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Abstract
Estrogens act upon nuclear estrogen receptors (ER) to ameliorate cell-mediated autoimmune
disease. As most immunomodulatory effects of estrogens in EAE have been attributed to the
function of ER-α, we previously demonstrated that ER-β ligand treatment reduced disease severity
without affecting peripheral cytokine production or levels of CNS inflammation, suggesting a
direct neuroprotective effect; however, the effect of ER-β treatment on the function of immune
cells within the target organ remained unknown. Here, we used adoptive transfer studies to show
that ER-β ligand treatment was protective in the effector, but not the induction phase of EAE, as
shown by decreased clinical disease severity with the preservation of axons and myelin in spinal
cords. The analysis of the immune cell infiltrates in the CNS revealed that while ER-β ligand
treatment did not reduce overall levels of CNS inflammation, there was a decrease in the DC
percentage, and these CNS DC had decreased TNF-α production. Finally, experiments using DC
deficient in ER-β revealed that the expression of ER-β on DC was essential for protective effects
of ER-β ligand treatment in EAE. Our results demonstrate for the first time an effect of ER-β
ligand treatment in vivo on DC in the target organ of a prototypic cell-mediated autoimmune
disease.
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Introduction
Pregnancy confers protection in a variety of cell-mediated autoimmune diseases in humans
and in their respective animal models, including psoriasis, myasthenia gravis, Grave’s
disease, rheumatoid arthritis, and multiple sclerosis (MS) [1–4]. Late pregnancy in humans
has been associated with a decrease in Th1 immune responses. In MS, the reduction in Th1
immunity during late pregnancy is paralleled by a reduction in relapses [5]. Estrogen
treatment in the MS mouse model, experimental autoimmune encephalomyelitis, has been
shown to reduce clinical disease by inhibiting a variety of disease-promoting mechanisms,
including reductions in proinflammatory cytokines, chemokines, and migration factors, as

Full correspondence: Prof. Rhonda Voskuhl, UCLA Multiple Sclerosis Program, Department of Neurology, University of California,
Los Angeles, 635 Charles E. Young Drive South, Neuroscience Research Building 1, Room 479, Los Angeles, CA 90095, USA, Fax:
+1-310-206-7282, rvoskuhl@ucla.edu.
Conflict of Interest: The authors declare no financial or commercial conflict of interest.
Supporting Information available online

NIH Public Access
Author Manuscript
Eur J Immunol. Author manuscript; available in PMC 2012 January 1.

Published in final edited form as:
Eur J Immunol. 2011 January ; 41(1): 140–150. doi:10.1002/eji.201040796.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



well as increases in CD4+CD25+Foxp3+ T regulatory cells [6–10]. Estrogens signal
primarily through two nuclear receptor subtypes, estrogen receptor (ER)-α and -β, whereas
more rapid membrane effects have also been described [11,12]. Although both ER are
expressed in all immune cell types, most of the protective effects of estrogen treatment in
EAE have been shown to be mediated through ER-α without evidence for involvement of
ER-β signaling [13–15]. Recently, our lab has shown that ER-β ligand treatment during
EAE reduced clinical disease relatively late and preserved axon densities despite a lack of an
effect on decreasing CNS inflammation and altering peripheral cytokine production. This
suggested a neuroprotective effect that was independent of influences on the peripheral
immune system [16]. However, an effect of ER-β ligand treatment on the composition and
the function of immune cells in the target organ during EAE remained unknown.

There is a great deal of evidence that APC localized to the CNS at sites of immune cell
infiltration play a pivotal role in the outcome of neuroinflammation. The induction of EAE
requires priming of antigen-specific CD4+ T cells (TC) in secondary lymphoid tissues, and
re-activation of these CD4+ TC at the target organ by professional APC. DC can drive Th-
cell differentiation and are potent APC that can influence innate and adaptive immune
responses. DC in the healthy CNS normally reside in the meninges and around CNS blood
vessels. Recent studies have shown that during adaptive immunity, mature myeloid DC
preferentially accumulate at the perivascular inflammatory foci of the spinal cords during
peak EAE disease severity, inducing the production of effector TC in the CNS [17–19]. In a
model where DC were the only cells expressing MHCII molecules, DC alone were sufficient
to initiate EAE [20]. Furthermore, during relapse-remitting EAE, CNS myeloid DC were
shown to initiate epitope spreading, leading to expansion of encephalitogenic CD4+ TC that
can induce clinical relapses [17]. Therefore, DC in the target organ are central to the
immunopathogenesis of EAE and other Th1-mediated autoimmune diseases.

