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Abstract
Drug combination therapies for central nervous system (CNS) demyelination diseases including
multiple sclerosis (MS) are gaining momentum over monotherapy. Over the past decade, both in
vitro and in vivo studies established that statins (HMG-CoA reductase inhibitors) and rolipram
(phosphodiesterase-4 inhibitor; blocks the degradation of intracellular cyclic AMP) can prevent the
progression of MS in affected individuals via different mechanisms of action. In the present study,
we evaluated the effectiveness of lovastatin and rolipram in combination therapy to promote
neurorepair in an inflammatory CNS demyelination model of MS, experimental autoimmune
encephalomyelitis (EAE). Combination treatment with suboptimal doses of these drugs in an
established case of EAE (clinical disease score ≥2.0) significantly attenuated the infiltration of
inflammatory cells and protected myelin sheath and axonal integrity in the CNS. It was accompanied
with elevated level of cyclic AMP and activation of its associated protein kinase A. Interestingly,
combination treatment with these drugs impeded neurodegeneration and promoted neurorepair in
established EAE animals (clinical disease score ≥3.5) as verified by quantitative real-time polymerase
chain reaction, immunohistochemistry, and electron microscopic analyses. These effects of
combination therapy were minimal and/or absent with either drug alone in these settings. Together,
these data suggest that combination therapy with lovastatin and rolipram has the potential to provide
neuroprotection and promote neurorepair in MS, and may have uses in other related CNS
demyelinating diseases.
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INTRODUCTION
Multiple sclerosis (MS) is an inflammatory central nervous system (CNS) demyelinating
disease and experimental autoimmune encephalomyelitis (EAE) is an experimental model that
mimics many aspects of MS (Lublin 1985). Pathophysiology of the MS disease includes
breaching of the blood-brain barrier (BBB), infiltration of inflammatory cells (i.e., myelin
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reactive CD4+ and CD8+ T cells, and macrophages) into the CNS followed by activation of
resident glial cells and secretion of inflammatory mediators leading to the formation of brain
lesions (Markovic-Plese and McFarland 2001; Noseworthy et al. 2000). Demyelination in the
MS lesion results from the break down of the myelin sheath and degeneration of both
oligodendrocytes (OLs) and neuronal axons which may be a major determinant of progressive
neurological disability in MS patients (Bjartmar et al. 2003; Wujek et al. 2002).

The concept of remyelination is a matter of interest because naturally occurring remyelination
is impaired in some of the clinically silent (chronic) MS lesions due to the lack of myelinating
OLs, except in the border region between the plaque and peri-plaque white matter (Barnett and
Prineas 2004). Remyelination helps to preserve axons, restore conduction velocity, and repair
lesions. Current therapies that essentially target CNS repair include the application of growth
factors (Ransohoff et al. 2002), intravenous administration of remyelinating immunoglobulin
autoantibodies (Sorensen 2003), and the transplantation of OL-progenitors (OPs) or embryonic
stem cells (Brustle et al. 1999; Pluchino et al. 2003). The search for new disease modifying
agents with different mechanisms of action are currently underway for use in MS because
present FDA-approved therapies are only partially effective and are associated with side effects
and potential toxicities (Arbizu et al. 2000; Dhib-Jalbut 2003).

Over the past decade, statins (HMG-CoA reductase inhibitors) have been exploited for their
immunomodulatory characteristics i.e., immunomodulation of TH1 to TH2 immune responses
for autoimmune diseases including MS (Paintlia et al. 2004; Youssef et al. 2002). Promising
results were obtained in initial clinical trials of simvastatin both in MS (Vollmer et al. 2004)
and rheumatoid arthritis (McCarey et al. 2004). In addition, our recent studies established that
statins have the potential to promote remyelination in the MS brain (Paintlia et al. 2005). Similar
to statins, inhibitors of phosphodiesterase (PDE)-4 including rolipram (which causes
accumulation of intracellular cAMP) are reported to halt EAE development (Genain et al.
1995; Sommer et al. 1995) via immunomodulation of the TH1 to TH2 immune responses
(Bielekova et al. 2000). In addition, elevated level of cAMP in neurons is reported to promote
axonal growth and neuritis even in the presence of myelin-associated inhibitors of regeneration
(Cui and So 2004; Domeniconi and Filbin 2005). Thus, an agent that augments
immunomodulation of myelin-reactive T cells toward TH2 differentiation could be beneficial
for combination therapy. Because cellular targets of both statins and rolipram differ with
respect to their immunomodulatory activities, we hypothesized that reduced doses of these
drugs in combination may be efficacious in the attenuation of inflammatory CNS
demyelination and induction of neurorepair. So, in this report, we evaluated the potential of a
combination of lovastatin and rolipram on neurorepair in an EAE model. We found that
combination therapy with suboptimal doses of these drugs is complementary in a synergistic/
additive manner to provide neuroprotection and promote neurorepair after inflammatory CNS
demyelination.

