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Abstract

Dextromethorphan (DM) is a dextrorotary morphinan and a widely used component of cough
medicine. Relatively high doses of DM in combination with quinidine are used for the treatment
of mood disorders for patients with multiple sclerosis (MS). However, at lower doses, morphinans
exert anti-inflammatory activities through the inhibition of NOX2-dependent superoxide
production in activated microglia. Here we investigated the effects of high (10 mg/kg, i.p.,
“DM-10") and low (0.1 mg/kg, i.p., “DM-0.1") doses of DM on the development and progression
of mouse experimental autoimmune encephalomyelitis (EAE), an animal model of MS. We found
no protection by high dose DM treatment. Interestingly, a minor late attenuation by low dose DM
treatment was seen in severe EAE that was characterized by a chronic disease course and a
massive spinal cord infiltration of CD45* cells including T-lymphocytes, macrophages and
neutrophils. Furthermore, in a less severe form of EAE, where lower levels of CD4* and CD8* T-
cells, Ibal* microglia/macrophages and no significant infiltration of neutrophils were seen in the
spinal cord, the treatment with DM-0.1 was remarkably more beneficial. The effect was the most
significant at the peak of disease and was associated with an inhibition of NOX2 expression and a
decrease in infiltration of monocytes and lymphocytes into the spinal cord. In addition, chronic
treatment with low dose DM resulted in decreased demyelination and reduced axonal loss in the
lumbar spinal cord. Our study is the first report to show that low dose DM is effective in treating
EAE of moderate severity. Our findings reveal that low dose morphinan DM treatment may
represent a new promising protective strategy for treating MS.
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Introduction

Multiple sclerosis (MS) is an autoimmune demyelinating disease characterized by chronic
inflammation and axonal loss in the central nervous system (CNS). Treatment of MS is
limited to immunomodulatory or immunosuppressive therapy that is not always successful
and often has severe adverse effects (Gold et al., 2006). Therefore, the search for new
compounds that can regulate autoimmune inflammation without causing significant side
effects is of importance. Derivatives of morphine have been reported to attenuate
inflammation in chronic neurodegenerative disorders (Li et al., 2005; Liu and Hong, 2003;
Zhang et al., 2004). This anti-inflammatory effect was observed with both dextra- and
levorotary morphinans, was not associated with opioid receptor modulation, and was due to
the inhibition of superoxide production by phagocytic nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase NOX2 (Li et al., 2005; Liu et al., 2000; Liu et al., 2003; Qin et
al., 2005). Anecdotally, an antagonist of opioid receptors, naltrexone, has been prescribed
off-label at low doses for the treatment of several autoimmune disorders, including MS. The
effect of “low dose naltrexone” (LDN) is believed to be mediated through the increase of
opioid receptors density induced by chronic application of opioid antagonists (Narita et al.,
2001; Rajashekara et al., 2003). It is unclear whether inhibition of NOX2 might also
contribute in the protective effect of LDN.

NOX2 is highly expressed in phagocytic cells including macrophages, neutrophils and
microglia. Activation of NOX2 requires the assembly of an enzyme complex consisting of
the cytosolic subunits p47phox, p40phox, p67phox and a membrane bound flavocytochrome
gp91phox (NOX2) associated with p22phox (Bedard and Krause, 2007). Superoxide
produced by NOX2 is involved in a cascade of reactions generating other reactive oxygen
species (ROS) (Lam et al., 2010). The role of ROS in autoimmune diseases remains unclear.
It has been shown that p47phox knockout mice are resistant to experimental autoimmune
encephalomyelitis (EAE) (van der Veen et al., 2000). Mice carrying a mutation in the
p47phox encoding gene Ncfl showed amelioration of EAE symptoms when EAE was
induced with a myelin oligodendrocyte glycoprotein (MOG) peptide. However, using the
entire MOG protein resulted in an exacerbation of EAE in Ncfl mutated mice, suggesting a
regulatory role of ROS in the function of antigen-presenting cells (Hultgvist et al., 2004). In
addition, NOX2~/~ dendritic cells showed a drastic decrease in antigen cross presentation
and initiation of adaptive immunity (Savina et al., 2006). NOX2 derived ROS produced by
perivascular macrophages and endothelial cells increased the permeability of the blood brain
barrier that contributes to the subsequent trafficking of pathogenic mononuclear cells into
the CNS (Huppert et al., 2010; Mirshafiey and Mohsenzadegan, 2009). Chemotaxis of
phagocytic cells to the site of inflammation is also regulated by ROS (Hattori et al., 2010).
Indeed, microglia play a substantial role in the development of autoimmune CNS
inflammation. Resident microglia are activated preferentially by Th17 or Th1/Th17 T-
lymphocytes invading the CNS before the development of clinical symptoms of EAE
(Murphy et al., 2010). Microglial activation is associated with an upregulated expression of
MHC class Il, release of pro-inflammatory cytokines, chemokines and ROS that attract
peripheral immune cells and cause damage to oligodendrocytes and neurons (Benveniste,
1997; Gandhi et al., 2010; Szczucinski and Losy, 2007).
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Dextromethorphan (DM) is a morphinan widely used as a component of cough medicine.
DM is a weak inhibitor of serotonin reuptake and in combination with quinidine, which
prevents O-demethylation of DM, is promoted by Avanir Pharmaceuticals Inc. for the
treatment of pseudobulbar affect in patients with MS and amyotrophic lateral sclerosis.
Lacking the affinity to opioid receptors, DM works as a non-competitive antagonist of
NMDA receptors, inhibits voltage gated Ca2*-channels, and stimulates sigma-1 receptors at
relatively high doses (Werling et al., 2007). Due to these properties, DM has been shown to
be neuroprotective in models of cerebral ischemia, spinal cord injury, epilepsy and
Parkinson’s disease (Britton et al., 1997; Kim et al., 1996; Steinberg et al., 1988; Topsakal et
al., 2002; Zhang et al., 2004). At lower doses, DM or other morphinans are known to inhibit
NOX2 mediated production of ROS in activated microglia/macrophages by the reduction of
p47phox translocation to the cell membrane through the inhibition of ERK 1/2
phosphorylation (Liu et al., 2009; Qian et al., 2007).