DC express ER-α and ER-β in many stages of development, and it is thought that ER
signaling is involved in the development and function of these cells. In vivo and in vitro
studies have revealed that estrogen-dependent DC development and maturation is in part
mediated through ER-α [21,22]. In autoimmunity, one study has shown that estrogen acting
through ER-α can inhibit the development of EAE by reducing the number of DC in the
secondary lymphoid organ during the priming phase [23]. In contrast, little is known about
the role of ER-β during immune cell development, and even less is known about the role of
ER-β on DC in the target organ during autoimmune disease. In the present study, we
examined the effect of ER-β ligand treatment on immune cells in the CNS during chronic
EAE. Our data demonstrate for the first time a role for ER-β in vivo on DC in the target
organ of a prototypic cell-mediated autoimmune disease and thereby present a novel
therapeutic target for future treatment of such diseases.

Results
ER-β ligand treatment during the effector phase of EAE reduces disease severity

To determine whether ER-β ligand treatment affects the induction or effector phase of EAE,
adoptive transfer studies were performed in which donor (Fig. 1A) or recipient (Fig. 1C)
mice were treated with ER-β ligand or vehicle. As shown in Fig. 1B, ER-β ligand treatment
in the induction phase of EAE (in donor mice) did not alter the ability of autoantigen-
stimulated lymph node cells (LNC) to induce EAE upon adoptive transfer to naïve,
untreated recipient mice. Specifically, adoptive transfer of immune cells from ER-β ligand-
treated donor mice resulted in EAE disease severity in recipients that was comparable to
disease induced by immune cells from vehicle-treated donors. As a positive control for
detecting a treatment effect, ER-α ligand treatment in the induction phase of EAE decreased
encephalitogenicity, as shown by decreased disease in naïve recipients (Fig. 1B).
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To determine whether ER-β ligand may instead function in the effector phase of EAE, ER-
β−/− mice were immunized and their autoantigen-stimulated LNC adoptively transferred into
ER-β-ligand-treated recipient mice (Fig. 1C). The use of ER-β−/− mice in the induction
phase eliminated any possible effects of ER-β ligand treatment on donor cells in recipient
mice. In contrast to no effect of ER-β ligand treatment during the induction phase, ER-β
ligand treatment during the effector phase (in recipient mice) decreased EAE disease
severity as compared with vehicle-treated EAE mice (Fig. 1D). These results demonstrated
that ER-β ligand treatment in the effector phase, but not the induction phase, reduced the
severity of clinical EAE. These data show that ER-β ligand treatment does not act through
priming of antigen-specific effector TC during induction of the immune response, but rather
reduces the ability of such effectors to invoke disease in the target organ.

ER-β ligand treatment preserved axonal densities and myelin staining in the spinal cord
Next, neuropathology was assessed in mice treated with ER-β ligand during the effector
phase of adoptive EAE. Neurons and axons in spinal cord sections of ER-β ligand and
vehicle-treated animals that received ER-β−/− donor LNC were visualized by
neurofilament-200 (NF200) staining (Fig. 2A, top). In addition, these recipient mice carried
a transgene for yellow fluorescent protein (YFP) under the control of the neuronal-specific
Thy1 promoter; thus, YFP expression was used to confirm NF200 immunofluorescent
staining. NF200 immunoreactivity completely overlapped with YFP expression (not shown).
Quantification of NF200 staining revealed significantly reduced axonal densities in vehicle-
treated mice with adoptive EAE compared with that of healthy controls, whereas ER-β
ligand-treated EAE mice demonstrated preservation of axonal densities to levels comparable
to that of healthy controls (Fig. 2B, left).

Since myelin is integral to proper saltatory conduction along axons, myelin staining intensity
was also examined in these spinal cords. Consistent with a decrease in axonal density,
vehicle-treated EAE mice also exhibited decreased myelin basic protein (MBP) staining
intensity when compared with healthy controls. In contrast, ER-β ligand treatment
significantly preserved MBP staining intensity as compared with vehicle treatment (Fig. 2A
and B, middle). These results showed that ER-β ligand treatment in the effector phase of
adoptive EAE preserved myelin and axons. Despite this neuroprotection, ER-β ligand
treatment did not prevent the accumulation of inflammatory infiltrates in the CNS of mice in
the effector phase of adoptive EAE (Fig. 2A, bottom). Both ER-β ligand and vehicle-treated
EAE mice had levels of CNS inflammation that were significantly increased compared with
healthy controls (Fig. 2B, right). Together, these data demonstrated that ER-β ligand
treatment during the effector phase of EAE resulted in neuroprotection, despite the
accumulation of CNS inflammation.