MATERIALS AND METHODS
Reagents

Myelin basic protein (MBP) ~50% pure from Guinea pig brain, complete Freund’s adjuvant
(CFA), HRP-tagged anti-mouse IgG antibodies, rolipram, pertussis toxin, ondansetron
hydrochloride dehydrate, and other chemicals were purchased from Sigma (St. Louis, MO).
Lovastatin and rolipram were purchased from Calbiochem (San Diego, CA). ‘TRIZOL’ reagent
was purchased from Invitrogen (Carlsbad, CA). Anti-mouse myelin basic protein (MBP, clone
1: 129–138) antibodies were purchased from Serortec (Raleigh, NC). Anti-neurofilament
heavy non-phosphorylated (SMI 32) IgG and, FITC and IgG Texas Red antibodies were
purchased from Abcam Inc. (Cambridge, MA).
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Animals
Female Lewis rats (Harlan Laboratory, Harlan, IN) weighing 225–250 g were housed in the
animal care facility of the Medical University of South Carolina (MUSC), throughout the
experiment and provided with food and water ad libitum. All experiments were performed
according to the National Institutes of Health Guidelines for the Care and Use of Laboratory
Animals (NIH publication number 80–23, revised 1985) and were approved by the MUSC
Animal Care and Use Committee.

EAE induction and clinical evaluation
The procedure used for the induction of EAE has been described previously (Paintlia et al.
2004). In brief, female rats received in the hind limb a subcutaneous injection of MBP (50
μg) in 0.1 ml of phosphate-buffered saline (PBS; pH 7.4) emulsified in an equal volume of
CFA supplemented with 2 mg/ml of mycobacterium tuberculosis H37Ra (Difco, Detroit., MI)
on days 0 and 7. Immediately thereafter and again 24 h later, rats received pertussis toxin (200
ng, intraperitoneally, ip) in 0.1 ml of PBS. Individual animals were observed daily and clinical
scores were assessed by an experimentally blinded investigator using a 0 to 5 scale: 0, no
clinical score; 1, piloerection; 2, loss in tail tonicity; 3, hind leg paralysis; 4, paraplegia, and
5, moribund or dead.

Lovastatin and rolipram treatments
Lovastatin (4 mg/ml) was dissolved in 0.8% ethanol/0.6 N NaOH and adjusted to pH 7.4 and
rolipram (2 mg/ml) was dissolved initially in 100 μl DMSO and then suspended in PBS (pH
7.4). For combination treatments, suboptimal doses of both drugs i.e., lovastatin (1 mg/kg) and
rolipram (1 mg/kg) were administrated daily and every other day, respectively. Administration
of rolipram induced salivation, vomiting, excessive grooming, and head twists, side-effects
which were prevented by intramuscular injection of ondansetron hydrochloride dehydrate (0.3
mg/kg) 20 min prior to rolipram administration as reported earlier (Genain et al. 1995). Control
EAE animals received an injection of vehicle (placebo, 0.8% ethanol in PBS, ip), daily. Drug
treatment with suboptimal doses in combination or separately was started on the day 10th dpi
after the onset of disease exhibiting clinical scores (CS) ≥2.0 and continued throughout the
study. Corresponding control animals received an emulsion of CFA/PBS into their hind limb
foot pads and a daily injection of vehicle (ip) or a dose of lovastatin (1 mg/kg) and rolipram
(1 mg/kg) as described above as a drug control. Animals were sacrificed at disease peak at the
15th dpi to collect sera and spinal cords (SC, lumbar region). Animals developing severe EAE
(CS ≥ 4.5) upon treatment with drug or placebo were euthanized immediately as per the animal
protocol guidelines.

For myelin repair studies, EAE was induced in female Lewis rats as previously described but
with a reduced dose of MBP (35 μg/animal). The reduced dose of MBP induced less severe
EAE, resulting in spontaneous remission by the 25th dpi, enabling us to study CNS repair upon
drug treatment. Drug combination treatments were started on the 13th dpi (CS ≥3.5) and
continued until the end of the study as described above. Six animals in a group were used in
each experimental study and repeated thrice.

Histopathology
Because the most significant histopathological changes in animals with EAE are detected in
the lumbar region of the SC (Eng et al. 1989), this portion of the SC was carefully removed,
fixed in 10% buffered formalin (Stephens Scientific, Riverdale, NJ) and embedded in paraffin
and 4-μm sections were cut and stained with either hematoxylin/eosin (H&E), Luxol fast blue-
hematoxylin (LFB), and Bielschowsky’s silver impregnation to assess inflammation,
demyelination, and axonal pathology, respectively. Sections were mounted with Vectashield,
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an aqueous mounting media (Vector Labs, Burlingame, CA), examined under a light
microscope (Olympus BX-60, Goleta, CA) and images were captured with an Olympus digital
video camera (Optronics; Goleta, CA) using a dual band-pass filter using Adobe Photoshop 7
software. To quantify inflammation and demyelination in EAE, images of LFB stained SC
sections (n = 6) from each group were captured (200x), coded, and processed for counting of
nuclei and LFB staining intensity in a blinded manner using Image-Pro Plus 4 image software
(Media Cybernetics, Silver Springs, MD).

Immunohistochemistry
For double-labeling, sections were incubated simultaneously with both types of primary
antibodies after blocking with a serum-PBS solution at 4 °C overnight as described above.
Then, secondary antibodies for the appropriate marker (anti-IgG conjugated with FITC or anti-
IgM conjugated with Texas red) were used. Sections were also incubated with Texas red-
conjugated IgM and FITC-conjugated IgG without primary antibody as negative controls and
an appropriate mouse IgG and rabbit polyclonal IgG were used as isotype controls. After
thorough washings, slides were mounted with aqueous mounting media and analyzed by
immunofluorescence microscopy and images were captured with an Olympus digital camera
as described above.

