and OVX Estradiol, each compared with OVX Vehicle, ***p �
0.0001. C, Uterine weights were examined in ovariectomized ER� knock-out mice as in A.
Uterine weights were not increased with PPT treatment in ER� knock-out mice (OVX vehicle,
n � 6; OVX estradiol, n � 4; OVX PPT, n � 6).
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publication demonstrating that estrogen-mediated improve-
ments in clinical EAE in castrated male mice were abrogated in
the ER� knock-out (Liu et al., 2003). ER� knock-out female mice
have high circulating estradiol levels; hence, estrogen unrespon-
siveness in this mouse could be attributable to the ER� genetic
modification or the estrogen history of the mouse before ovari-
ectomy at 4 weeks. Because male ER� knock-out mice do not
have high circulating levels of estradiol, similar results in both the
female and male ER� knock-outs make the ER� genetic modifi-
cation, not the estrogen history of the mouse, most likely respon-
sible for effects observed.

Together, these data demonstrated that the estrogen-
mediated protection from EAE could be recapitulated by treat-
ment with a highly selective ER� ligand, and that this protection
was not dependent on an interaction with ER�.

Treatment with an ER� ligand reduces autoantigen-specific
proinflammatory cytokine production
Because it had been shown previously using ER� knock-out mice
that both disease protection and a reduction in proinflammatory
cytokines (TNF� and IFN�) were dependent on ER�, we next
determined whether treatment with an ER� ligand could reduce
proinflammatory cytokine production. As demonstrated in Fig-
ure 3, PPT treatment significantly reduced TNF�, IFN�, and IL6
production. Interestingly, we had shown previously that produc-
tion of the Th2 cytokine IL5 was increased with estrogen treat-
ment and that this was only partially, but not completely, abol-
ished in the ER� knock-out (Liu et al., 2003). In the present
study, when wild-type mice were treated with the ER� agonist
PPT, treatment significantly increased IL5 production. Together,
these data demonstrated that treatment with an ER� agonist
induced changes in cytokine production during autoantigen-
specific immune responses in the peripheral immune system
that would be anti-inflammatory with respect to EAE
immunopathogenesis.

Treatment with an ER� ligand reduces inflammation and
demyelination in EAE
Because we had observed that treatment with the ER� ligand PPT
recapitulated the protective effect of estrogen treatment on the
clinical course of EAE and was anti-inflammatory with respect to
the autoantigen-specific immune response in the periphery, we
next ascertained the effect of treatment with PPT on inflamma-
tion and demyelination in the CNS of EAE mice. Spinal cord
sections of ovariectomized, C57BL/6 mice at the acute phase of
EAE (1–2 d after onset of clinical signs in vehicle-treated mice)
were assessed for inflammation and demyelination. Mice from all
treatment groups were killed at the same time point, to permit
their examination in parallel. Compared with vehicle-treated
EAE, both inflammation and demyelination were markedly re-
duced by treatment with the ER� ligand PPT or E2 (Fig. 4).
H&E-stained vehicle-treated EAE mice, compared with normal
healthy controls, had numerous multifocal to coalescing inflam-
matory cell infiltrates in the spinal cord. Infiltrates were present
in the leptomeninges, around blood vessels in the leptomeninges,
and in the parenchyma of the white matter (Fig. 4A). Inflamma-
tory cell infiltrates were associated with pallor and vacuolation,
consistent with demyelination. Quantification of white matter
cell density by counting DAPI� cells revealed a 60% increase in
infiltrates of vehicle-treated EAE group. In contrast, both estra-
diol and PPT-treated mice had no detectable inflammation, with
white matter cell densities similar to those in the normal control
(Fig. 4D).

