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Abstract
Multiple sclerosis (MS) is a disease characterized by inflammation and demyelination. Currently,
the cause of MS is unknown. Experimental autoimmune encephalomyelitis (EAE) is the most
common mouse model of MS. Treatments with the sex hormones, estrogens and androgens, are
capable of offering disease protection during EAE and are currently being used in clinical trials of
MS. Beyond endogenous estrogens and androgens, treatments with selective estrogen receptor
modulators (SERMs) for estrogen receptor alpha (ERα) and estrogen receptor beta (ERβ) are also
capable of providing disease protection. This protection includes, but is not limited to, prevention
of clinical disease, reduction of CNS inflammation, protection against demyelination, and
protection against axonal loss. In EAE, current efforts are focused on using conditional cell
specific knockouts of sex hormone receptors to identify the in vivo targets of these estrogens and
androgens as well as downstream molecules responsible for disease protection.

Keywords
EAE; MS; ERα; ERβ; Estriol; Estradiol; Testosterone; 5αDHT; Neuroprotection

1. Multiple sclerosis (MS)
Multiple sclerosis (MS) is an autoimmune disease characterized by inflammation and
demyelination in the CNS from unknown causes [77,143]. Clinical symptoms usually begin
to occur in young adults. Nearly 80% of patients develop a relapse-remitting (RR-MS)
course of disease, which can eventually become a more chronic secondary progressive (SP-
MS) form after many years. About 15% of patients exhibit disease progression from the start
called primary progressive MS (PP-MS) [21]. With myelin thought to be the primary target
of the immune cells, areas of inflammation and demyelination constitute the MS lesions,
with these lesions classically in white matter [65]. Lesions have been further subdivided into
categories of active, chronic active and chronic inactive based on pathology [64,74]. Axonal
transection and axonal loss can occur in lesioned areas perhaps contributing to permanent
disability. Pathology also exists in normal appearing white and gray matter as demonstrated
by magnetic resonance imaging (MRI) and pathologic studies of post-mortem MS tissue
[54].

MS is classically viewed as a CD4+ Th1 mediated immune disease. However, a host of
immune and non-hematopoietic cells are also involved in the course of the disease including
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CD8+ T-cells, B-cells, macrophages, dendritic cells, astrocytes and oligodendrocytes to
name a few [77,85,132]. One major question in MS involves understanding whether immune
inflammation is a primary cause or a secondary effect of neurodegeneration [142]. Current
MS treatments only treat the inflammatory component of the disease. However,
neurodegeneration continues to occur even when inflammation is suppressed. Thus, while
neurodegeneration may be triggered initially by inflammation, it appears that a
neurodegenerative process may continue and eventually become relatively independent of
inflammation. Therefore, there is a need for a neuroprotective treatment in combination with
an anti-inflammatory treatment to potentially achieve complete protection during MS
[86,120].

2. Experimental autoimmune encephalomyelitis (EAE)
EAE is the most common mouse model of MS [24,49]. It is a CD4+ Th1/Th17 mediated
autoimmune disease in which perivascular T-cells, followed by macrophages, enter the
CNS, leading to lesioned areas of demyelination and axonal loss [54]. This demyelination
and axonal loss correlates with motor deficits in standard EAE clinical scores which
primarily assess walking ability [152]. EAE has strain specific effects. In the SJL model, the
disease is relapse-remitting, similar to that of RR-MS. In the C57BL/6 model, EAE follows
a more progressive course, resembling PP-MS or SP-MS [24]. EAE may be either active or
adoptive depending upon the method of induction [87]. The basic concept of both active and
adoptive EAE is to induce an immune response to a myelin antigen. In active EAE, an
animal is immunized with a myelin antigen along with the nonspecific immune stimulators
complete Freund’s adjuvant (CFA) and tuberculosis bacterium (TB). Pertussis toxin (PTx) is
also given in active EAE. The T-cells generated through this immunization regimen are able
to cross the blood to brain barrier (BBB) and propagate an influx of monocytes into the
CNS. They then alter the cytokine/chemokine profile of the cells there in. Subsequent
activation of resident microglia, and perhaps CNS cells such as astrocytes, simultaneously
occurs as well. All of these steps lead to the demyelination of axons and axonal transection
both within and beyond these areas of immune cell infiltration. Thus in active EAE, both the
induction of the immune response and the neurodegenerative effects of the immune attack
occur in the same mouse. In contrast, adoptive EAE separates the induction and the effector
phase of EAE so that each phase can be studied separately. The induction phase is started in
a donor mouse, in which the immunization is given over draining lymph nodes. The lymph
nodes cells (LNCs) are then harvested and re-stimulated ex-vivo with the myelin antigen.
These cultured T-cells and monocytes are then injected into a recipient animal to begin the
effector phase of adoptive EAE. Immune infiltration then occurs in the CNS, followed by
demyelination and axonal loss in the recipient mouse [87]. Thus, the central difference
between active and adoptive EAE is that in adoptive EAE the initiation of the immune
response occurs in a different mouse, the donor, than the one who exhibits disease, the
recipient. This separation of immunopathology phases in adoptive EAE allows researchers
to tease apart effects in the immune response from those in the CNS. For example, in
adoptive EAE, one could treat a donor mouse with a compound, such as a hormone, and
then inject the donor mouse’s LNCs into an untreated recipient to understand how the
hormone treated LNC’s might differ in their ability to induce disease in the CNS of a
recipient mouse. While the EAE model has its limitations, it has been the major preclinical
model used to derive many current MS treatments [24,89,129].