ER-β ligand treatment altered immune cell composition in the CNS of mice with EAE
Although ER-β ligand treatment of EAE mice did not result in a decrease in the level of
CNS inflammation, it remained possible that the cellular composition of the inflammation
was affected by the treatment. Thus, CNS infiltrates were characterized for cellular
composition in experiments where ER-β ligand was administered only during the effector
phase of adoptive EAE, to recipient mice. In these experiments, mice were treated during the
effector phase with either ER-β ligand or vehicle, and at disease onset immune cells from
the CNS were isolated and assessed by flow cytometry. Confirming immunohistochemistry
data in Fig. 2, there were no appreciable differences in the expression of CD45 in the CNS
between ER-β ligand and vehicle-treated groups when assessed by flow cytometry (Fig. 3B).
Further, although ER-β ligand treatment in the effector phase of EAE had no effect on the
levels of CD4+ or CD8+ TC in the CNS of EAE mice (Fig. 3C), there was a significant
decrease in the percentage of CD11b/CD11c+ DC (Fig. 3D and E). Notably, ER-β ligand
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treatment did not alter the percentage of CD4+CD25hi-Foxp3+ T regulatory cells that could
potentially suppress encephalitogenic TC in the CNS (not shown). Naïve mice did not show
detectable levels of TC or DC in the CNS. Further analysis of CD11b/CD11c+ DC in the
CNS of EAE mice revealed that ER-β ligand treatment appeared to decrease MHCII
expression when compared with vehicle-treated mice, but there were no differences in the
level of expression of the costimulatory molecules CD80 and CD86 on DC between
treatment groups (Supporting Information Fig. 1). Altogether, these results showed that the
cellular composition of CNS inflammation in EAE was affected by ER-β ligand treatment
during the effector phase. Specifically, ER-β ligand treatment decreased the percentage of
CD11b/CD11c+ DC in the CNS.

ER-β ligand treatment decreased the production of TNF-α by DC in the CNS of EAE mice
We next asked whether ER-β ligand treatment might affect cytokine production by DC in
the target organ. We focused on TNF-α because TNF-α is known to mediate demyelination
and axonal transection in EAE [24,25], and we had observed protection of myelin and axons
with ER-β ligand treatment (Fig. 2). DC were sorted ex vivo from the CNS of ER-β ligand
and vehicle-treated mice at disease onset and TNF-α mRNA levels were quantified by RT-
PCR. TNF-α mRNA levels were reduced by 40% in CD11b/CD11c+ DC derived from ER-β
ligand-treated EAE mice as compared with vehicle-treated (Fig. 4A). Together, these data
showed that in addition to reducing the number of DC in the target organ (Fig. 3), ER-β
ligand treatment also reduced their ability to make TNF-α.

ER-β ligand treatment of DC decreased the in vitro production of TNF-α during MOG-
specific stimulation

To further determine whether ER-β ligand treatment in vivo induced functional changes in
CNS DC, we performed DC/TC co-cultures. DC were derived from the CNS of ER-β ligand
or vehicle-treated EAE mice, whereas autoantigen-primed TC were obtained from LN of
untreated mice immunized with autoantigen. Consistent with the previous studies using co-
cultures [26], autoantigen stimulation of co-cultures resulted in proliferation at DC/TC ratios
of 1:5 and 1:20, but not at 1:50. Notably, there was no difference in this proliferation when
comparing DC derived from ER-β ligand versus vehicle-treated mice (Fig. 4B). However,
when TNF-α levels were examined in supernatants, decreased levels of TNF-α were found
in cultures that contained DC derived from the CNS of ER-β ligand-treated, as compared
with vehicle-treated mice (Fig. 4C). In this experiment, it is possible that the source of TNF-
α may be DC and TC. As TNF-α can mediate demyelination and axonal transection in EAE
[27,28], effects on TNF-α production when DC were treated with ER-β ligand were
consistent with reduced demyelination and axonal loss in ER-β ligand-treated EAE mice
(Fig. 2).