Here we studied the effects of high-dose versus low-dose DM treatment on the development
and progression of mouse EAE, an animal model of MS. We also investigated possible
mechanisms of action.

Material and Methods

Animals

Experiments were carried out in accordance with the National Institutes of Health guidelines
for the use of laboratory animals; all animal protocols were approved by the University of
California Davis Institutional Animal Care and Use Committee. A total of 56 C57BL/6 male
mice (25-35 g) were obtained from Jackson Laboratories (Sacramento, CA). All efforts
were made to minimize the numbers of animals used and to ensure minimal suffering.

Induction of EAE and DM treatment protocol

To induce EAE, C57/BL6 male mice of 8-12 weeks old were injected subcutaneously in the
flank with an emulsion of MOGg3s5_s5 peptide in incomplete Freund’s adjuvant supplemented
with Mycobacterium tuberculosis H37Ra (M.t.). Using different concentrations of MOG/
M.t., two types of EAE trials were initiated. EAE-1 was induced with 300 pg of MOG and
2.5 mg/ml M.t., and EAE-II with 50 ug MOG and 0.5 mg/ml M.t. (Fig. 1A). Mice also
received two i.p. injections of 250 ng of pertussis toxin immediately after immunization and
48 h later. Body weight and clinical signs of EAE were monitored daily. The severity of
clinical symptoms was scored based on a standard neurological scoring system for EAE as
follows: 0 — no deficit; 1 — complete loss of tail tone; 1.5 — mildly impaired righting reflex; 2
— abnormal gait (ataxia) and/or impaired righting reflex; 2.5 — single limb paresis and ataxia;
3 — double limb paresis; 3.5 — single limb paralysis and paresis of second limb; 4 — full
paralysis of two limbs; 4.5 — moribund; 5 — dead (Selvaraj et al., 2009). Scoring was
performed in a blind fashion. Beginning from day 7 post immunization (d.p.i.), animals
received an i.p. injection of saline, DM 0.1 mg/kg (DM-0.1) or DM 10 mg/kg (DM-10)
(Sigma) once daily. Based on the data of clinical score, each EAE was characterized using
the following parameters: the number of days to onset, mean score at the peak of the disease,
maximal severity score, duration of paralysis, mean score at the end of the experiment, and
animal survival. Animals were monitored for 45 days and spinal cord tissue was collected
for analysis at the end of each experiment. When necessary, tissue was also collected at the
peak of disease for analysis.