Measurement of cyclic AMP (cAMP) and Protein kinase A (PKA) activity
Supernatants of SC homogenates were used for measurement of cAMP using cyclic AMP
Enzyme immunoassay kits purchased from Assay Designs (Ann Arbor, MI). Similarly,
supernatants of SC homogenates were used for detection of PKA activity using a PKA
radiometric (32P) assay kit from Millipore Corporation (Billerica, MA). The procedures for
detection for both assays were performed according to the product protocols.

RNA extraction, cDNA synthesis, and quantitative real time-PCR (QRT-PCR) analysis
Lumbar SC tissues were carefully processed for RNA isolation using ‘TRIZOL’ reagent
according to the manufacturer’s protocol described previously (Paintlia et al. 2004). Single-
stranded cDNA was synthesized from SC tissue RNA from each group of animals using a
superscript pre-amplification system for first-strand cDNA synthesis (BIO-RAD Laboratories,
Hercules CA). QRT-PCR was performed using the BIO-RAD Laboratories iCycler iQ Real-
Time PCR Detection System. Primers for target genes (Table 1) were designed using Primer
quest software available free at www.idtdna.com and synthesized from integrated DNA
technologies (IDT, Coralville, IA). For ORT-PCR reaction supermix (IQ™ SYBR Green) was
purchased from BIO-RAD (BIO-RAD Laboratories, Hercules, CA). Thermal cycling
conditions were as follows: activation of iTaq™ DNA polymerase at 95 °C for 10 min, followed
by 40 cycles of amplification at 95 °C for 30 s and 58–60 °C for 1 min. The detection threshold
was set above the mean baseline fluorescence determined by the first 20 cycles. Amplification
reactions in which the fluorescence increased above the threshold were defined as positive. A
standard curve for each template was generated using a serial dilution of the template (cDNA).
Assay specificity was determined by melting-curve analysis in each experimental run of
QRT-PCR. The quantities of target gene expression were normalized to the corresponding
GAPDH or 18S rRNA expression in test samples and plotted.

ELISAs
Neurotrophin (NT)-3 levels in serum samples were determined using an NT-3 Emax
Immunoassay kit and protocol described in the product manual (Promega, Madison WI).

Paintlia et al. Page 4

Glia. Author manuscript; available in PMC 2009 March 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Semi-thin and ultra-thin microscopy studies
For electron microscopic studies, SC of vehicle treated (n = 4) and drug treated (n = 3) EAE
animals along with controls (n = 2) were selected for plastic embedding. Animals were perfused
intracardially with 4% formaldehyde, and lower thoracic and lumbar SC were dissected and
post-fixed in 4% formaldehyde until used for plastic embedding. Specimens were blinded until
after microscopic evaluation. One- to 2-mm thick blocks were cut and rinsed with 0.1 M
phosphate buffer, post-fixed in 1% osmium tetroxide, dehydrated in ethanol and propylene
oxide, and embedded in Araldite. Semi-thin (1-μm) transverse sections were cut with a Reichert
Ultracut E and stained with toluidine blue/pyronin B. Montages of the transverse sections were
reconstructed from digitally captured images using a Spot Camera mounted on a Leitz Laborlux
12 (Spectra services, Ontario, NY). Approximately 12 images were required for each
reconstruction. For quantification of demyelinated areas, the whole dorsal funiculi were
outlined and then demyelinated/inflammatory regions within all untreated and treated rats were
also outlined with NIH Image J. The percent area of demyelinated/inflammatory regions was
then calculated. For electron microscopy, 0.5 × 0.5 mm faces of dorsal and lateral funiculi were
thin sectioned and stained with uranyl acetate and lead citrate. Ultra-thin sections were imaged
with a JEOL-100C microscope.

Statistical analysis
Using a student’s unpaired t-test for two set of data points and one-way ANOVA (student-
Newman-Keuls to compare all pairs of columns) for multiple set of data points, p-values were
determined for clinical scores, QRT-PCR analysis, ELISA, intensities, and counting data in
triplicate from three independent experiments using GraphPad software (GraphPad Software
Inc. San Diego, CA). The criterion for statistical significance was p <0.05.

RESULTS
Combination therapy with suboptimal doses of lovastatin and rolipram reverses cellular
infiltration and provide neuroprotection

Previous studies demonstrated that the optimal dose of lovastatin and rolipram is ≥ 2 mg/kg
(Paintlia et al. 2004) and ≥ 5 mg/kg (Genain et al. 1995), respectively, for blunting the
progression of EAE when administered individually. In addition, combination treatment with
suboptimal doses of lovastatin (1 mg/kg) and rolipram (1 mg/kg) was impressive, compared
to their optimal doses when administered individually prior to the establishment of EAE (data
not shown). In general, MS treatment is initiated after the patient has developed clinical signs
or symptoms of CNS inflammatory demyelination. Therefore, it is imperative to test a
therapeutic regimen which can prevent the development of disease and effectively reverse an
established case. Thus, we first evaluated whether combination therapy with lovastatin (1 mg/
kg) and rolipram (1 mg/kg) could reverse an established case of EAE and the drug treatment
was initiated after the onset of disease in animals exhibiting CS ≥2.0. Interestingly, combination
therapy significantly reversed the development of EAE in animals compared with vehicle,
whereas no such reversal was observed in those treated with lovastatin or rolipram separately
with same dose (Fig. 1A). It is noteworthy that ondansteron hydrochloride pretreatment,
however, inhibited the possible side-effects of rolipram in treated EAE animals, but it had
neither aggravated nor attenuated the disease associated symptoms in control EAE animals.