ER-β expression in DC is essential for ER-β ligand-mediated protection in EAE
Finally, to determine the functional significance of ER-β expression on DC during ER-β
ligand treatment in EAE, we performed another set of adoptive transfer studies using donor
cells that lacked ER-β expression in DC. Immunized ER-β−/− and WT donors LNC were
sorted for CD11b/CD11c+ DC and CD11b/CD11c− (non-DC) fractions. The DC fractions
were from ER-β−/− or WT mice, whereas non-DC fractions were all from WT mice. Cells
from various ER-β−/− and WT donors were mixed with the ratios of DC (3%) and non-DC
(97%) based on the immune cell composition of non-manipulated immunized donor LNC,
then stimulated with autoantigen before adoptive transfer into ER-β ligand- or vehicle-
treated recipient mice (Fig. 5A). As shown in Fig. 5B, ER-β ligand-treated mice adoptively
transferred with WT DC (green) had reduced EAE disease severity compared with ER-β
ligand-treated mice that were adoptively transferred ER-β−/− DC (orange). These results
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demonstrated that ER-β ligand treatment during the effector phase of EAE acts at least in
part on ER-β-expressing DC.

Discussion
Previously, our lab showed that ER-β ligand treatment was neuroprotective in active EAE
without altering cytokine production of autoantigen-specific immune cells in the periphery
and without reducing the level of CNS inflammation. Specifically, ER-β ligand treatment
preserved axon densities and myelin staining late in disease despite persistent inflammation
in the CNS [16]. However, it remained unknown whether qualitative differences might exist
in the inflammatory infiltrates of ER-β ligand-treated EAE mice. Therefore, in the present
study, we examined immune cells in the CNS of EAE mice treated with ER-β ligand. We
found that ER-β ligand treatment conferred clinical protection in the effector phase of
adoptive EAE and reduced the percentage of DC in the target organ. DC isolated from the
CNS of ER-β ligand-treated EAE mice exhibited decreased TNF-α production. Finally, we
showed that ER-β ligand treatment in EAE conferred disease protection through ER-β
expressed on DC. This is the first study elucidating an in vivo immunomodulatory role for
ER-β during autoimmune demyelinating disease.

DC are emerging as critical mediators of inflammation in a variety of organ-specific
autoimmune diseases such as rheumatoid arthritis, psoriasis, and EAE due to their efficient
antigen-presenting ability [20,26,28–31]. CNS DC are critical to EAE pathogenesis, as DC
infiltrates in the CNS during EAE preferentially localize with effector TC at sites of
inflammation and they alone can activate infiltrating naïve TC to differentiate and
perpetuate inflammation [20,28]. Our finding of quantitative and qualitative effects of ER-β
ligand treatment on CNS DC, which occurred in a setting of improved clinical and
neuropathologic disease corroborates other studies showing that CNS DC play a critical role
in EAE disease severity [32–34]. Further, ER-β ligand treatment can now be considered as a
novel treatment strategy targeting DC in the CNS.

DC are excellent targets for organ-specific autoimmune diseases for several reasons. Within
the innate arm of immunity, DC represent a potent population of APC that are not only
capable of inducing innate immune responses in the periphery but also are essential for the
perpetuation of adaptive immune responses in the target organ during autoimmunity. Thus,
an advantage of targeting DC is the prevention of the recruitment of adaptive immune
responses. Treatments targeting DC represent a more selective strategy and an advantage
over treatments that involve pan immunosuppression or the depletion of T or B cells since
these latter methods are associated with adverse effects such as increased susceptibility to
infection. Thus far, there has only been one molecule, CEP-701, an flt-3 ligand inhibitor,
developed to selectively target DC [35]. Although CEP-701 has been shown to reduce EAE
disease severity, the side effects of this novel compound in humans remain to be determined.
Recently, another group has found that the injection of neural stem/precursor cells could
hamper the maturation of DC and thus the development of EAE, but the therapeutic use of
neural stem/precursor cells remains unknown [32]. ER-β ligand treatment presents a
relatively safe candidate for DC modulation because estrogen treatments have been widely
used in humans for decades, and the adverse effects of estrogen treatment on the breast and
uterus lining are mediated through ER-α, not ER-β.