The degree of myelin loss was assessed by Luxol fast blue and
confirmed by MBP immunostaining. Luxol fast blue staining re-
vealed demyelination at the sites of inflammatory cell infiltrates
(Fig. 4B). Also, myelin staining of dorsal column regions of
vehicle-treated spinal cord section had significantly less MBP im-
munostaining compared with normal control, E2-, and PPT-
treated sections, Figure 4C. Quantification of demyelination by
density analysis of Luxol fast blue-stained spinal cord sections
revealed a 25% decrease in myelin density in vehicle-treated EAE
mice. In contrast, both estradiol- and PPT-treated mice had

Figure 2. Treatment with an ER�-selective ligand is sufficient to reduce the clinical severity
of EAE. A, EAE clinical severity was decreased in ovariectomized, wild-type (WT) C57BL/6 female
mice treated with PPT. Daily treatments of ovariectomized mice with injections of vehicle (neg-
ative control), estradiol (positive control), or PPT (10 mg/kg/d) began, and then 7 d later, active
EAE was induced with MOG 35–55 peptide. Mean clinical scores were significantly reduced in
both estradiol- and PPT-treated mice compared with vehicle treated ( p � 0.0001, Friedman
test). Data are representative from experiments repeated a total of five times. B, The decrease in
the mean clinical scores of EAE by PPT treatment was not dependent on the presence of ER�.
Ovariectomized, ER� knock-out C57BL/6 female mice were treated with either PPT, estradiol,
or vehicle as in A. Mean clinical scores were significantly reduced in both estradiol- and PPT-
treated mice compared with vehicle treated ( p � 0.0001, Friedman test). Data are represen-
tative from experiments repeated a total of three times. C, PPT treatment in vivo during EAE
remains highly selective for ER�. Ovariectomized female ER� knock-out C57BL/6 mice were
treated as in A. In ER� knock-out mice, mean clinical scores were not significantly different in
PPT-treated compared with vehicle-treated. PPT-treated wild-type mice served as a positive
control for a PPT treatment effect within the experiment. Data are representative from experi-
ments repeated a total of three times. Error bars indicate variability of clinical scores between
mice within a given treatment group. n � 5 mice per each treatment group.
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much less demyelination, with myelin densities not significantly
different from those in the normal control (Fig. 4E).

Treatment with an ER� ligand is neuroprotective in EAE
In light of the profound anti-inflammatory effect induced by PPT
treatment of mice with EAE, we then ascertained whether this was
associated with preservation of neuronal and axonal integrity.
We used a combination of Nissl stain histology and anti-NeuN/
�3-tubulin immunolabeling to identify and semiquantify neu-
rons, and neurofilament antibody (anti-NF200) was used to
identify axons. At the acute phase of EAE, 1–2 d after the onset of
clinical signs in vehicle-treated mice, thoracic spinal cord sec-
tions of all treatment groups of EAE mice were assessed for
NeuN�/�3 tubulin� neurons in the gray matter and NF200�
axons in the white matter. A surprising decrease in neuronal
staining (NeuN�/Nissl�) in gray matter occurred at this early
time point in vehicle-treated EAE mice (Fig. 5B) compared with
normal, healthy, age- and gender-matched control mice (Fig.
5A). This significant decrease in neuronal staining in gray matter
of vehicle-treated EAE mice was not observed in EAE mice
treated with either estradiol (Fig. 5C) or the ER� ligand (Fig. 5D).
Quantification of NeuN� cells in gray matter confirmed the
significant loss in vehicle-treated EAE mice compared with
normal controls, whereas estradiol- and PPT-treated mice had
NeuN� cell numbers that were no different from the normal
control (Fig. 5E).

Immunostaining for neurofilament (NF200) resulted in clear
identification of axons within the spinal cord of normal mice
(Fig. 6A). A significant decrease in axonal NF200 staining
(NF200�) in white matter occurred in vehicle-treated EAE mice
compared with normal controls in areas positive for CD45 stain-
ing, consistent with previous observations of axonal transection
within inflammatory white matter lesions in EAE (Wujek et al.,
2002). EAE mice treated with either estradiol or the ER� ligand
demonstrated no decrease in axonal NF200� staining and only
an occasional single cell positive for CD45 (Fig. 6A). Quantifica-
tion of axon numbers in white matter confirmed the significant
loss in vehicle-treated EAE mice, but no significant axonal loss
occurred in EAE mice treated with either estradiol or the ER�
ligand (Fig. 6C). These immunohistological data are consistent
with our observation of markedly reduced inflammatory lesions
by H&E in white matter with these treatments (Fig. 4A). Notably,
at this early time point in EAE, there was no loss in axon numbers
in white matter areas devoid of inflammatory lesions, even in the
vehicle-treated EAE group, thereby providing no evidence for

Wallerian degeneration of white matter
tracts in these regions of the cord at this
very early time point in EAE.