3. Gender differences in MS and EAE
There are large gender differences in the prevalence of human autoimmune diseases. Most
of these gender differences entail a higher incidence in females as compared to males:
systemic lupus erythematosis (SLE), rheumatoid arthritis (RA), Graves disease, and multiple
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sclerosis (MS) [9,37,73,78,84,98,103,125]. While the reasons for these gender differences
are still unknown, possible explanations include differences in sex hormones or sex
chromosomes. Specifically, possibilities include: (1) a detrimental effect of endogenous
ovarian hormones such as estrogens and/or progesterone in females, (2) a protective effect
of endogenous testicular hormones such as androgens in males, or (3) a detrimental effect of
the XX sex chromosome compliment in the females, or (4) a protective effect of the XY sex
chromosome compliment in males [93,138,147]. The EAE model has been useful to study
these four non-mutually exclusive possibilities.

Similar to MS, sex differences exist in the EAE model. In the SJL, ASW, and NZW strains,
female mice are more susceptible to EAE than males. However, in the B10.PL and PL/J
strains, male mice are more susceptible to EAE than females [107]. Ovariectomy of SJL
female mice is controversial, with some groups showing no effect on disease and others
showing some worsening of EAE scores [56,83,148]. Together, these results suggest that
endogenous estrogens are clearly not detrimental to EAE in females, but if anything may be
protective. On the male side, castration of mice worsens EAE in the SJL strain, suggesting
that endogenous androgens are indeed protective to males [5,148]. It is important to keep in
mind that while most sex hormones come from the gonads, the CNS, particularly during
EAE, is capable of providing endogenous estrogens and androgens [19]. However, whether
these levels reach physiological relevance remains unclear.

Differences in sex chromosomes also may contribute to sex differences in disease. By using
mice which differed in sex chromosome complement while sharing a common gonadal
phenotype [4] it has been shown in the SJL strain that the XX sex chromosome compliment
confers increased severity of EAE as compared to the XY sex chromosome compliment.
This suggested that either the XX complement is disease promoting or the XY complement
is protective [106,130]. Other studies have shown that a Y chromosome-linked
polymorphism can influence disease [139]. Specifically, EAE was more severe in young
male consomic mice carrying a B10.S Y chromosome as compared to age and sex matched
SJL mice. The authors therefore concluded that a polymorphismon the Y chromosome of
SJL mice contributes to the well known observation that young male mice exhibit temporary
protection from disease [133]. It remains unclear as to why a polymorphism would be
protective in younger, but not older, mice. Together the data would suggest an interaction
between sex chromosome genes and other factors related to aging, with these other factors
theoretically being either hormonal or nonhormonal. One possible nonhormonal factor,
regardless of age, could be genomic imprinting. Previous research has suggested that
genomic imprinting such as histone modifications, methylation, and endogenous miRNA
could possibly play a role in autoimmunity and sex differences [18,38]. In summary, while
many assume that the sex bias in MS is due to sex hormones, one must appreciate that sex
chromosome genes may also play a role.

Currently, there is an extensive amount of literature highlighting the effect of estrogens and
androgens in EAE and MS [34,48,99,100, 148]. In this review we will build upon this
existing literature by focusing on specific sex hormone receptors and how they contribute to
disease protection during EAE and MS (see Fig. 1).

4. Pregnancy in MS and EAE
In MS, during the last trimester of pregnancy, circulating levels of estrogens are at their
highest levels correlating with a reduction in relapse rates among women with MS. Post-
partum levels of estrogens drop precipitously and correlate with a significant increase in
relapse rates during the 3–6 months after delivery [22]. While controversial, some reports
have demonstrated that pregnancy could offer long term protection to women with MS
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[121,146]. MS patients who had one or more pregnancies were wheelchair dependent after
18.6 years, versus 12.5 years for the control group [146]. Others have shown that pregnancy
can regulate the immune response in MS patients. Peripheral blood lymphocytes from
pregnant women with MS were mitogen stimulated to examine the Th1 and Th2 cytokine
profile during pregnancy and post-partum. The patients showed a remarkable shift from Th2
profile during pregnancy to a Th1 cytokine profile post-partum, further providing evidence
of pregnancy’s effect in this Th1 mediated disease [2].

Pregnancy also offers protection to female animal models with EAE [15,36,43,61,83].
Specifically, pregnant SJL and C57BL/6 mice showed a disease amelioration compared to
non-pregnant controls. Further, lymphocytes from pregnant EAE mice showed a decrease in
TNFα and IL-17 with an increase in IL-10 [83]. Given the powerful effect of late pregnancy
on EAE and MS, and since estrogens are at high levels during late pregnancy, studies have
examined if exogenous estrogens are capable of providing disease protection in EAE and
MS.

5. Estrogens and neuroprotection
Estrogens are made up of three endogenous biologically different compounds: estrone,
estradiol, and estriol [44,157]. Furthermore, exogenous selective estrogen receptor
modulators (SERMs) are capable of activating either estrogen receptor alpha (ERα) or
estrogen receptor beta (ERβ) on select tissues [68]. Testosterone and dihydrotestosterone
(DHT) are able to act on the androgen receptor (AR). However, DHT is also able to act
indirectly through ERβ [63,75]. It is always difficult to decipher the action of testosterone
since it can be aromatized to estrogens through the enzyme aromatase. Hence, either the
non-aromatizable 5αDHT, or AR antagonists can be used to study the effect of androgens
on actions of ARs [44,57].