Earlier, Eng et al have documented that EAE-associated pathological changes are evident in
the lumbar region of the SC of animals (Eng et al. 1989). Therefore, we next evaluated the
lumbar SC of animals for cellular infiltration and pathological changes. Combination treatment
significantly reversed cellular infiltration into the lateral and dorsal funiculi of the SC of EAE
animals compared to vehicle (Fig. 1B). Quantification of inflammation revealed that an
observed increase in cellular infiltration in the various regions of transverse sections of SC of
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vehicle-treated EAE animals was drastically reduced by drug combination treatment (Table
2). In contrast, this reversal of cellular infiltration and pathological changes in the SC were
reduced in EAE animals treated with lovastatin and rolipram alone (Fig. 1B and Table 2).

Because inflammatory CNS demyelination is associated with loss of both neuronal axons and
OLs, which are responsible for neurological deficits in MS/EAE (Markovic-Plese and
McFarland 2001; Noseworthy et al. 2000), we next evaluated neurodegeneration in the CNS
by histological examination of SC transverse sections. In association with inflammation, LFB
staining demonstrated an increase in demyelination with a corresponding increase in cellular
infiltration in the lateral funiculi of SC of EAE animals (Table 2). Of note, demyelination and
cellular infiltration were severe in the lateral funiculi of the SC of vehicle-treated EAE animals
(data not shown). Conversely, drug combination therapy reduced both cellular infiltration and
demyelination in the SC of EAE animals (Table 2). However, both cellular infiltration and
demyelination were significantly attenuated in EAE animals upon treatment with rolipram or
lovastatin individually, compared to vehicle, but these effects were not as profound as those
resulting from their combination (Table 2). Likewise, silver impregnation of axons in the lateral
funiculi of SC sections of EAE animals showed that drug combination therapy prevented
axonal loss and preserved white matter integrity (Fig. 1C). In contrast, the loss of axons and
white matter integrity of SC of EAE animals was partially protected by individually
administered rolipram or lovastatin (data not shown).

Because cAMP regulates the direction of growth cones in the CNS via modulation of its
associated protein kinase, PKA activity in neurons (Song et al. 1997) and PDE-4 inhibitor
blocks cAMP degradation (Krause and Kuhne 1988), thus we next measured the level of cAMP
and PKA activity in the SC of EAE animals. As expected, cAMP was significantly elevated
in the SC of EAE animals upon treatments with the drug combination compared with vehicle
(Fig. 2A). Although cAMP was also elevated significantly in the SC of EAE animals upon
treatment with lovastatin or rolipram when administered individually compared with vehicle,
it was significantly lower when compared with their combination treatment (Fig. 2A).
Consistent with cAMP, PKA activity was also elevated in the SC of EAE animals following
treatment with the drug combination compared with those treated with vehicle (Fig. 2B). Again,
PKA activity was also elevated in the SC of EAE animals treated with lovastatin or rolipram
alone, but this increase was relatively small compared to their combination treatment (Fig. 2B).
Altogether these data provide evidence that combination therapy with lovastatin and rolipram
provide neuroprotection by protecting OLs and neuronal axons against CNS inflammatory
immune response.

Combination therapy with lovastatin and rolipram promotes neurorepair in the CNS
Next to address the effect of combination therapy on myelin repair, drug treatment was initiated
in animals exhibiting severe EAE symptoms (CS ≥3.5) and continued till recovery (Fig. 3A).
Combination therapy with lovastatin and rolipram produced rapid recovery—by the 23rd dpi
—compared with vehicle (Fig. 3A). However, EAE animals treated with these drugs
individually behaved similar to vehicle (data not shown). Evaluation of myelin repair induction
revealed that transcripts of platelet derived growth factor-α receptor (PDGF-αR; marker for
OPs, Fig. 3B) and MBP (marker of myelin-forming oligodendrocyte, Fig. 3C) in the SC of
drug-combination treated ameliorating EAE animals was significantly increased over vehicle-
treated ones. In line with these findings, transcripts for Olig1, an OL transcription factor
associated with remyelination or myelin repair (Arnett et al. 2004) were also elevated
significantly in the SC of EAE animals upon treatment with drug combination, in contrast to
vehicle (Fig. 3D). In addition, transcripts for neurotrophins involved in myelin repair including
ciliary neurotrophic factor (CNTF) (Stankoff et al. 2002) and NT-3 (Kirstein and Farinas
2002) in the SC of ameliorating EAE animals were significantly elevated when treated with
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drug combination compared with vehicle, which was suggestive of induction of promyelinating
milieu in the CNS (Fig. 3E and F). In support of this data, serum NT-3 was also elevated
significantly in ameliorating EAE animals treated with drug combination compared to vehicle
(Fig. 3G). Moreover, vehicle-treated ameliorating EAE animals also showed induction of
myelin repair, but this was relatively insignificant compared with peak clinical day of disease
(Fig. 3B-G).