Treatment with an ER� ligand reduces
microglial/monocyte activation in white
and gray matter of mice with EAE
Gray matter axonal pathology has been
described in cortex of MS patients, which
was characterized by activated microglia
closely opposed to and ensheathing apical
dendrites, neurites, and neuronal
perikarya (Peterson et al., 2001). In light of
our observation of a decrease in NeuN�/
�3-tubulin�/Nissl� neuronal staining in
the gray matter of spinal cords in EAE, we
next addressed the microglial reaction in
this gray matter. Microglia/monocytes

were stained for Mac 3, a lysosomal antigen equivalent to
LAMP-2 (lysosomal-associated membrane protein 2)/CD107b,
present on the surface of microglia and mature mononuclear
phagocytes, and sections were coimmunolabeled with anti-�3-
tubulin (Fig. 6B). Striking Mac 3� reactivity was observed in
gray matter of mice at this very early time point in EAE, only 1–2
d after the onset of clinical signs in the vehicle-treated group.
Most of the Mac 3� cells demonstrated a morphology similar to
that of activated microglia (Fig. 6B, inset). They were in close
vicinity to, and in direct contact with, gray matter neurons that
had reduced and punctate �3-tubulin staining (Fig. 6B). In con-
trast, EAE mice treated with either the ER� ligand PPT, or estra-
diol, which were killed and examined in parallel, had some, but
significantly less, Mac 3� immunoreactivity (Fig. 6B). Quantifi-
cation of Mac 3� cells revealed an �65% decrease when E2- and
PPT-treated spinal cords were compared with those from
vehicle-treated EAE mice (Fig. 6D).

Discussion
Relapse rates in MS are decreased during late pregnancy, a time
when circulating estrogen (estradiol and estriol) levels are in-
creased (Abramsky, 1994; Confavreux et al., 1998). During late
pregnancy, there is a downregulation of Th1 and an increase in
Th2 immune responses, which may underlie disease ameliora-
tion during this time (Whitacre et al., 1999; Kruse et al., 2000;
Tchorzewski et al., 2000; Elenkov et al., 2001; Voskuhl, 2003;
Al-Shammri et al., 2004; Gilmore et al., 2004). In a pilot clinical
trial, nonpregnant female MS patients were treated with estriol to
induce a pregnancy level in serum. This treatment reduced the
prototypic in vivo Th1 response, the delayed type hypersensitivity
response, as well as reduced Th1 (TNF�, IFN�) and increased Th2
(IL5, IL10) cytokine production by peripheral blood mononuclear
cells (Sicotte et al., 2002; Soldan et al., 2003). Also, gadolinium-
enhancing lesions on serial brain magnetic resonance images (MRIs)
were reduced by �80% (Sicotte et al., 2002). Because enhancing
lesion activity on brain MRI is a putative biomarker for relapses in
MS, these reports together suggested that estriol treatment may re-
capitulate the anti-inflammatory effect of pregnancy in relapsing
remitting MS (RRMS).

One must, however, consider the risk: benefit ratio of any
estrogen treatment when considering its use in chronic disease.
Estrogens in the form of hormone replacement therapy have been
associated with side effects and therefore are not recommended
for use in healthy menopausal women (Rossouw et al., 2002;
Anderson et al., 2004). Although the risk/benefit ratio in a