Treatments with estrogens have demonstrated diverse mechanisms of possible
neuroprotection in a number of diseases, including Parkinson’s disease (PD), Alzheimer’s
disease (AZ), ischemic stroke, spinal cord injury and MS [14,20,40,48,123,137]. In clinical
studies, women who took estrogen replacement therapy were at less risk of developing PD
[25]. Woman who received short-term estrogen treatment had an increase in dopamine
transporters in the caudate putamen [41]. Multiple groups have shown that in the 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) animal model of PD, exogenous
physiological levels of estradiol were able to protect against loss of DA neurons
[58,117,126]. Others have shown that the in PD animal model, 6-hydroxdopamine (6-
OHDA), estradiol can also act indirectly by activating the insulin-like growth factor-1
(IGF-1) receptor to protect against 6-OHDA induced neuronal loss [116].

In AD patients, estrogen treatment decreased the risk of disease, particularly in younger (50–
62yo) patients, but was not effective in older groups of patients [53]. This early protection
during AD could be due to estradiol’s ability to increase amyloid beta-protein (Aβ) uptake
by microglia as well as prevent Aβ peptide formation by neurons [69,153]. It is known that
in spinal cord injury, estrogen can protect against neuronal loss. Data suggest that this
prevention of neuronal loss could be due to estradiol’s ability to prevent the actions of Ca2+

activated proteases [118,123]. Furthermore, others have shown that estradiol was able to
reduce neuronal death and loss of lesion volume in ischemic stroke [46,137].

Estrogens can also act on other cells in the diseased CNS besides neurons. For instance,
estrogen increases astrocytes ability to uptake glutamate to prevent neuronal loss due to
glutamate toxicity [3,29]. Others have shown that estrogen can increase transforming growth
factor beta (TGFβ-1) and TGFβ-2 from astrocytes [30]. Estrogens also have a suppressing
effect on neuroinflammation [145]. Estradiol strongly inhibits microglia activation by
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lipopolysaccharide (LPS) [31,144]. In addition, estradiol can inhibit intracellular localization
of nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-kB), which can
prevent downstream activation of a variety of inflammatory genes [45].

With estrogen’s ability to provide protection in a number of CNS disease models, much
research has been focused on the mitochondria as a target of estrogens actions. Treatments
with estrogens have a direct neuroprotective effect on mitochondria [16,55,95,96,97].
Estrogens have been shown to increase aerobic glycolysis, respiratory efficiency, ATP
generation, Ca2+ load tolerance and act as an antioxidant defense [17]. Furthermore,
estrogens can alter pro and anti-apoptotic molecules that act on the mitochondria. For
instance, estrogen can increase anti-apoptotic markers, bcl-2 and bcl-xl, while decreasing the
pro-apoptotic marker bax in animal models of AD [96]. Estrogen’s antioxidant properties
also allow it to protect against reactive oxygen species from the mitochondria [119]. It is
important to note that the timing of estrogen administration is critical to ensure estrogens
protective outcome as noted in the healthy cell bias of estrogen action hypothesis. If
estrogens are administered too late in the disease they are not protective [17,94,124,156].

6. Estradiol and EAE
Treatment with a wide dosage range of estradiol is able to ameliorate EAE during both the
induction and effector phases of both active and adoptive EAE. This amelioration can occur
in both sexes of mice, as well as multiple mouse strains with EAE [7,35,56,79,95,135,148].
The protective effects of estradiol in EAE include a decrease in inflammatory cells in the
CNS as well as protection against demyelination [7,99,135]. With respect to inflammation,
estradiol treatment was able to alter cytokine production as well as alter chemokine/
chemokine receptors, growth factors, and adhesion molecules in EAE mice. Specifically,
estradiol treatment was able to decrease chemokine (C–C motif) ligands and receptors,
tumor necrosis factor-alpha (TNF-α), and others, while increasing transforming growth
factor beta (TGFβ)-2 and TGFβ-3 mRNA in the spinal cord of EAE mice [79,81,135]
(Table 1). Further studies have shown that mononuclear cells isolated from the brain of
estradiol treated EAE mice show a decrease in TNFα, IFNγ, and others [11,135] (Table 1).
In splenocytes and/or peripheral LNCs, estradiol was able to decrease TNFα, neural cell
adhesion molecule (NCAM) and others while increasing cytotoxic T-lymphocyte antigen-4
(CTLA-4), vascular cell adhesion molecule (VCAM) and more [11,67,79,80,135] (Table 1).

Dendritic cells appear to be one potential target of estradiol’s protective actions during EAE.
Dendritic cells are potent antigen presenting cells and are thought to play a role in T-cell
activation in EAE [1]. Estradiol treatment resulted in a decrease in activated dendritic cells
in the CNS and spleens of EAE mice. Mature dendritic cells were shown to have decreased
expression of TNFα, IFNγ, and IL-12 mRNA with estradiol treatment (Table 1). Finally, T-
cells cocultured with dendritic cells that were pre-treated with estradiol showed a shift from
Th1 to Th2 cytokine production [71]. Further research has also shown that dendritic cells are
a target of estradiol in Lewis rats with EAE. Rats injected with dendritic cells that were pre-
treated with estradiol showed a decrease in CD4+ T-cells and CD68+ macrophages in the
CNS compared to naïe injected dendritic cells [110].

