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Abstract
Ovarian hormones, including progesterone, are known to have immunomodulatory and
neuroprotective effects which may alter the disease course of experimental autoimmune
encephalomyelitis (EAE). In the current study, we examined the treatment potential of progesterone
beginning at the onset of EAE symptoms. Progesterone treated animals showed reduced peak disease
scores and cumulative disease indices, and decreased inflammatory cytokine secretion (IL-2 and
IL-17). In addition, increased production of IL-10 was accompanied by increased numbers of CD19
+ cells and an increase in CD8+ cells. Decreased chemokine and chemokine receptor expression in
the spinal cord also contributed to decreased lesions in the spinal cord.
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1. INTRODUCTION
Multiple sclerosis (MS) is a devastating neurodegenerative disease, characterized by chronic
inflammation and demyelination, which is more common in women than men (Sadovnick,
2009). The increased risk of MS in women is often accompanied by a remission of symptoms
when high levels of ovarian hormones are present, such as during pregnancy (Airas et al.,
2008; Confavreux et al., 1998). Experimental autoimmune encephalomyelitis (EAE), the
animal model of MS, has been used extensively to investigate the hormonal regulation of
immunomodulatory pathways involved. Pretreatment with 17β-estradiol or treatment with
ethinyl estradiol decreases inflammatory cytokines and demyelination in the spinal cord of
EAE mice (Bebo et al., 2001; Ito et al., 2001; Subramanian et al., 2003), while 17β-estradiol
also increases regulatory T cells (Polanczyk et al., 2004). Although estrogens may be important
contributors, other hormones may be crucial to the immune modulation that occurs.
Pretreatment with progesterone decreases disease severity and reduces axonal damage and
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demyelination (Garay et al., 2007; Garay et al., 2009) although results have been mixed (Kim
et al., 1999). There is significant evidence that progesterone can have immunomodulatory and
neuroprotective effects in other models (De Leon-Nava et al., 2009; Drew and Chavis, 2000;
Gonzalez et al., 2005; Hughes et al., 2008; Otsuki et al., 2001). However, effects of
progesterone treatment beginning after EAE onset have not been reported. In the present study,
the effects of progesterone treatment after EAE disease onset are explored.

2. MATERIALS AND METHODS
2.1 Animals and hormone treatment

Female C57BL/6 mice were obtained from Harlan Laboratories (Houston, TX) and housed at
the Portland VA Medical Center in accordance with institutional guidelines. At 7–8 weeks of
age, mice were immunized with 200μg MOG 35–55 peptide (PolyPeptide laboratories; San
Diego, CA) and 200μg complete Freund’s adjuvant. Mice received pertussis toxin at the time
of immunization (d0; 75ng) and on d2 (200ng). Animals were scored daily for disease severity:
0 = normal, 1 = limp tail, 2 = mild hindlimb weakness, 3 = moderate hindlimb weakness, 4 =
severe weakness or partial paralysis, 5 = complete hindlimb paralysis, 6 = moribund.

At the onset of EAE (the first day with a score of 1 or greater), animals were randomly assigned
to receive either a subcutaneous progesterone implant (100mg 60 day release, Innovative
Research of America; Sarasota, FL) or placebo treatment.

2.2 Spleen and lymph node analyses
Spleen and lymph nodes were collected at D22-25 post-immunization. Details of proliferation
and cytokine assays have been published previously (Sinha et al., 2009). For flow cytometry,
cells were stained using: CD3-APC, CD4-FITC, CD8-PE, CD11b-APC, CD19-FITC, FOXP3-
APC, and PD-1PE. Intracellular staining for FOXP3 and PD-1 was completed after fixation/
permeabilization (EBiosciences; San Diego, CA). Cells were then run on a FACSCalibur
(Becton Dickson). Calculations of cell number were based on cell yields and percentages of
live gated cells.

2.3 Spinal cords
Spinal cords were collected for RT-PCR and histopathology. Total RNA was isolated from
spinal cord tissue using the RNeasy mini-kit protocol (Qiagen; Valencia, CA) and converted
to cDNA using oligo(dT), random hexamers, and Superscript RT II (Invitrogen; Grand Island,
NY). RT-PCR for MIP2, CCR2, CCR5, CCR7, IL-17, TNF-α, IL-23 was run on a Prism 7000
Sequence Detection System (Applied Biosystems; Foster City, CA) using Taqman PCR master
mix (Qiagen) and primers from Applied Biosystems. Levels of expression were normalized to
β-actin.