These results were further confirmed by toluidine blue staining and electron microscopy. SC
white matter of control animals exhibited no demyelination or inflammation in all 3 funiculi
(Fig. 4A). Differences in fiber diameters within and among all the funiculi were normal. The
vehicle-treated EAE animal showed extensive inflammation and demyelination in the different
regions of the SC (Fig. 4B). Areas of infiltration in all vehicle-treated EAE animals were mainly
in the dorsal funiculus near the midline where extensive demyelination and myelin
degeneration was associated with infiltration (Fig. 4B; box 1). Lateral funiculus had modest
inflammation and demyelination was prominent near the pia matter (Fig. 4B; box 2). The SC
section from an EAE animal treated with the drug combination was selected as a representative
section to show the largest amount of demyelination observed in treated EAE animals (Fig.
4C). Demyelination was mainly present near the midline but infiltration (Fig. 4C; box 1) was
considerably less than in vehicle-treated EAE animals (Fig. 4B; box 1). The lateral funiculus
of an EAE animal treated with the drug combination did not show infiltration, but some fibers
showed an evidence of degeneration (Fig. 4C; box 2).

An induction of myelin repair (remyelination) in the SC was revealed by electron microscopy
(Fig. 5). The dorsal funiculus of a control animal showed that all axons were myelinated with
little intervening space between the fibers (Fig. 5A). The thickness of the myelin sheath was
dependent upon axonal caliber and varies considerably from funiculi to funiculi. The lateral
funiculus of a vehicle-treated EAE animal showed many myelin sheaths that were in various
stages of degeneration (Fig. 5B). The intervening space was filled with gliotic processes (Fig.
5B). A picture from the dorsal funiculus of a vehicle-treated EAE animal depicted a field filled
with infiltrating cells and their processes (Fig. 5C–D). In contrast, the dorsal funiculus of drug
combination-treated EAE animals had fewer infiltrating cells. Importantly, while the fibers
were not normal in terms of their thickness, there were many small-diameter axons surrounded
by abnormally thin myelin sheaths. This pattern is suggestive of remyelination or perhaps
myelin repairs (Fig. 5E). A picture from drug combination-treated EAE animals shows a
myelinated zone adjacent to an area of inflammation (Fig. 5F). Abundance of small-diameter
myelinated fibers is suggestive of remyelination (Fig. 5F). It is difficult to establish whether
these fibers represent axons that are newly generated and remyelinating or those in the process
of degeneration but protected from further degeneration by drug treatment. In either scenario,
the fibers in these drug combination-treated animals appear more intact than fibers in vehicle-
treated EAE animals. In the end, immunohistochemistry also demonstrated that breakdown of
myelin (MBP) and axonal (SMI 32) swelling which was severe in the lateral funiculi of SC on
the peak clinical day of EAE disease (Fig. 6). Drug combination treatment improved myelin
repair and attenuated the cellular infiltration into the SC when compared with vehicle (Fig. 6).
Hoechst dye, which stains the nucleus, demonstrated existing cellular infiltration in the SC of
EAE animals.

Collectively, these data suggest that combination therapy with lovastatin and rolipram
preserves neuronal axons and promotes spontaneous myelin repair by enhancing the
development of OLs and induction of a promyelinating milieu in the CNS of ameliorating EAE
animals.
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DISCUSSION
Combination therapies with existing or novel MS therapeutics have great clinical potential to
improve MS treatment outcomes (Tullman and Lublin 2005). Combination therapies are tested
in humans (Dhib-Jalbut et al. 2002; Ytterberg et al. 2007), including phase-I clinical trials
(Jeffery et al. 2005; Rudick et al. 2006) with major FDA-approved immunomodulators
including IFN-β and GA in the MS regimen. Moreover, other combination therapies are also
being investigated in MS and EAE with FDA-approved therapies and other novel MS
therapeutics including statins and minocycline (Giuliani et al. 2005; Luccarini et al. 2008;
Stuve et al. 2006). Results of a recently conducted phase 1 trial of IFN-β and atorvastatin
combined therapy in MS patients are quite impressive and provide a rationale for conducting
phase II/III trials (Paul et al. 2008). Combination therapy is considered advantageous if both
drugs (a) have different mechanisms of actions, (b) have excellent safety profiles, and (c) have
no additional toxicities when used in combination for additive or synergistic effects. In this
regard, lovastatin (Paintlia et al. 2004; Youssef et al. 2002) and rolipram (Bielekova et al.
2000; Sommer et al. 1995) meet these criteria and both characteristically preventing and
inhibiting EAE development, thus rationale for testing these drugs in combination therapy.
Also, both lovastatin (Johnson-Anuna et al. 2005) and rolipram readily cross the BBB (Krause
and Kuhne 1988) to interfere in the neurodegenerative process or to induce neurorepair in the
brain.