Distinct protective mechanisms have been shown for ER-α and ER-β during autoimmune
demyelinating disease, and it is possible that antagonistic effects of ER-α and ER-β may also
exist. Antagonistic effects of ER-α and ER-β intracellularly have been reported whereby
ER-β can lead to transdominant negative regulation of ER-α [36]. In the uterus, a tissue
replete with both receptors, ER-β ligand treatment is known to antagonize the ER-α-
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mediated increase in uterine weight [37]. In the immune system, estrogens are known to
modulate many immune cell types, including the development of bone marrow-derived DC
into fully functional APC [21]. In vitro studies have identified ER-α as a critical mediator of
these developmental events during immunity, whereas the role of ER-β was not previously
found [38]. Our in vivo data implicate the role of ER-β in the attenuation of DC function in
the target organ during the effector phase of auto-immune demyelinating disease. ER-α
signaling is critical to hematopoietic cell differentiation into DC, and while this is conducive
to generating an effective immune response, an overproduction of immunogenic DC may
lead to autoimmunity. We speculate that ER-β may serve as a negative regulator of ER-α-
mediated DC development and maturation during health, and that autoimmunity may ensue
when ER-β-mediated regulation fails.

The role of cytokines in the neuropathologic outcome of neuroinflammatory diseases has
long been recognized. An important functional consequence of ER-β ligand treatment on DC
may be the ability to reduce TNF-α production by DC in the target organ. TNF-α, an
inflammatory cytokine, is produced broadly by the immune system and has been associated
with increased neuroinflammation in several acute and chronic neurological disorders,
including traumatic brain injury, ischemia, Parkinson’s disease, Alzheimer’s disease,
amyotrophic lateral sclerosis, and MS [39–41]. In MS patients, CSF and serum levels of
TNF-α are elevated compared with healthy subjects, and a rise in TNF-α in PBMCs has also
been shown to precede clinical relapses [25,42]. TNF-α signaling through the neurotrophin
receptor p55 in neurons and glia can mediate glutamate toxicity or lead to the activation of
apoptotic signaling cascades (NF-κB, JNK, or p38 pathway) [42,43]. Notably, estradiol’s
protective effect in EAE has been attributed in part to its ability to inhibit the production of
proinflammatory cytokines such as TNF-α from peripheral immune cells, and this has been
shown to be mediated through ER-α [43,44]. Our results demonstrating an ER-β ligand-
mediated reduction TNF-α in DC in the CNS in vivo, and in DC:TC cultures in vitro, which
correlated with sparing of myelin and axons, together demonstrate a previously unknown
immunomodulatory capacity for ER-β treatment. Notably, because ER-β is broadly
expressed in the CNS on neurons, astrocytes, and oligodendrocytes, our findings do not
preclude additional neuroprotective mechanisms as well. Nevertheless, our findings clearly
support the notion that ER-β ligand treatment should now be considered a potential strategy
to attenuate DC function in the target organ of autoimmune demyelinating diseases.

Materials and methods
Animals

Female ER-β homozygous knockout mice were purchased from Taconic Farms
(Germantown, NY, USA), and female WT C57BL/6 and B6.Cg-Tg (Thy1-YFP) 16Jrs/J
mice were purchased from the Jackson Laboratory (Bar Harbor, ME, USA). Animals were
maintained under standard conditions in a 12-h dark/light cycle with access to food and
water ad libitum. All procedures were done in accordance with the guidelines of the
National Institutes of Health and the Chancellor’s Animal Research Committee of the
University of California, Los Angeles Office for the Protection of Research Subjects.

Adoptive EAE and hormone manipulations
Animals were subcutaneously injected with myelin oligodendrocyte glycoprotein (MOG),
amino acids 35–55 (200 μg/animal, American Peptides) emulsified in complete Freund’s
adjuvant and supplemented with Mycobacterium tuberculosis H37Ra (200 μg/animal, Difco
Laboratories) over four draining inguinal and axillary LN sites in a volume of 0.1 mL/
mouse. Animals were either treated with vehicle consisting of 10% molecular-grade ethanol
(EM Sciences) and 90% Miglylol 812N liquid oil (Sasol North America) or the ER-β ligand,
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Diarylproprionitrile (Tocris Biosciences) diluted with vehicle at a dose of 8 mg/kg/day for
seven days before immunization or adoptive transfer of in vitro stimulated lymphocytes.
This dose of ER-β ligand had previously been shown to induce a known biological response
in vivo on a positive control tissue, specifically the ability to block ER-α-mediated increases
in uterine weight [16,37]. For adoptive transfer, LNC were cultured in 24-well plates at a
concentration of 4 × 106 cells/mL of complete RPMI medium containing 5% heat-
inactivated FBS, 1 mM sodium pyruvate, L-glutamine, 2ME, NEAA, Pen-strep, and 25 mM
HEPES buffer. For adoptive transfer of ER-β−/− or WT DC and non-DC mixture, LNC
obtained from ER-β−/− or WT mice were first separated by flow cytometry cell sorting (see
Cell Sorting and RT-PCR). Subsequently, WT non-DC were cultured with 3% ER-β−/− or
WT DC. Cells were stimulated with 25 μg/mL MOG, amino acids 35–55, and 20 ng/mL
recombinant mouse IL-12 (BD Biosciences and Biolegend) for 72 h at 37° C, 5% CO2. On
the third day of culture, LNC were washed with 1 × PBS and each animal received 3 × 106