For histology, spinal cords sections were stained using luxol fast blue- periodic acid shiff for
semi-quantitative analysis of infiltration and demyelination.

2.4 Serum progesterone levels
Blood was collected via cardiac puncture at the time of sacrifice and assayed for progesterone
by RIA (Beckman-Coulter/Diagnostic Systems Laboratory; Webster, TX).
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3. RESULTS
3.1 Disease severity

Cumulative disease index and peak disease scores were significantly reduced in animals
receiving progesterone treatment beginning at onset compared to control animals (Figure 1A
and 1B).

3.2 Proliferation and cytokine secretion
Cells isolated from the spleens of progesterone treated animals secreted reduced amounts of
the IL-2 and IL-17 (p<.03), while levels of IL-10 were increased (p<.01; Figure 2). In response
to antigen, cells from the spleen and lymph node of progesterone treated animals showed
reduced levels of proliferation (data not shown).

3.3 Flow cytometry
Progesterone treated animals had increased numbers of CD3+, CD11b+, and CD19+ cells in
the spleen (p<.05) and a trend for an increase in CD8+ cells (p<.08). CD19+ cells were
increased in the lymph node (p<.01, Figure 3). There were no significant differences in the
number of CD4+ (Control: 8.2 × 106 [+/−1.5], Progesterone: 10.0 × 106 [+/−1.0]), CD4
+FOXP3+ (Control: 1.5 × 106 [+/− 0.3], Progesterone: 2.0 × 106 [+/−0.2]), or CD4+PD1+
(Control: 0.8 × 106 [+/−0.2], Progesterone: 1.4 × 106 [+/−0.4] cells.

3.4 Real-time PCR
Levels of mRNA for cytokines and chemokine receptors were analyzed in the spinal cord.
While levels of IL-17 and TNF-α did not differ between groups, there were significant
decreases in CCR2, CCR7, and MIP-2/CXCL2 (Figure 4).

3.5 Histology
Progesterone reduced cellular infiltration into the spinal cord compared to control animals (data
not shown).

3.6 Serum progesterone levels
Progesterone levels were significantly different between groups (p<.001): 76ng/ml
(SEM=10.0) in the progesterone group (which is similar to peak levels seen during pregnancy
in the mouse (Holinka et al., 1979)), compared to 3.5ng/ml in the control group (SEM= 1.1).
Estrogen levels were frequently below the range of detection (<5pg/ml) and did not differ
between groups.

4. DISCUSSION
After the onset of disease symptoms, progesterone treatment decreased the secretion of pro-
inflammatory cytokines (IL-2 and IL-17) and increased secretion of the anti-inflammatory
cytokine IL-10. In addition, decreased cytokine and chemokine receptor expression (MIP-2,
CCR2, CCR7) in the spinal cord may work to reduce cellular infiltration and damage in the
CNS. While previous studies have demonstrated a protective effect of progesterone against
EAE (Garay et al., 2007; Garay et al., 2009), the current study is the first to demonstrate the
effectiveness of progesterone treatment started at the onset of EAE.

The increased presence of B cells may play a prominent role in the treatment effects of
progesterone in the current study, which is in line with protective immunomodulatory effects
of B cells demonstrated previously (Fillatreau et al., 2002; Matsushita et al., 2006; Mauri et
al., 2003). CD19 deficient mice show worse EAE severity and greater CNS pathology

Yates et al. Page 3

J Neuroimmunol. Author manuscript; available in PMC 2011 March 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



compared to wild-type mice, which may be the result of increased TNF-α and decreased IL-10
(Matsushita et al., 2006). In the present study, B cell numbers were increased in progesterone
treated animals, likely contributing to the increased secretion of IL-10 and decreased disease
severity. T cells or CD8+ cells alone treated with progesterone can also increase production
of IL-10 (Enomoto et al., 2007; Miyaura and Iwata, 2002). Inhibition of antigen presenting
cells due to increased levels of IL-10 prevents further IL-12 production and Th1 differentiation,
giving it a potentially crucial role in disease inhibition by progesterone.