The present study established a synergistic/additive effect of combination therapy with
suboptimal doses of lovastatin and rolipram, which provides neuroprotection against
inflammatory CNS demyelination in EAE (Fig. 1A). Importantly, it prevented the progression
of disease and promoted neurorepair in established cases of EAE and this was not achieved
with either drug alone at the same dose. These observed effects of combination therapy are
may be attributed to the immunomodulatory and neuroprotective effects of lovastatin and
rolipram as discussed below.

Immunomodulatory effects
In organ-specific autoimmunity, the balance of cytokines is a key determinant of resistance or
susceptibility. In EAE, disease susceptibility is thought to correlate with the expression of
proinflammatory cytokines such as IL-23, IL-17, IFN-γ, TNF-α, IL-6, and IL-1β including
iNOS. Conversely, TH2 cytokines such as IL-4, IL-10, and IL-13 have been shown to be
important for preventing or ameliorating disease (Aggarwal et al. 2003; O’Garra et al. 1997).
An invasion of CNS by autoreactive T cells and macrophages is associated with breaching of
the BBB and expression of adhesion molecules in endothelial cells during EAE progression
(Eralinna et al. 1996). Combination therapy showed significant reduction of cellular infiltration
in the SC, suggestive of improved endothelial dysfunction and inhibition of CNS invasion by
autoreactive T cells and macrophages (Fig. 1 and Table 2). Consistent with these findings,
previously statin and rolipram are reported to attenuate EAE development by promoting TH1
to TH2-biased immune responses (Bielekova et al. 2000; Genain et al. 1995; Paintlia et al.
2004; Sommer et al. 1995; Youssef et al. 2002) in both acute and chronic EAE models.

In immune cells, statins are reported to i) inhibit IFN-γ induced MHC class II expression, in a
dose dependent manner via inhibition of class II transactivator in antigen presenting cells
(Kwak et al. 2001), ii) downregulate Rho-mediated migration of monocytes across the
endothelium by altering isoprenoid biosynthesis (Greenwood et al. 2003), iii) inhibit the
expression of adhesion molecules and matrix metalloproteinase (MMP) such as MMP-9 (Wong
et al. 2001), and immunomodulate the function of T cells (Youssef et al. 2002). Likewise,
rolipram inhibits the secretion of TNF-α by macrophages and monocytes via blocking the
degradation of cAMP (Torphy and Undem 1991) as well as inhibits NF-κB and matrix MMP-9
activities in activated T cells (Sanchez et al. 2005).
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Neuroprotective and regenerative effects
Neuroinflammation-mediated demyelination and neurological signs are well correlated during
EAE pathogenesis in which OLs are considered to be essential for spontaneous myelin repair
of CNS in ameliorating EAE animals (Pender et al. 1989). Importantly, immunumodulatory
synergy of lovastatin and rolipram alleviated inflammation-induced neurodegeneration i.e.,
protection of neuronal axons and OLs (Table 2 and Fig. 1C). In addition, accumulation of
cAMP and PKA activity were elevated in the SC of ameliorating EAE animals after treatment
with combination of lovastatin and rolipram (Fig. 2). In vitro studies have revealed that an
increase in cAMP levels by inhibition of phosphodoesterase activity increases the survival of
neurons (Hanson et al. 1998) and regulates myelin formation in OLs (Bolton and Butt 2006)
as well as attenuates the activation of brain glial cells (Zhang et al. 2002). In addition, cAMP
induced activation of PKA is essential for the development and functioning of neurons (Song
et al. 1997). Combination therapy promoted spontaneous myelin repair in the CNS after
inflammatory demyelination attack in EAE animals (Fig. 3B-C). It was associated with
induction of a promyelinating milieu in the CNS as showed by an increase in the expression
of neurotrophins i.e., CNTF and NT-3 (Fig. 3D-F), both are involved in the induction of myelin
repair following CNS injury (Kirstein and Farinas 2002; Stankoff et al. 2002). This induction
of a promyelinating milieu in the CNS could be attributed to both activated immune and brain
glial cells in ameliorating EAE animals. For instance, activated TH2 cells are reported to secrete
neurotrophins including brain-derived neuroptophic factor and NT-3 in the CNS (Besser and
Wank 1999; Moalem et al. 2000). Simvastatin has been reported to induce LIF secretion by
treated T lymphocytes from MS patients (Vanderlocht et al. 2006). In addition, we documented
that statins have potential to promote myelin repair in the CNS of EAE animals via increased
expression of neurotrophins by activated brain glial cells exposed to proinflamamtory
cytokines (Paintlia et al. 2005; Paintlia et al. 2008). In addition, statins are reported to provide
neuroprotection in traumatic brain injury (Lu et al. 2007; Wu et al. 2008) and spinal cord injury
(Holmberg et al. 2006; Pannu et al. 2007). Likewise, rolipram promotes brain regeneration via
induction of axonal regeneration, attenuation of glial scar formation, and significant functional
recovery in an SC injury model (Nikulina et al. 2004).