Figure 3. Treatment with an ER� ligand reduced proinflammatory cytokine production by peripheral immune cells in ovari-
ectomized, wild-type C57BL/6 female mice with EAE. EAE was induced as in Figure 2, and at day 40 after disease induction, mice
were killed, and cytokine production by MOG 35–55 stimulated splenocytes was determined. TNF�, IFN�, and IL6 levels were
each significantly reduced with PPT treatment, whereas IL5 levels were increased with PPT treatment. Error bars indicate variabil-
ity of cytokine values for splenocytes between individual mice within a given treatment group, with n � 5 mice for each treatment
group. Data are representative of experiments repeated three times. *p � 0.05.
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chronic disease such as MS is clearly dif-
ferent from the risk/benefit ratio in
healthy individuals, optimizing efficacy
and minimizing toxicity remains a major
goal. Hence, determining which estrogen
receptor mediates the protective effect of
an estrogen in disease is of central impor-
tance. Our data demonstrate that despite
the fact that both ER� and ER� are ex-
pressed in both the immune system and
the CNS (Kuiper et al., 1998; Enmark and
Gustafsson, 1999; Erlandsson et al., 2001;
Igarashi et al., 2001), treatment with an
ER� ligand is sufficient to recapitulate the
estrogen-mediated protection in EAE, the
most widely used animal model of MS.
Our data are consistent with a recent re-
port by Elloso et al. (2005) that demon-
strated that treatment with an ER�, but
not an ER�, ligand could reduce acute
EAE disease severity in a relapsing remit-
ting model of EAE in the SJL strain. This
paper demonstrated immune modulation
in splenocytes by estradiol and PPT treat-
ment but did not address neuropathologic
outcomes.

The degree of preservation of neuronal
integrity in the gray matter of estradiol
and ER� ligand-treated mice with EAE in
our study was striking, and this has major
implications for neurodegenerative
changes that occur “beyond the lesion” in
EAE and possibly MS. In both EAE and
MS, inflammatory lesions classically occur
in white matter, resulting in demyelina-
tion and axonal transection (Trapp et al.,
1998, 1999). However, neuroimaging
studies in MS have demonstrated that, al-
though inflammatory lesions may serve as
a biomarker for relapses, whole brain at-
rophy correlates much better with perma-
nent disability (Rudick et al., 1999). Most
recently, it has been shown that whole
brain atrophy primarily involves the gray
matter and that this can occur surprisingly
early after MS onset (Chard et al., 2002;
Dalton et al., 2004; Tiberio et al., 2005).
The pathologic substrate of gray matter at-
rophy in MS remains unclear, but these
imaging findings “beyond the lesion” in
MS have prompted closer examination of
gray matter abnormalities in MS and EAE.
Pathological studies in cortical gray mat-
ter of MS patients initially detected axonal
transection and microglial activation,
with minimal inflammatory cell infiltrates
(Bo et al., 2003). In a more recent study,
cortical “lesions” in MS were characterized by demyelination,
axonal sparing, and decreased neuronal density and were again
not accompanied by an inflammatory infiltrate (Vercellino et al.,
2005).

Gray matter abnormalities in EAE have included upregulation
of expression of GFAP (Liedtke et al., 1998) and Mac-1 (Aharoni

et al., 2005), thought to reflect activation of astrocytes and micro-
glia, respectively, in the gray matter. Traumatic axotomy has been
shown previously to induce decreased NeuN expression
(McPhail et al., 2004), and recent studies have detected other
abnormalities in neuronal staining in gray matter during EAE,
�10 d after the initial onset of clinical signs (Aharoni et al., 2005;