Others have focused their research on T-cells as the target cell of estradiol’s protective effect
[102,101,113]. Studies have shown that the decrease in T-cells into the CNS of estradiol
treated mice was not due to a decrease in T-cell proliferation, but in fact, the ability of T-
cells to enter the CNS [7,135]. Although estradiol might not directly act on T-cells during
EAE to provide disease protection, estradiol appears to indirectly alter the sub-populations
of T-cells [101]. For example, matrix metallopeptidase-9 (MMP-9), has been shown to allow
T-cells to migrate across the BBB. Research has shown that estradiol was able to decrease
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MMP-9 expression on T-cells during EAE [51], perhaps explaining why T-cell numbers are
decreased in the CNS of estradiol treated EAE mice [135]. Furthermore, estradiol was able
to upregulate FoxP3, contributing to a protective effect from CD4+ CD25+ regulatory T-
cells [99,100,114]. However, removal of Foxp3+ T-cells did not appear to alter estradiol’s
protective effect in EAE mice, suggesting other cells, such as B-cells or CNS cells might be
responsible for estradiol’s protection [136].

B-cells also appear to be indispensible in responding to estradiol’s protective effects during
EAE [136]. Removal of B-cells from EAE mice abrogates the protective effects of estradiol
[11]. When the B-cells were examined from estradiol treated mice, there was an
upregulation of programmed cell death ligand-1 (PD-L1) as well as an increase in IL-10
[11]. Further research is needed to fully understand estradiol’s actions on B-cells in EAE.

7. Estrogen receptor alpha ligand and EAE
Given that estradiol is able to act both on ERα and ERβ, a host of research has now been
focused on which receptor might be responsible for the protective effects of estrogens during
EAE. While data have shown that this effect is mediated through ERα [66,67,111], other
data have shown that ERβ can also offer protection during EAE [23,33].

Originally it was shown that EAE was less severe in B10.PL male mice with a global
knockout of the ERα gene, termed Esr1 (−/−), as compared to WT, Esr1 (+/+) male mice,
suggesting that endogenous estrogens are disease promoting during EAE [112]. The source
of estrogens in these male mice was unclear, but in retrospect it could have been from
conversion of testostosterone to estradiol in vivo by aromatase or from injury induced
upregulation of estradiol production locally within the CNS. Later data from the same group,
as well as another, each treated wild type and global ERα knock out mice with higher than
peak ovulatory doses of either estradiol or estriol, respectively, to ascertain whether these
exogenously administered estrogens worked through ERα to ameliorate EAE [72,111].
While these two papers each showed a critical role for ERα in disease protection mediated
by exogenous estradiol or estriol treatment, there were no differences in disease between
placebo treated global ERα knock outs and wild types in either females or males. Notably,
as discussed elsewhere, the effect of ovariectomy on EAE has been controversial, with some
groups finding no significant consistent effect of ovariectomy on EAE [148] and others
finding a worsening of EAE thereby suggesting a disease protective effect of endogenous
estrogens [56]. Together, the lack of an effect of the global ERα knock out on placebo
treated mice with EAE is consistent with the lack of an effect of ovariectomy on disease.

Exogenous ERα ligand, propyl pyrazole triol (PPT), treatment provides disease protection in
a variety of mouse strains with EAE [35,51,92,134,141]. In active EAE, pre-treatment with
the ERα ligand abolishes clinical disease as evidenced by the loss of this protection in
different ERα KO mouse models [92,111]. Furthermore, in the effector phase of EAE, ERα
ligand treatment provides clinical disease protection compared to EAE with vehicle control
treatment. Although the disease was not completely abolished with treatment only in the
effector phase, the peak disease score was lower and the overall severity of the disease was
significantly reduced [134].

In the peripheral immune system during active EAE, ERα ligand treatment was able to
decrease pro-inflammatory cytokines such as TNFα, IFNγ, and more while increasing the
anti-inflammatory cytokine IL-5 in cultured splenocytes and LNCs [35,92,141] (Table 1).
Within the CNS, ERα ligand treatment was capable of decreasing macrophage and T-cell
inflammation at both early and late time points of EAE [92,141]. Beyond inflammation,
ERα ligand treatment has been shown to protect against axonal loss as well as
demyelination at both early and late time points of EAE [92,141]. While the mechanism of
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this protection is not fully understood, recent studies have shown that ERα ligand treated
mice with EAE had reduced MMP-9 in supernatants from auto-antigen stimulated
splenocytes. This reduction in MMP-9 coincided with a decrease in T-cell and macrophage
infiltration into the CNS [51] (Table 1).

Given the powerful effects of ERα ligand treatment on EAE, focus shifted toward what cell
or host of cells were responsible for ERα ligand’s protective actions. ERα is expressed on a
variety of cells including but not limited to: T-cells, macrophages, microglia, neurons,
oligodendrocytes, astrocytes, and epithelial cells [27,39,42,52,88,109,144]. It was assumed
that ERα ligand was acting on peripheral immune cells to prevent an immune response in
EAE, thus ameliorating disease. However, bone marrow chimera studies and selective ERα
KO studies, in which ERα was selectively removed from T and/or B-cells, demonstrated
that peripheral T and B-cells were not the direct target cell of estrogen mediated protection
[42]. However, a recent study used bone marrow chimeras to generate a mouse that was
deficient in ERα on hematopoietic cells. While there was no effect on the clinical course of
EAE, the mice that lacked ERα on hematopoietic cells had a larger amount of CD4+ T-cell
infiltration into the CNS, suggesting that ERα expression on immune cells was involved in
reducing CNS infiltration [66]. A new study has now shown that T-cells may indeed be a
direct target of ERα ligand’s protective effects depending upon the timing and dosage of
exogenous ERα ligand treatment [67]. Furthermore, B-cells also appear to be a target cell of
interest. Estradiol treated B-cells that were removed from ERα −/− mice were unable to
suppress a proliferative response from co-cultured T-cells when compared to B-cells from
WT mice, thus demonstrating that estradiol acted through ERα on B-cells to inhibit an
immune response [11]. Clearly, more research is necessary to determine if T and/or B-cells
are the direct or indirect targets of ERα ligand treatment in vivo during EAE.