In addition to the induction of CNS repair by lovastatin and rolipram in vivo, these drugs are
also reported to modulate the development of glial cells in vitro. For instance, statins promote
the maturation of human and murine OPs into myelin-forming OLs (Miron et al. 2007; Paintlia
et al. 2005) and enhance spontaneous myelin repair via lowering of isoprenoids and inhibition
of small G protein functions in the brain glial cells (Paintlia et al. 2008). Statins are reported
to prevent the apoptotic cell death of neurons (Johnson-Anuna et al. 2007) and promote neurite
outgrowth during CNS injury (Holmberg et al. 2006; Pooler et al. 2006). Likewise, PDE-4
inhibitor-mediated preservation of cAMP has been shown to protect neurons against β-
amyloid-induced neurotoxicity via induction of PKA activities (Echeverria et al. 2005).

Although other mechanisms may contribute to the observed neuroprotection and neurorepair
in the CNS of EAE animals with the combination therapy of lovastatin and rolipram, we suggest
that the effects of combination therapy are complementary in a synergistic/additive manner.
Therefore, an observed impeded neurodegeneration and induction of neurorepair would be
consistent with this hypothesis. At this time, the precise mechanism and contribution of these
drugs in combination in the reversal of EAE pathogenesis and induction of neurorepair is not
fully understood. An inflammatory demyelination EAE model used in the study replicates
many aspects of MS pathogenesis and has advantages over other chemically (cuprizone)
induced demyelination model to evaluate the neuroprotective and neuroreparative effects of
an experimental drug. Therefore, in contrast to the observed outcomes of statins in our model,
it could be the main cause of failed myelin-repair in simvastatin treated cuprizone
demyelination model (abstract presented at the annual meeting of ‘American Academy of
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Neurologists, 2008, New York, USA). The observed effects of lovastatin in combination
therapy could be resulting from the induction of immunomodulation (Paintlia et al. 2004;
Youssef et al. 2002) and promyelinating milieu in the CNS of ameliorating EAE animals
(Paintlia et al. 2005; Paintlia et al. 2008) including enhanced OL differentiation (Miron et al.
2007; Paintlia et al. 2005) and neuritis in neurons (Holmberg et al. 2006; Pooler et al. 2006).
Of note, the combination of lovastatin with rolipram was equally effective to its previously
reported combination with 5-aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside
(AICAR), an AMP kinase activator (Paintlia et al. 2006), but with difference in their doses i.e.,
rolipram (1 mg/kg) and AICAR (50 mg/kg). We believe that the combination of lovastatin and
rolipram is an excellent approach for MS, using their suboptimal doses to minimize any adverse
toxicity or side effects of the therapeutic doses of these drugs (Miron et al. 2007; Schulz et al.
2004). Based upon these findings with combination of lovastatin and rolipram, future clinical
trials are warranted to investigate the effect of these drugs in combination therapy in MS.
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Multiple sclerosis