Figure 4. Treatment with an ER� ligand reduced inflammation and demyelination in spinal cords of mice with EAE. A,
Representative H&E-stained thoracic spinal cord sections (4� magnification) from normal (healthy control), as well as vehicle-,
E2-, and PPT-treated EAE mice. Vehicle-treated EAE spinal cord shows multifocal to coalescing areas of inflammation in the
leptomeninges and white matter, around blood vessels, and in the parenchyma of the white matter (areas of inflammation shown
by arrows). No inflammation was observed in either E2- or PPT-treated EAE spinal cords. B, Luxol fast blue-stained region of dorsal
column (square in A) of spinal cords (40�magnification). Intense demyelination in the white matter is seen in vehicle-treated EAE
sections only. C, Anti-MBP-immunostained dorsal column demonstrated demyelination in the white matter of vehicle-treated EAE
sections only. D, Increase in total number of infiltrating cells after induction of EAE was semiquantified by counting DAPI� cells in
the entire delineated white matter (including dorsal, lateral, and ventral funiculi) and presented as percentage of normal. Vehicle-
treated EAE mice had a significant increase in white matter cell density compared with healthy normal control, whereas E2-treated
and the ER� ligand (PPT)-treated groups did not. E, The extent of demyelination was compared by staining thoracic spinal cord
sections with Luxol fast blue. Myelin density is presented as percentage of normal. Vehicle-treated mice EAE mice had a significant
decrease in myelin density in the entire delineated white matter as compared with normal control, whereas E2-treated and
PPT-treated groups did not. Number of mice, three per treatment group; number of T1–T5 sections per mouse, six; total number
of sections per treatment group, 18. **Statistically significant compared with normals ( p � 0.001), 1 � 4 ANOVAs. Data are
representative of experiments repeated in their entirety on another set of EAE mice with each of the treatments. Error bars
represent SE of variability of the indicated measure between sections of mice within each treatment group.
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Aktas et al., 2005). In our study, decreases
in NeuN and Nissl staining in gray matter,
accompanied by increases in microglial/
monocyte staining, were detected surpris-
ingly early, within 1–2 d of the onset of
clinical signs, but nevertheless were con-
sistent with these previous observations.
In pathologic studies in MS, it is difficult
to ascertain the temporal relationship be-
tween gray matter abnormalities and dis-
ease onset. In EAE, we have detected gray
matter abnormalities at the very earliest
stages of clinical EAE.

Previously, estrogen treatment has
been shown to decrease microglial activa-
tion in vitro (Drew and Chavis, 2000; Veg-
eto et al., 2001), but this is the first report
that estrogen treatment can decrease acti-
vation in vivo. Whether microglial activa-
tion is a cause or consequence of neuronal
pathology remains unknown. However,
downregulation of microglial activation
by either an ER� ligand (herein) or by an-
tisense PARP-1 [poly (ADP-ribose)-
polymerase-1] (Diestel et al., 2003) each
resulted in decreased neuronal abnormal-
ities in EAE. Therefore, it is tempting to
speculate that activated microglia in gray
matter during EAE may contribute to
neuronal damage. This hypothesis is con-
sistent with the observation that EAE clin-
ical signs, CNS inflammation, and demy-
elination were each ameliorated in
CD11b–HSVTK (herpes simplex virus
thymidine kinase) transgenic mice, which
were treated with gancyclovir and had
bone marrow reconstituted from wild-
type mice (Heppner et al., 2005). Unfortu-

Figure 5. Treatment with an ER� ligand preserved neuronal staining in gray matter of spinal cords of mice with EAE. A–D, Split
images of thoracic spinal cord sections stained with NeuN (red) in i and Nissl in ii at 4� magnification, derived from normal
healthy control mice (A), vehicle-treated EAE (B), E2-treated EAE mice (C), and ER� ligand (PPT)-treated EAE mice (D), each killed

4

very early during EAE, 1–2 d after the onset of clinical signs.
iii, Merged confocal scan at 40� of NeuN� (red) and �3-
tubulin� (green) colabeled neurons from an area repre-
sented by dotted white square area in i. iv, A 40� magnifi-
cation of Nissl-stained area in solid black square in ii. A
decrease in NeuN� immunostaining and Nissl staining was
observed in the dorsal horn, intermediate zone, and ventral
horn of vehicle-treated EAE mice (B) compared with normal
controls (A). White arrows in Biii denote loss of NeuN�
staining. In contrast, EAE mice treated with either estradiol
(C) or PPT (D) had preserved NeuN and Nissl staining. E, After
quantification of neurons in the entire delineated gray mat-
ter of T1–T5 sections, NeuN� immunolabeled neurons were
significantly decreased, by nearly 25%, in vehicle-treated
EAE mice compared with normal controls, but E2- and PPT-
treated EAE mice were not statistically different from normal
controls. Number of mice, three per treatment group; num-
ber of T1–T5 sections per mouse, six; total number of sections
per treatment group, 18. **Statistically significant compared
with normals ( p � 0.001); 1 � 4 ANOVAs. Data are repre-
sentative of experiments repeated in their entirety on an-
other set of EAE mice with each of the treatments. Error bars
represent SE of variability of the indicated measure between
sections of mice within each treatment group.
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nately, neuronal abnormalities in gray
matter were not assessed in these EAE
mice with conditionally ablated activated
microglia.