Regarding potential cellular targets in the CNS, astrocytes are known to express ER’s [39].
Removal of reactive astrocytes was shown to worsen EAE. Specifically, clinical disease, as
well as levels of CNS inflammation and axonal loss, were increased in EAE animals that
had transgenic ablation of reactive astrocytes compared to WT mice with EAE [149]. Thus,
a conditional knock out, whereby ERα was removed only in astrocytes, was created. When
EAE was induced in this conditional knockout of ERα from astrocytes, ERα ligand
treatment was no longer protective. Specifically, ERα ligand treatment of mice that had a
conditional knockout of ERα from astrocytes, were no longer protected from either T-cell
and macrophage infiltration into the CNS or axonal loss when compared to WT mice. Thus,
ERα expression on astrocytes, is indispensable in providing ERα ligand mediated protection
[134]. While the exact mechanism of this ERα astrocyte protection is unknown, recent
evidence has shown that during EAE, ERα was capable of preventing TNFα induced CCL2
expression in astrocytes, thereby preventing NF-kB transcription in the astrocyte [47]. Given
that NF-kB is a powerful pro-inflammatory regulator, perhaps this decrease in transcription
was responsible for the inflammatory differences seen in the ERα astrocyte conditional
knockout [13,134]. While ERα expression on astrocytes plays an important role in the
protective effect of ERα ligand treatment, further research is needed to determine if there
are other cellular targets in the CNS that may mediate ERα ligand’s neuroprotective effects.

8. Estrogen receptor beta ligand and EAE
Data have shown that the global knock out of the ERβ gene does not alter EAE disease
severity compared to WT mice, suggesting endogenous estrogens do not act through ERβ to
offer disease protection [112,111]. However, exogenous treatment with an ERβ ligand has
been shown to ameliorate EAE in the C57BL/6 strain, but not in the SJL strain [35,141].
This difference in clinical protection could be due to strain differences or due to differences
in the timing of the effect of treatment on disease [32,35,51,141]. Our group has shown that
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EAE mice pre-treated with ERβ ligand exhibit lower disease scores than mice treated with
vehicle. Although the disease was not completely abolished, clinical scores were
significantly lower later in disease [141]. In contrast to treatment with ERα ligand, ERβ
ligand treatment did not affect cytokine production during peripheral auto-antigen specific
immune responses. In addition, ERβ ligand treatment did not reduce spinal cord
inflammation during EAE as assessed by immunohistochemistry (IHC) of the spinal cord.
Nevertheless, treatment with ERβ ligand was still able to protect mice against demyelination
and axonal loss. Further, ERβ ligand treatment was able to restore motor function as
measured by the rotor-rod test in EAE mice [141]. These results suggested that ERβ, while
clinically beneficial, did not reduce levels of CNS inflammation and therefore might act
directly on CNS cells to mediate neuroprotection.

Given ERβ ligand’s potential as a neuroprotective treatment for MS, our group studied the
combination of ERβ ligand treatment with an anti-inflammatory agent currently used in MS,
Beta-interferon. These studies in EAE confirmed that ERβ ligand treatment alone was
effective at reducing clinical disease, as well as protecting against axonal loss even in the
presence of inflammation [32]. However, the combination of ERβ ligand treatment with
Beta-interferon was more effective at ameliorating EAE than ERβ ligand treatment alone.
Combination treatment significantly reduced clinical disease, preserved axonal density, and
reduced inflammation. Specifically, combination treatment reduced T-cells and
macrophages in the spinal cord, while decreasing IL-17 from splenocytes. In addition, the
cell adhesion molecule, VLA4, was significantly reduced on T-cells with the combination
treatment [32]. These data suggested that ERβ ligand treatment might be useful in
combination with an anti-inflammatory agent in the treatment of MS.

Recent evidence has shown that ERβ ligand treatment was not only capable of preventing
demyelination, but also has the ability to stimulate endogenous myelination [23]. In the
corpus callosum, similar to previous observations in the spinal cord, ERβ ligand treatment
prevented demyelination of callosum axons even in the presence of inflammation [23,141].
Furthermore, there was an increase in the number of mature oligodendrocytes that correlated
with an increase in myelin sheath thickness with a corresponding decrease in the g-ratio.
Electrophysiology recordings showed that callosum axon conduction, with ERβ ligand
treatment, exhibited a significant increase in compound action potential amplitudes, latency,
and axon refractoriness [23]. It remains unknown whether effects on myelination are due to
direct effects of ERβ ligand on oligodendrocytes or indirect effects on other cells expressing
ERβ.