SC  
Lumbar spinal cord

CNS  
central nervous system

OL  
oligodendrocyte

MBP  
Myelin basic protein

PDGF-αR  
Platelet derived growth factor-α receptor

dpi  
Days of post-immunization

QRT-PCR  
Quantitative real-time-polymerase chain reaction

LOV  
Lovastatin

RLP  
Rolipram

PDE-4  
Phosphodiesterase-4

CS  
Clinical score

LFB  
luxol fast blue

H & E  
Hematoxylin and Eosin

NT-3  
Neurotrophin-3

PKA  
Protein kinase A

IL  
Interleukin

IFN  
Interferon

BBB  
Blood brain barrier

Paintlia et al. Page 14

Glia. Author manuscript; available in PMC 2009 March 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1. Combination treatment with lovastatin and rolipram reverses cellular infiltration into
the SC of animals with established EAE
Treatment with lovastatin (LOV; 1 mg/kg) and rolipram (RLP; 1 mg/kg) in combination or
individually in established EAE animals. Plot depicts disease in EAE animals treated with LOV
and RLP in combination and individually (A). Plot depicts cellular infiltration as nuclei/field
in the lateral funiculi of SC of EAE animals treated with LOV and RLP in combination or
individually (B). Representative photograph of the lateral funiculus of SC from each group of
animals demonstrates axonal integrity with Bielschowsky’s silver impregnation staining (C).
Data in plots are expressed as Mean ± SD from three independent experiments (A) and
histological images of SC (n = 6)/group (B). Statistical significance * p<0.05, ** p<0.01, and
NS (not significant) versus EAE (VEH). Magnifications 200× (B) and 600× (C).
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Figure 2. Preservation of cAMP and PKA activity in the SC of EAE animals by lovastatin and
rolipram combination therapy
Plots depict the level of cAMP in the SC of EAE (n = 9) and control (n = 9) animals treated
with drug combination or individually or vehicle (VEH) alone from three independent
experiments (A). Plot depicts counts of PKA activity in the SC of EAE (n = 6) and control (n
= 6) animals treated with drug combination or individually or vehicle (VEH) alone from two
independent experiments (B). Data in plot is expressed as Mean ± SD (A) and average means
(B). Statistical significance * p<0.05, ** p<0.01, and *** p<0.001 versus EAE (VEH).
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Figure 3. Combination treatment with lovastatin and rolipram promotes regeneration in the SC
of ameliorating EAE animals
Treatment of EAE rats with lovastatin (LOV) and rolipram (RLP) in combination was started
on the 13th dpi. Plot depicts clinical score in EAE (n = 9) and control (n = 9) rats treated with
drug combination or vehicle (VEH) only (A). Plots depict level of transcripts for PDGF-αR
(B), MBP (C), Olig1 (D), CNTF (E), and NT-3 (F) in the SC of EAE animals as detected by
QRT-PCR. Plot depicts level of NT-3 in the serum of similarly treated EAE animals (G). Data
in plots are expressed as Mean ± SD from three independent experiments. Statistical
significance * p<0.05, ** p<0.01 versus EAE (VEH), and # p<0.05 and non-significant (NS)
versus EAE (Peak).
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Figure 4. Inflammation-mediated demyelination in the SC of EAE animals revealed by toluidine
blue staining
One-micron plastic transverse sections of SC of control (A), vehicle-treated EAE (B), and drug
combination-treated ameliorating (C) EAE animals. Low magnification montages (left panel)
are composed of pictures from 12 blocks of tissue. High magnification pictures of dorsal and
lateral funiculi (boxed areas in low magnification pictures) make up the right panel. (A) Control
SC shows tightly compacted myelinated fibers in all funiculi. Dorsal funiculus (Box 1) and
lateral funiculus (Box 2) illustrates differences in fiber diameters. (B) SC section from a
vehicle-treated EAE animal shows infiltration area mainly in the dorsal funiculus near the
midline and lateral funiculus near the pia border. The dorsal funiculus (Box 1) shows extensive
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demyelination and myelin degeneration associated with infiltration. The lateral funiculus (Box
2) has very little inflammation but exhibits demyelination near the pia matter. (C)
Representative SC section from EAE rats treated with drug combination was selected to show
the maximum amount of demyelination observed in similarly treated rats in the group.
Demyelination (Box 1) is mainly present near the midline, but infiltration is considerably less
than observed in vehicle-treated EAE rats (see B). Lateral funiculus of drug combination-
treated rat (Box 2) does not show infiltration. A few fibers show evidence of degeneration. Bar
= 10 μm and 1 μm for low and high magnification pictures, respectively.
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Figure 5. Demyelination/remyelination in the SC of EAE animals revealed by electron microscopic
studies
Electron micrographs of control (A), vehicle-treated (B–D) and drug combination-treated (E–
F) EAE animals. (A) Dorsal funiculus of a control rat shows all axons are myelinated.
Thickness of the myelin sheath is dependent upon axonal caliber. (B) The lateral funiculus of
a vehicle-treated EAE rat shows many myelin sheaths in various stages of degeneration
(arrows). The intervening space is filled with gliotic processes (asterisks). (C) The dorsal
funiculus of a vehicle-treated EAE rat shows an area with degenerating axons (asterisks), a
myelin sheath with abnormal periodicity, and cytoplasmic accumulation (arrow) and a normal
myelin sheath (crossed arrow). Much of the field is filled with infiltrating cells and their
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processes. (D) The dorsal funiculus of vehicle-treated EAE rat shows extensive infiltration of
inflammatory cells. (E) The dorsal funiculus of drug combination-treated rat shows many,
small-diameter axons surrounded by thin myelin sheaths (arrows), suggestive of remyelination.
(F) The dorsal funiculus of drug combination-treated rat shows a myelinated zone adjacent to
area of inflammation. Myelinated fibers are of various diameters; many small, thinly
myelinated axons are conspicuous (arrows), suggestive of remyelination/repair. Bar = 1 μm
(25,000×).
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Figure 6. Immunohistochemistry reveals induction of myelin repair in the SC of ameliorating
animals
SC sections were processed for immunohistochemistry using anti-MBP and anti-SMI 32
antibodies to determine an induction of myelin repair. Examination of white matter in the lateral
funiculi of SC of a control animal shows tightly compacted myelinated fibers and no
degeneration (1st and 2nd panel). EAE animal on peak clinical day shows severe demyelination,
axonal degeneration (arrowheads) and infiltration in the lateral funiculus of the SC (3rd panel).
Vehicle-treated ameliorating EAE animal shows reduction of infiltration and induction of
myelin repair (4th panel). Drug combination treatment induced reduction of infiltration and
restoration of white matter integrity in the lateral funiculus of SC. Bars; 100 μm.
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Table 1
Genes and DNA sequences of primers i.e., forward primer (FP) and reverse primer (RP) used for QRT-PCR
amplification

Gene Name Primers

GAPDH FP: 5’-cctacccccaatgtatccgttgtg-3’; RP: 5’-ggaggaatgggagttgctgttgaa-3’

18S rRNA FP: 5’-ccagagcgaaagcatttgccaaga-3’; RP: 5’-tcggcatcgtttatggtcggaact-3’

PDGF-αR FP: 5’-cagacattgaccctgttccagagg-3’; RP: 5’-gaatctatgccaatatcatccatc-3’

MBP FP: 5’-ctctggcaaggactcacacac-3’; RP: 5’-tctgctgagggacaggcctctc-3

Olig1 FP: 5’-tggcaattaaagtgacccaagcgg-3’; RP: 5’-acttctggctctaaactggtggga-3’

CNTF FP: cttcaagagctctcacagtg-3’; RP: tgcttatctttggccccataat-3’

NT3 FP: 5’-acgtccgagcactgacttcagaaa-3’; RP: 5’-aggcacacacaggaagtgtcta-3’
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