Conflicting evidence regarding the role of CD8+ cells in EAE makes the increased numbers
following progesterone treatment particularly interesting. Infiltrating CD8+ cells have been
implicated in lesion development in multiple sclerosis (Babbe et al., 2000) and EAE
(Matsushita et al., 2006; Sun et al., 2001). Evidence suggests that a population of CD8+
dendritic cells may have a regulatory role in reducing EAE severity in Lewis rats by increasing
IFN-γ and nitric oxide production (Pettersson et al., 2004). While a beneficial roll of IFN-γ is
counter to the view of Th1-mediated EAE, it is not without precedence (Chu et al., 2000;
Willenborg et al., 1999). CD8+ cells also exert a pregnancy protective effect when exposed to
progesterone (Blois et al., 2004), lending further support to the protective immunomodulatory
potential of CD8+ cells. Given the differential effects of CD8+ subpopulations, further work
will aim to elucidate the CD8+ subtype responsible for the protective effects of progesterone.

Cross-reactivity between progesterone and the glucocorticoid receptor (Kontula et al., 1983)
makes it possible that some effects of progesterone seen in the current study are due to
glucocorticoid activity. However, the expression of progesterone receptors on bone marrow
derived dendritic cells (Butts et al., 2008) and splenocyte populations (including CD4+, CD19
+, CD8+, natural killer cells, and macrophages) does allow for the direct action of progesterone
on these cell types (De Leon-Nava et al., 2009). The release of progesterone-induced blocking
factor from cells (including γδTCR+ and CD8+ cells) after interaction of progesterone with
the progesterone receptor (Szekeres-Bartho and Wegmann, 1996), may also contribute to
immunomodulatory effects.

While estrogen and progesterone have some overlapping effects, their mechanisms are quite
different. Estrogens work to reduce the Th1 cytokine environment and decrease chemokine
receptor expression (Bebo et al., 2001; Matejuk et al., 2001; Polanczyk et al., 2003; Polanczyk
et al., 2004; Polanczyk et al., 2007; Subramanian et al., 2003), and 17β-estradiol also increases
the FOXP3+ and PD-1+ regulatory T cell populations to inhibit disease (Polanczyk et al.,
2004; Polanczyk et al., 2006; Polanczyk et al., 2007). Although progesterone treatment at
disease onset decreased Th1 cytokines, as well as cytokine and chemokine receptor expression,
there were no changes in regulatory T cells. As a result, it is likely that estrogens and progestins
have overlapping modes of action while also affecting distinctly different immunomodulatory
pathways.

By examining mechanisms of progesterone treatment in established EAE, we can gain a better
understanding of mechanisms that may be involved in the remission of MS during pregnancy.
The Prevention of Post-Partum Relapses with Progestin and Estradiol in Multiple Sclerosis
(POPART’MUS) trial is currently ongoing using a 19-nor-progesterone derivative
(Nomegestrol acetate) and estrogen combination (Vukusic et al., 2009). Differences in receptor
activity and specificity between progestin derivatives (Sitruk-Ware, 2004), alone and in
combination with estrogens, may result in differing immunological and neuroprotective effects
however (Ciriza et al., 2006; Gomez et al., 1998; Kaushic et al., 2003; Otsuki et al., 2001).
Further investigation into the effects of progesterone and its derivatives in the treatment of
established EAE is necessary to more fully understand the mechanisms involved.
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Figure 1.
A) Animals receiving progesterone at disease onset had reduced disease severity compared to
controls. Significant differences were present from D15-22 (p<.04). Data are representative of
experiments completed 3 times, containing 6–8 animals per group. * indicates p<.04. B)
Cumulative disease index (CDI) through D22 post-immunization and peak disease scores were
significantly reduced in animals receiving progesterone treatment beginning at the onset of
disease symptoms. N=21 per group. # indicates significant difference compared to control
group (p<.001).
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Figure 2.
Splenocytes isolated from animals treated with progesterone secreted significantly less IL-2
and IL-17 and increased levels of IL-10 in the presence of MOG35-55 peptide compared to
controls. * indicates p<.03.
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Figure 3.
There were significant increase in the number of CD3+, CD11b+, and CD19+ cells in the spleen
of progesterone treated animals. There was also a trend for an increase in CD8+ cells (p<.08).
Increases in CD19+ cells in the spleen were accompanied by a significant increase within the
lymph node (data not shown). * indicates p<.05.
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Figure 4.
Levels of mRNA expression for CCR2, CCR7, and MIP-2 were significantly decreased in
spinal cords from animals receiving progesterone treatment after disease onset compared to
controls. * indicates p<.03.
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