While previous studies showed that ERβ ligand treatment does not affect the levels of
inflammation in the CNS [141], subsequent studies asked whether there might be qualitative
differences in similar levels of spinal cord inflammation in ERβ ligand versus vehicle
treated EAE mice [33]. No differences were observed in the numbers of T-cells or
macrophages comprising infiltration, but the numbers of dendritic cells in the CNS were
reduced in ERβ ligand treated mice. Furthermore, ERβ ligand treatment decreased the
amount of TNFα produced by these CNS dendritic cells (Table 1). Finally, adoptive EAE
was induced in WT recipients using draining LNCs composed of dendritic cells from either
ERβ KO or WT mice. Upon treatment with ERβ ligand, the immune cells composed of ERβ
deficient dendritic cells were no longer sensitive to ERβ ligand mediated immune
suppression [33]. Furthermore, others have shown that ERβ ligand treatment can suppress
inflammatory responses of microglia and astrocytes [122]. In summary, ERβ ligand differs
substantially from ERα ligand in its effects on EAE, but both remain potential candidates
for the treatment of MS.
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9. GPR30 and EAE
While ERα and ERβ are classically viewed as nuclear receptors, G protein-coupled receptor
30 (GPR30) is expressed on cellular membranes of both human and mouse cells
[76,91,115]. Recent evidence suggested that estradiol binding to the GPR30 may contribute
to some of the protective effects of estradiol treatment in EAE [10,151,154]. While not lost
completely, the magnitude of the estradiol mediated protection during disease, specifically
inflammation and demyelination, was reduced in GPR30KO mice on a C57BL/6
background [151,154]. Furthermore, SJL and C57BL/6 mice treated with the GPR30
agonist, G-1, showed a small but significant decrease in clinical disease severity compared
to control mice in both active and adoptive EAE [10,151]. G-1 treatment was also able to
decrease axonal damage, CNS inflammation, and demyelination [151]. Furthermore, there
was a decrease in the number of macrophages in the CNS with G-1 treatment [10]. Cytokine
and chemokine expression was also altered with G-1 treatment, specifically there was a
decrease in IFNγ, TNFα, IL-17, IL-23 CCL2, CCL4 and CCL5 from cultured splenocytes
and LNCs [10]. Additionally, G-1 treatment increased PD-1 in CD4+ Foxp3+ Treg cells,
[151]. While G-1 treatment was able to provide some level of protection during EAE, the
exact mechanism of action remains unclear.

10. Estriol treatment in EAE
Estriol can bind to both ERα and ERβ, but has a preference for binding ERβ over ERα [63].
Studies have shown that doses of estriol, consistent with physiological murine pregnancy
levels, can ameliorate EAE in female mice [7,59]. Estriol treatment was protective in
multiple strains of mice including SJL, C57/B6, and B10.Pl. Furthermore, both female and
male of SJL and C57BL/6 mice respond to estriol treatment, demonstrating that estriol
treatment was not female specific [7,51,56,59,102,104].

Estriol treatment was able to prevent spinal cord inflammation and demyelination in EAE
mice [7,59]. Multiple studies have shown that estriol treatment alters the cytokine profile to
induce a shift from a Th1 to a Th2 from cultured splenocytes and LNCs. This shift included
a decrease in TNFα, IFNγ, IL-2, IL-6, and an increase in IL-5 and IL-10 [7,59,104] (Table
1). Others have shown that splenocytes from estriol treated mice exhibited a decrease in the
migration marker MMP-9, consistent with the decrease in CNS inflammation in estriol
treated mice [51]. This reduction in MMP-9 was also found with ERα ligand treatment, but
not with ERβ ligand treatment [51].

Recent evidence shows that dendritic cells, at least in part, mediate estriol’s protective
effect. Estriol treated dendritic cells exhibited a decrease in cytokines: IL-IL-6, IL-12 and
more with an increase in the immunoregulatory cytokines: TGF-β and IL-10 [108] (Table
1). Furthermore, activation markers, MHC II, CD80 and CD86, as well as inhibitory
markers, PD-L1, PD-L2, B7-H3, and B7-H4 were all increased in estriol treated dendritic
cells [108]. These estriol induced changes resulted in a decreased severity of EAE [108].
This evidence in the preclinical model lends support to exploration of estriol as a potential
treatment for MS patients.

11. Estriol treatment in MS
A pilot clinical trial of estriol was conducted in females with relapsing-remitting MS
(RRMS). In the study, patients were observed for 6 months, then treated with pregnancy
levels of oral estriol (8 mg per day) for the following 6 months. After 6 months of treatment
the patients were taken off estriol for 6 months and then placed back on treatment for
another 4 months. During treatment, RRMS patients exhibited a significant decrease in the
number of gadolinium enhancing lesions on brain MRI as compared to pre-treatment
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baseline. When treatment stopped, enhancing lesions returned to baseline levels, and when
treatment was again reinstated, enhancing lesions again decreased. Furthermore, cognitive
function, using the paced auditory serial addition test (PASAT), was improved in RRMS
patients, although this may have been confounded by practice effects in this single arm cross
over study [127].

Estriol treatment was also able to beneficially alter the immune response in MS patients. For
example, a decrease in the recall response to a control antigen, namely the delayed type
hypersensitivity (DHT) response to tetanus, was observed [127]. Furthermore, during the
trial, PBMCS were collected longitudinally and then stimulated ex vivo with mitogens and
recall Ags. PBMCs collected during the in vivo estriol treatment period showed a significant
increase in IL-5 and IL-10, with a significant decrease in TNFα, IFNγ, and MMP-9
[51,127,131] (Table 1). This Th1 to Th2 cytokine shift correlated with the decrease in
enhancing lesions in RRMS patients. Data indicated that the increase in IL-5 was due to an
increase in CD4+ and CD8+ T-cells, while the increase in IL-10 was due to an increase
CD64+ monocytes/macrophages. The decrease in TNFα was due to a decrease in CD8+ T-
cells [131]. Further exploration of estriol as a treatment in MS is warranted and ongoing
(http://www.clinicaltri als.gov/ct2/show/NCT00451204).