cells in 0.3 mL ice-cold injection-grade 1 × PBS by i.p. injection. Animals were monitored
daily for EAE signs based on a standard EAE 0–5 scale scoring system: 0—healthy, 1—
complete loss of tail tonicity, 2—loss of righting reflex, 3—partial paralysis, 4—complete
paralysis of one or both hind limbs, and 5—moribund.

Mononuclear cell isolation
To isolate mononuclear cells from the brain and spinal cord, animals were deeply
anesthetized with isoflurane and perfused transcardially with ice-cold 1 × PBS for 20–30
min. Brains were dissected and spinal cords were flushed with 1 × PBS into complete RPMI
medium (Lonza). CNS tissues from each group (n = 7) were pooled to achieve a sufficient
amount of immune cells for in vitro cell culture or flow cytometric analysis. CNS tissues
were digested with Liberase Blendzyme I (Roche Applied Science), DNaseI (Invitrogen),
and 1 mM MgCl2 (Sigma) in HBSS for 30 min at 37°C, then passed through a wire mesh
screen, followed by 100, 70, and 40 μm nylon cell strainers to obtain single cell suspensions.
Cells were washed in complete RPMI medium and suspended in 50% Percoll (GE
Healthcare Biosciences) medium in HBSS. Mononuclear cells were collected at the 63:50%
interface of a 63:50:30% Percoll step gradient following 30 min centrifugation at 1800 rpm
at 4°C. Inguinal and axillary LN and spleens were passed through a wire mesh, followed by
70 and 40 μm nylon cell strainers. To remove erythrocytes, splenocytes were suspended in
complete RPMI medium, overlaid at 1:1 ratio onto Lymphoprep (Accurate Chemical)
medium and mononuclear cells were collected at the Lymphoprep/RPMI interface following
30 min centrifugation at 1200 rpm in 4°C.

DC and TC co-culture
CD11c+ DC were isolated from the CNS of 20 mice ten days post-immunization with 200
μg MOG, amino acids 35–55, in complete Freund’s adjuvant. These mice had been treated
in vivo with either ER-β ligand or vehicle beginning 7 days prior to immunization. Another
group of ten untreated mice were also immunized with MOG 35–55 and LNC sorted for
CD3+ TC. Subsequently, cells were co-cultured in 96-well plates for 96 h at 37° C, 5% CO2
in the presence of 25 μg/mL MOG, amino acids 35–55, at ratios of 1:5, 1:20, and 1:50 DC/
TC, with each well containing 1 × 105 TC. At 72 h, 1 μCi of 3H-thymidine was added to the
wells. At 96 h, supernatants were collected and the cells were harvested for a proliferation
assay using a Betaplate counter (Wallac, Model 1205).

Cell sorting and RT-PCR
All cell sorting for in vitro cell culture and RT-PCR was performed in the UCLA Jonsson
Comprehensive Cancer Center (JCCC) and Center for AIDS Research Flow Cytometry Core
Facility that is supported by National Institutes of Health awards CA-16042 and AI-28697,
and by the JCCC, the UCLA AIDS Institute, the David Geffen School of Medicine at
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UCLA, and the UCLA Chancellor’s Office. Cells were surface labeled for CD11b-FITC and
CD11c-APC double-positive DC or CD3-APC (Biolegend) positive TC using the FACSAria
II cytometer and FACSDiva software, version 6.1. RT-PCR for mouse TNF-α mRNA levels
in CNS CD11b/CD11c+ DC was performed by SABiosciences (Frederick, MD, USA) using
the Delta–Delta count method and mouse GAPDH as the control.

Flow cytometry
Mouse mononuclear cells or splenocytes were collected on a 96 v-shaped plate (Titertek) for
flow cytometric analysis. Single cell suspensions in FACS buffer (2% FBS in PBS) were
incubated with anti-CD16/32 at 1:100 dilution for 20 min at 4°C to block Fc receptors,
centrifuged, and resuspended in FACS buffer with the following Ab added at 1:100 dilution
for 30 min at 4°C: anti-CD11b, anti-CD11c, anti-CD8, anti-CD4, anti-CD25, anti-CD80,
anti-CD86, anti-MHCII, and Rat-IgG1, -IgG2a, and -IgG2b isotype controls (Biolegend).
Cells were subsequently washed twice in FACS buffer and then acquired on FACSCalibur
(BD Biosciences) and analyzed by FlowJo software (Treestar). Quadrants were determined
using cells labeled with appropriate isotype control Ab. All flow cytometry figures represent
best of three experiments.