In addition to an effect on activated
microglia, estrogen treatment may have
other neuroprotective effects in EAE. Es-
trogen treatment has been shown previ-
ously to be neuroprotective in a variety of
neurodegenerative disease models includ-
ing Parkinson’s disease, cerebellar ataxia,
stroke, and spinal cord injury (Leranth et
al., 2000; Dubal et al., 2001; Wise et al.,
2001; Jover et al., 2002; Rau et al., 2003;
Sierra et al., 2003; Sribnick et al., 2003,
2005). Estrogens are lipophilic, readily
traversing the blood– brain barrier, with
the potential to be directly neuroprotec-
tive (Brinton, 2001; Garcia-Segura et al.,
2001; Wise et al., 2001). Estrogen-
mediated protection of neurons has been
demonstrated in a variety of in vitro mod-
els of neurodegeneration including those
induced by excitotoxicity and oxidative
stress (Behl et al., 1995, 1997; Goodman et
al., 1996; Harms et al., 2001). Estrogens
have also been shown to decrease
glutamate-induced apoptosis and pre-
serve electrophysiologic function in pri-
mary cortical neurons (Sribnick et al.,
2003, 2004). In addition, in vitro studies
have demonstrated the ability of estrogen
to modulate the astrocytic response to in-
jury (Azcoitia et al., 1999; Garcia-Segura et
al., 1999) and protect oligodendrocytes
from cytotoxicity (Sur et al., 2003; Cantar-
ella et al., 2004; Takao et al., 2004). Vari-
ous combinations of these mechanisms
could lead to our observed finding of a
preservation of neuronal staining in the
gray matter of spinal cords of estradiol-
or ER� ligand-treated mice with EAE. Be-
cause treatment with either estradiol or
the ER� ligand was each anti-inflamma-
tory in the peripheral immune system, it is
not possible to discern whether these
treatments were directly neuroprotective,
via one or more of the above mechanisms
in the CNS, versus indirectly neuroprotec-
tive, via anti-inflammatory mechanisms in the peripheral im-
mune system. However, it has been recently shown using irradi-
ation bone marrow chimeras that the effect of estradiol treatment
on clinical EAE and CNS inflammation was not dependent on
ER� expression in the peripheral immune system but was con-
ferred by ER� expression on cells resident to other tissues, such as
the CNS (Garidou et al., 2004).

Direct and indirect neuroprotective mechanisms by estrogens
in EAE are not mutually exclusive. The finding that estrogens are
neuroprotective in EAE, regardless of mechanism, has relevance
to estrogen treatment in MS, as well as pregnancy, a time when
circulating estrogens are very high. Indeed, multiple pregnancies
have been associated with a decrease in long-term disability ac-

cumulation in MS (Runmarker and Andersen, 1995; Damek and
Shuster, 1997). Because it is known that up to 5 years of contin-
uous treatment with immunomodulatory treatments are needed

to impact disability in MS, a temporary anti-inflammatory effect
of the third trimester of pregnancy would not be expected to
impact long-term disability. A pregnancy-associated neuropro-
tective effect, combined with the temporary anti-inflammatory
effect, could reconcile these findings.

Our data demonstrating that treatment with a highly selective
ER� agonist can induce both anti-inflammatory and neuropro-
tective effects in EAE warrants additional study of this SERM as a
novel treatment approach in MS and possibly other neurodegen-
erative diseases. Although a large study of estrogen replacement