12. Tamoxifen, raloxifene, and genistein in EAE
Given the possibility of estrogen treatment for MS, studies have explored the use of the
SERMs, tamoxifen and raloxifene, and the phytoestrogen, genistein, in EAE [8,28,35]. At a
low dosage, both tamoxifen and raloxifene have been shown to reduce the clinical severity
of EAE compared to placebo treatment. However, when both estradiol and tamoxifen were
used at an equal dose (2.5 mg), estradiol was able to abrogate disease entirely, while
tamoxifen only partially reduced disease severity compared to placebo treated mice.
Tamoxifen, but not raloxifene, was able to alter the cytokine profile of EAE mice to a Th2
bias. Interestingly both, tamoxifen and raloxifene treatment were able to inhibit CD4+ T-cell
proliferation in EAE mice [8,35]. The phytoestrogen, genistein, was also able to reduce
clinical disease severity when compared to a placebo control. In addition, genistein
treatment increased IL-10, and decreased IFNγ, TNFα and IL-12 [28]. While these three
compounds remain possible treatments for MS, much more research is needed before
conclusions can be drawn. Specifically, whether these compounds are acting as an agonist
for one ER versus an antagonist for another ER in different tissues remains unclear [70].

13. Testosterone, 5αDHT, and EAE
SJL mice show a sex bias similar to humans with MS characterized by greater susceptibility
in females as compared to males [26]. It appears that this sex bias is due at least in part to a
protective effect of androgens. Castrated SJL male mice show a worsening of clinical
disease as well as greater demyelination and inflammation in the spinal cord when compared
to sham operated males [5,105]. Interestingly, C57BL/6 mice show neither a sex difference
in EAE nor an effect from male castration, suggesting that endogenous androgens are not
protective in the C57BL/6 strain. Strangely, this effect is not due to strain differences in
endogenous levels of testosterone. In contrast to endogenous testosterone, exogenous
testosterone treatment ameliorated EAE in both the SJL and C57Bl/6 strains [6,105].
Interestingly, supplemental testosterone did not provide disease protection in castrated
middle-aged male C57BL/6 mice [82]. It remains unclear regarding why endogenous
testosterone is effective in the SJL strain but not the C57BL/6 strain; furthermore, it’s
unclear why exogenous testosterone is more beneficial in younger mice. Theoretically these
differences in the effectiveness of testosterone on disease could be due to strain or age
differences in AR or ER expression.
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Testosterone has the ability to be aromatized into estrogen by the enzyme aromatase. Thus,
testosterone may either work through ARs, ERs, or GPR-30 [44,91,140]. To circumvent the
effects of testosterone treatment on estrogen receptors, groups have used 5αDHT, the non-
aromatizable androgen. 5αDHT was able to lessen disease severity SJL and C57BL/6 mice,
suggesting that at least some of the protective effect of testosterone treatment could be
mediated through the AR [26,105]. However, the administration of 5αDHT is not an
absolute proof for the involvement of the AR as its metabolite, 3α-androstanediol, which is
formed in the brain, may activate ERβ [63,75]. Direct evidence of androgens working
through the AR, comes from data showing that testosterone treatment was not able to
completely ameliorate disease in the presence of the AR antogonist flutamide in C57BL/6
young male mice [82].

Androgens alter the immune profile of EAE mice. Castration of male SJL mice leads to an
increase in immune cell infiltration into the CNS [5]. Evidence has shown that T-cells
treated with 5αDHT produced more IL-10 than vehicle treated T-cells [26], suggesting that
some anti-inflammatory effects are mediated through the AR. In castrated SJL EAE mice,
IFNγ levels were increased in whole spinal cord [5] (Table 1). SJL female T-cells treated
with testosterone, from either the spleen or lymph nodes, also showed a decrease in IFNγ
with an increase in IL-10 [6]. Further evidence has shown that testosterone treatment
decreased TNFα in splenocytes in male mice [82] (Table 1). Perhaps of most importance,
SJL mice showed a decrease in adoptive EAE clinical disease when injected with Tcells pre-
treated with testosterone versus untreated T-cells [6]. All of this evidence suggests that the
androgens may provide some disease protection at least in part through the AR. Further
studies are needed to determine what cells might be responsible for this protection.

14. Testosterone and MS
Given that males are less susceptible than females to MS, as well as the animal data
demonstrating testosterone’s beneficial effect in EAE, a preliminary study was performed in
which men with MS were treated with testosterone. Ten men with RRMS were given a daily
treatment of 10 g of a gel containing 100 mg of testosterone for 12 months. This was
preceded by a 6-month observation period. Testosterone treatment resulted in a significant
slowing of the rate of brain atrophy as measured by monthly MRI. Furthermore, the patients
exhibited an improvement in cognitive testing. However, this effect could have been
confounded by practice effects in this single arm cross over trial design [128]. PBMCs
obtained during the treatment period, as compared to the pre-treatment period, produced
significantly more brain-derived neurotrophic factor (BDNF), platelet derived growth factor
(PDGF)-BB, and TGFβ-1 with decreased IL-2 production (Table 1). Furthermore,
testosterone treatment reduced the DTH recall immune response as well as decreased CD4+
T-cells and increased NK cells [50]. Further study of testosterone treatment in men with MS
is warranted.