Histological preparation
Mice were deeply anesthetized in isoflurane and perfused transcardially with ice-cold 1 ×
PBS for 20–30 min, followed by 10% formalin for 10–15 min. Spinal cords were dissected
and submerged in 10% formalin overnight at 4°C, followed by 30% sucrose for 24 h. Spinal
cords were cut in thirds and embedded in a 75% gelatin/15% sucrose solution. Forty-
micrometer thick free-floating spinal cord cross-sections were obtained with a microtome
cryostat (Model HM505E) at −20°C. Tissues were collected serially and stored in 1 × PBS
with 1% sodium azide in 4°C until immunohistochemistry.

Immunohistochemistry
Prior to histological staining, 40-μm thick free-floating sections were thoroughly washed
with 1 × PBS to remove residual sodium azide. In the case of anti-MBP labeling, tissue
sections undergo an additional 2-h incubation with 5% glacial acetic acid in 100-proof
ethanol at room temperature, followed by 30 min incubation in 3% hydrogen peroxide in
PBS. All tissue sections were permeabilized with 0.3% Triton X-100 in 1 × PBS and 2%
normal goat serum for 30 min at room temperature and blocked with 10% normal goat
serum in 1 × PBS for 2 h or overnight at 4° C. The following primary Ab were used: anti-
MBP at 1:1000 dilutions, anti-CD45 at 1:500 dilutions (Chemicon), and anti-NF200 at 1:750
dilutions (Sigma). Tissues labeled with anti-MBP continue with a secondary Ab labeling
step consisting of 1 h incubation with biotinylated IgG Ab at 1:1000 dilutions (Vector Labs),
followed by 1.5-h incubation with strepavidin Ab conjugated to Alexa 647 fluorochrome
(Chemicon). All other tissues follow with secondary Ab conjugated to TRITC or Cy5
(Vector Labs and Chemicon) for 1.5 h. To assess the number of cells, a nuclear stain DAPI
(2 ng/mL; Molecular Probes) was added 10 min prior to final washes after secondary Ab
incubation. Sections were mounted on slides, allowed to semi-dry, and cover slipped in
fluoromount G (Fisher Scientific). IgG-control experiments were performed for all primary
Ab, and only non-immunoreactive tissues under these conditions were analyzed.

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

Quantification
To quantify immunohistochemical staining results, three spinal cord cross-sections at the
T1–T5 level from each mouse (n = 3) were captured under microscope at 10 × or 40 ×
magnification using the DP70 Image software and a DP70 camera (both from Olympus). All
images in each experimental set were captured under the same light intensity and exposure
limits. Image analysis was performed using ImageJ Software v1.30, downloaded from the
NIH website (http://rsb.info.nih.gov/ij). Axonal densities were calculated by counting the
number of NF200+ cells in a 40 × image over the area of the captured tissue section.
Inflammatory infiltrates were quantified by measuring the intensity of CD45 staining in
captured 10 × images.