Figure 6. Treatment with an ER� ligand reduced CD45� and Mac 3� cells in white and gray matter of mice with EAE. A,
Thoracic spinal cord sections from mice used in Figure 5 were coimmunostained with NF200 (green) and CD45 (red) at 10�
magnification. Shown are partial images with white and gray matter from normal control, vehicle-treated EAE, E2-treated EAE, or
ER� ligand (PPT)-treated EAE mice. LF, Lateral funiculus of white matter; GM, gray matter. The vehicle-treated EAE cords had large
areas of CD45� cells associated with reduced NF200 axonal staining in white matter compared with the normal control, whereas
estradiol and ER� ligand-treated EAE mice had only occasional CD45 positivity, with intact NF200 axonal staining. B, Consecutive
sections from the same mice were also coimmunostained with �3-tubulin (green) and Mac 3 (red), with the section of the ventral
horn designated by the dotted line square area in A scanned at 40� magnification by confocal microscopy. Vehicle-treated EAE
mice demonstrated markedly increased Mac 3 staining in ventral horn gray matter compared with normal control mice, with most
of these Mac 3� cells having the morphology of microglia (inset, 100� magnification). They were surrounding neuronal struc-
tures (white arrows). In contrast, E2- and ER� ligand (PPT)-treated EAE cord sections demonstrated less Mac 3 immunostaining
compared with vehicle-treated EAE mice. C, After quantification, neurofilament-stained axon numbers in white matter were
significantly lower in vehicle-treated EAE mice compared with normal mice, whereas E2- and PPT-treated EAE mice demonstrated
no significant reduction in axon numbers. Axon number is presented as percentage of normal. **Statistically significant compared
with normal ( p � 0.001); 1 � 4 ANOVAs. D, Mac 3� cells were analyzed by density measurements and represented as
percentage of vehicle-treated groups. Compared with vehicle-treated EAE mice, both the E2-treated and PPT-treated had signif-
icantly lower Mac 3� immunoreactivity in gray matter. Number of mice, three per treatment group; number of T1–T5 sections per
mouse, four; total number of sections per treatment group, 12. **Statistically significant compared with normal ( p�0.001); 1�
4 ANOVAs. Data are representative of experiments repeated in their entirety on another set of EAE mice with each of the treat-
ments. Error bars represent SE of variability of the indicated measure between sections of mice within each treatment group.
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therapy in mild to moderate Alzheimer’s disease, with subjects
averaging 75 years of age, yielded disappointing results (Mulnard
et al., 2000), either the age of the subject population or the stage of
disease may be critical to whether a neuroprotective effect of
estrogen treatment can be appreciated (Mulnard et al., 2004).
Adequate levels of estrogen receptors, or associated intracellular
cofactors, may no longer be optimally expressed in either hor-
monally senescent, or significantly diseased, brains. Indeed, the
effect of estrogen treatment on the blood– brain barrier has been
shown to be quite different when comparing senescent versus
younger rats (Bake and Sohrabji, 2004). Clinical reports also in-
dicate differential effects of estrogen treatment depending on age
and disease status. Estrogen replacement had no effect on cogni-
tion in elderly menopausal women (Binder et al., 2001), whereas
it preserved cognition in younger women undergoing surgical
hysterectomy (Sherwin, 1988; Verghese et al., 2000). In a large
trial assessing the effects of estrogen treatment in stroke, treat-
ment had no effect on cognition in women with stroke who had
cognitive impairment at baseline, but treatment reduced the risk
for cognitive decline in those with normal cognition at baseline
(Viscoli et al., 2005). Finally, an improvement in cognitive func-
tion was observed with estriol treatment in early RRMS, but not
in late secondary progressive MS (Sicotte et al., 2002). A “healthy
cell bias of estrogen action” has been hypothesized to explain the
disparity between promising results of estrogen treatment in an-
imal models of neurodegenerative diseases versus disappointing
results in estrogen treatment in some neurodegenerative disease
trials (Brinton, 2005). Efficacy of estrogen treatment appears to
depend critically on its administration early, as a preventative
therapy, before neurodegeneration has occurred (Mulnard et al.,
2000). Our data demonstrating neuronal abnormalities in gray
matter very early in EAE, which were prevented by treatment
with either estradiol or an ER� ligand, are consistent with these
views. Together these data warrant additional study of treatments
with ER� ligands, which consider the age and disease duration of
the subjects, in MS and other neurodegenerative diseases.
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