15. Conclusion
Currently, MS treatments have a primary focus on reducing inflammation. Given that MS is
both an inflammatory and neurodegenerative disease, there is a need for neuroprotective
treatments if one aims to fully halt the disease [86]. Estrogens and androgens both have the
potential to play neuroprotective roles in the treatment of MS. EAE studies with various
estrogen and androgen treatments led to clinical disease protection, as well as protection
from CNS inflammation, axonal loss, as well as demyelination. ERα ligand treatment was
able to completely abrogate both early and late stages of disease. However, it is unlikely
ERα ligand treatment could be used long term or in high doses since breast and ovarian
cancers are mediated via ERα in humans [12,90]. ERβ ligand and estriol treatments remain
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promising candidates for MS since they have the potential to be much safer due to either no,
or relatively low, binding to ERα respectively [60,63,62,155]. In the EAE model, ERβ
ligand was able to ameliorate late signs of clinical disease while providing neuroprotection
even in the presence of CNS inflammation [23,141]. Recent evidence suggests that ERβ
ligand may not only prevent demyelination, but also promote remyelination [23]. However,
since ERβ ligand is does not prevent CNS inflammation, it would theoretically need to be
given in combination with an anti-inflammatory agent in MS [32]. Androgen treatment
remains a candidate for male MS patients. While some anti-inflammatory effects of
testosterone have been shown in EAE, direct neuroprotective effects have not been
addressed. It remains unclear whether the protective effect of testosterone might be due to its
conversion to estrogen in the CNS.

Despite evidence in the preclinical MS model regarding estrogen’s and androgen’s potential
as therapeutic treatments, more research is needed; particularly at the clinical level to assess
the potential of sex hormone treatments for MS patients. Two trials are currently under way
to test the efficacy estriol and estradiol for women with MS. The first trial is a double blind
placebo controlled trial of oral estriol given in combination with a standard of care
treatment, Copaxone. RRMS subjects will be treated for 2 years, and the primary outcome
measure is a reduction in relapses (http://www.clinicaltrials.gov/ct2/show/NCT00451204).
The second trial, POTPART’MUS is a double blind trial aimed to prevent post-partum
relapses. Women are given high doses of progestin in combination with physiological doses
of estradiol immediately after delivery with continuous administration for the first 3 months
post-partum [150]. The field of MS anticipates the results of these trials.
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Fig. 1.
Simplified model of estrogen’s actions for disease protection during EAE. (1) Estradiol (E2)
and estriol (E3) act on dendritic cells (red) in the periphery to provide protection during
EAE [71,108]. (2) Estradiol and ERα ligand act on B-cells (light blue) to provide protection
during EAE [11]. (3) ERα ligand acts on T-cells (purple) to prevent EAE [67]. (4) Estradiol,
estriol, and ERα ligand prevent inflammation into the CNS during EAE [7,59,66,92,141].
(5) ERα and ERβ act on the astrocytes (dark blue) to promote disease protection [122,134].
(6) ERβ acts on dendritic cells (red) in the CNS to provide protection during EAE [33]. (7)
ERβ acts on microglia to provide protection during EAE [122]. (8) Estradiol, estriol, ERα
and ERβ ligand treatment during EAE prevent axonal loss [7,59,92,141]. (9) ERβ ligand
promotes remyelination of axons during EAE [23]. (10) Estradiol, estriol, ERα and ERβ
ligand prevent demyelination during EAE [7,59,92,141].
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Table 1

Treatment with exogenous estrogens and androgens provide immune protection in EAE and MS in multiple
tissues/cells. Select cytokines/chemokines and their respective receptors as well as adhesion molecules,
growth factors and proteinases are subject to increase or decrease with treatment of ERα ligand, ERβ ligand,
estradiol (E2), estriol (E3), testosterone (T), and 5aDHT in splenocytes, lymph nodes, dendritic cells and CNS
in EAE as well as PBMCs in MS patients. CNS includes mononuclear cells isolated from the CNS. Arrows
indicate whether the change was an increase or decrease with the sex hormone treatment. Note: Some of the
names of the molecules have been changed from their original name to reflect current nomenclature.

EAE
Peripheral splenocytes/LNCs

EAE
Dendritic cells

EAE
CNS

MS
PBMCs

ERα ligand ↑IL-5 [92,141]
↓TNFα, IFNγ, IL-2, IL-4, IL-6, IL-10, MMP9
[35,51,92]

N/A N/A N/A

Erβ ligand ↓IL-17 [32] ↓TNFα [22] N/A N/A

Estradiol ↑CCL2, CCL4, IL-18, TFGβ-3, CTLA-4, CCR3,
VCAM [11,71,81,135]
↓ TNFα, IL-2, IFNγ, IL-6, IL-17, CCL2, CCL5,
CCR1, CCR5, NCAM [11,71,81,135]

↓TNFα, IFNγ, and
IL-12 [71]

↑TGFβ-2,
TGFβ-3, IL-1β,
IL-17, CCL2,
CCL5,
CXCL13
[11,79,81,135]

N/A

Estriol ↑IL-5, IL-10, Il-4 [59,104,108]
↓TNFα, IFNγ, IL-2, IL-6, MMP-9 [51,59,104,108]

↑TGF-β, IL-10,
IL-12p35 [108]
↓IL-12p40, IL-23p19,
IL-6 [108]

N/A ↑IL-5,
IL-10[127,131]
↓TNFα, IFNγ,
MMP-9
[127,131]

Testosterone/DHT ↑IL-10 [6,26]
↓IFNγ, TNFα [6,82]

N/A N/A ↑BDNF,
PDGFBB,
TGFβ1 [50]
↓IL-2 [50]
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