Statistical analysis
EAE severity significance was determined by repeated measures one-way ANOVA.
Immunohistochemical and flow cytometry data were analyzed by bootstrap one-way
ANOVA and paired t-test, respectively. For these analyses, the mean or median was used as
the comparator, and the F-stat equation was modified such that absolute values replaced the
squaring of values. For bootstrap one-way ANOVA, post hoc analysis was performed on F-
stat values and significance was determined at the 95% confidence interval.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
ER-β ligand treatment effects in the induction versus the effector phase of adoptive EAE.
(A) Induction phase treatment. WT C57BL/6 mice were adoptively transferred with LNC
from ER-β ligand-or vehicle-treated WT donor mice immunized with myelin
oligodendrocyte glycoprotein (MOG) 35–55 peptide. (B) EAE score of mice treated as
described in (A). ER-α ligand treatment was used as the positive control (p = 0.05, repeated
one-way ANOVA). (C) Effector phase treatment. Thy1-YFP tg mice treated with ER-β
ligand were adoptively transferred with LNC from untreated ER-β−/− mice immunized with
autoantigen. (D) EAE score of mice treated as described in (C) (p = 0.04, days 25–35,
repeated one-way ANOVA). Each group consisted of 6–7 mice in each experiment. Data are
representative of three independent experiments.
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Figure 2.
ER-β ligand treatment during the effector phase of EAE: effects on axonal densities. (A, top
row) Representative 40 × captures of spinal cord sections at the thoracic lateral funiculus of
control (left), vehicle-treated (middle), and ER-β ligand-treated (right) EAE mice sacrificed
at day 35 post-adoptive transfer. Myelin and axons were stained with MBP (red) and NF200
(green), respectively. Scale bar, 50 μm. (A, middle row) Representative 10 × captures of the
dorsal column of spinal cord sections stained with MBP (red) and DAPI (blue) for cell
nuclei. Scale bar, 100 μm. (A, bottom row) Representative 10 × confocal images of spinal
cord lateral funiculus cross-sections at the thoracic level were stained with NF200 (green)
and pan-leukocyte marker CD45 (red). Scale bar, 100 μm. (B) Quantification of axonal
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densities (left), myelin staining intensity (middle), and CD45 immunoreactivity (right) as
shown in (A). Four mice in each treatment group were examined with three sections per
mouse for a total of 12 sections analyzed for each treatment group. p-values were
determined by one-way ANOVA. Data are representative of three independent experiments.
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Figure 3.
ER-β ligand treatment effects on DC in the CNS of EAE mice. Thy1-YFP transgenic mice
treated with vehicle or ER-β ligand were adoptively transferred with autoantigen-stimulated
ER-β−/− LNC (3 × 106 cells/mouse). CNS immune cells were pooled from 7–10 animals at
disease onset (10 days post-adoptive transfer) and analyzed by flow cytometry. Cells were
stained with CD45, and CD4 and CD8α, or CD11b and CD11c and gated on live cell
populations. (A) Forward scatter (FSC) versus side scatter (SSC) dot plot with gate on live
cells that were further analyzed in (B)–(D). (B) Histogram of CD45+ infiltrating cells in the
CNS of ER-β (blue) and vehicle (red) treated EAE mice. (C) Dot plots of CD4+ or CD8+ T-
cell populations in the CNS of ER-β ligand (right) versus vehicle-treated (left) EAE mice.
(D) Dot plots of CD11b/CD11c+ DC in the CNS of ER-β ligand (right) versus vehicle-
treated (left) EAE mice. (E) Statistical analysis of the percentage of CD11b/CD11c+ DC in
the CNS of ER-β ligand (right) versus vehicle-treated (left) EAE mice (p = 0.01, paired t-
test). In all experiments, three samples were examined for each treatment group. Dot plots
and histograms are representative of results of three independent experiments.
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Figure 4.
ER-β ligand treatment effects on the production of TNF-α by CNS dendritic cells. (A)
Relative quantification of TNF-α mRNA levels in CD11b/CD11c+ DC (left) isolated from
the CNS of EAE mice treated with vehicle or ER-β ligand at disease onset (10 days post-
adoptive transfer). GAPDH served as an internal control. The results are presented with the
vehicle-treated group normalized to a level of one, and ER-β ligand-treated group as a
fraction thereof. Data show mean+SD pooled from three independent experiments. (B)
Proliferation of DC/TC co-culture. DC were sorted from the CNS of ER-β ligand or vehicle-
treated EAE mice, whereas TC were sorted from lymph nodes of a separate group of
untreated immunized mice ten days post-immunization. CNS DC and LN TC were re-
stimulated with autoantigen at ratios of 1:5, 1:20, and 1:50, with 1 × 105 T-cells/well. (C)
TNF-α levels from DC/TC co-culture. TNF-α levels were measured from supernatants of
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cultures of DC/TC at the 1:5 ratio (p<0.0001, Student’s t-test). CNS DC were pooled from
two mice for one sample for a total of five samples from ten mice in each treatment group.
LN TC were collected and pooled from ten untreated mice.
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Figure 5.
The role of ER-β expression on DC in the protective effect of ER-β ligand treatment in
EAE. (A) LNC from immunized WT and ER-β−/− donor mice were sorted for CD11b/
CD11c+ DC and CD11b/CD11c− (non-DC) populations, then various DC and non-DC were
mixed as indicated, restimulated with autoantigen for 3 days, and adoptively transferred to
ER-β ligand or vehicle-treated recipient mice. (B) EAE score of mice treated as described in
(A) (p<0.0001, repeated one-way ANOVA).
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