RNA Isolation and qPCR

To examine the cellular compositions of spinal cord infiltrates and the relative expression of
immune cytokines and NOX2 subunits, we performed real-time quantitative reverse
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transcriptase-polymerase chain reaction (QPCR) analysis. Mice were anesthetized with
ketamine:xylazine (100:10 mg/kg) and perfused through the heart with a phosphate-buffered
saline (PBS). Lumbar spinal cords were carefully excised and stored separately in liquid
nitrogen. Total RNA was isolated from spinal cord tissue using RNeasy Lipid Tissue Mini
Kit (Qiagen) following the standard protocol. For quality control, RNA purity was verified
using the OD260/280 ratio to be between 1.8 and 2.0. Total RNA (1 pg) was reverse-
transcribed to cDNA using MultiscribeTM reverse transcriptase (Applied Biosystems).
Subsequent qPCR reactions for GAPDH, CD45, CD11b, CD11c, Ly6g, gp91phox and
p47phox were performed in triplicates on a Roche Lightcycler 480 using SYBR Green
Master Mix (Roche Applied Science). Specific primers were designed using the Primer3
Input software. The following primers were used: GAPDH, forward: 5'-
GCCTTCCGTGTTCCTACC-3/, reverse: 5-GCCTGCTTCACCACCTTC-3'; CD45,
forward: 5-GAAGATGTGGTTGATGTT-3, reverse: 5-GAACTGGTATTGCTCATAG-3';
CD11b, forward: 5-TCAGAAGATGAAGGAGTT-3', reverse: 5'-
CATTGAAGGTGAAGTGAA-3'; CD11c, forward: 5-TTAACTTCTCAACCTCAG-3/,
reverse: 5-TCTATTCCGATAGCATTG-3’; Ly6g, forward: 5'-
GGAGATAGAAGTTATTGTG-3', reverse: 5-CAGTATTGTCCAGAGTAG-3'; gp91phox,
forward: 5'-CAGGAGTTCCAAGATGCCTG-3', reverse: 5'-
GATTGGCCTGAGATTCATCC-3'; p47phox, forward: 5'-
AGATCTCCCGCTGCCCACAC-3', reverse: 5'-
GCCCGATAGGTCTGAAGGATGATG-3". The specificity of products from each primer
set was validated by analyzing all melting curves (Tm). To examine the transcription levels
of CD4, CD8, IFN-y, iNOS and sigma-1 receptors, gPCR reactions were performed in
duplicates using validated TagMan gene expression assay (Applied Biosystems), CD4
(MmO00442754_m1), CD8 (Mm01182107_g1), INF-y (Mm01168134_m1), IL-17
(Mm00439619_m1), iNOS (Mm00440502_m1), sigma-1 receptors (Mm00448086_m1). For
both SYBR Green and TagMan primers, validation was performed by calculating g°PCR
efficiencies by the amplification of a standardized dilution series, and constructing a relative
efficiency plot comparing target and reference ACp values to ensure that the absolute slope
of fit line was less than 0.1. Subsequently, all experimental samples were analyzed and
normalized with the expression level of the internal control gene, GAPDH. Relative
quantification of fold-change was performed by applying the 2-2ACt method and comparing
Cp values (calculated by second derivative maximum) of individual mice to CFA control
mice (Livak and Schmittgen, 2001).

Histology and Immunohistochemistry

Mice were anesthetized, and lumbar spinal cords were dissected from transcardial perfusion-
fixed animals and placed in 4% paraformaldehyde (PFA) for 24 h. Samples were then
exposed to stepwise cryoprotectant equilibration in 10% and 20% sucrose and thereafter
embedded in 20% sucrose/OCT (1:1; Sakura Finetek, Torrance, CA) and frozen in dry ice-
cooled isopentane. The 14-um thick sections were prepared in a cryotome and stored in PBS
at 4°C until use.

For examination of myelin loss, sections were collected on glass slide and stained with
Luxol Fast Blue (LFB). In brief, sections were washed with ddH,O for 2 min and then
placed in 70% and further 95% ethanol for 1 min. Samples were incubated in 0.1% LFB
solution at 60°C for 16 h. After washing in 95% ethanol to remove excess stain, sections
were incubated in 0.05% lithium carbonate. Slides were mounted using xylene-based
Cytoseal XYL medium. Images were acquired on an Olympus BX61-DSU microscope
(Olympus Corp., Melville, NY) using a Hamamatsu ORCA-ER camera (Hamamatsu
Photonics, Shizuoka, Japan).
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For immunostaining of myelin basic protein (MBP), Ibal, CD4, CD45 or SMI-312, sections
were post-fixed in 4% PFA for 30 min. Endogenous peroxidase was inhibited by treatment
with 1% H,0, for 5 min. An antigen retrieval step using 10 mM sodium citrate was required
for sections stained with SMI-32. Nonspecific binding of antibodies was blocked using 10%
normal goat serum in 0.1% Triton X in PBS, and samples were then incubated with rat anti-
MBP (1:100; Novus Biologicals, Littleton, CO), rabbit anti-lbal (1:500; Wako Chemicals
Industries Ltd., Richmond, VA), rat anti-CD4 (BD Biosciences, San Jose, CA), rat anti-
CD45 (1:200; SouthernBiotec, Birmingham, AL) or mouse anti-SMI-312 (1:500; Covance,
Princeton, NJ) overnight at 4 °C. Slides were then washed in PBS and incubated with
fluorophore-conjugated secondary antibody Alexa Fluor 488 or 555 (1:1000). Fluorescent
nuclear counterstaining was carried out using 4,6-diamidino-2-phenylindole (1 uM final
concentration; Invitrogen) for 10 min. Slides were then washed in PBS and mounted using
ProLong Gold mounting medium (Invitrogen). Images were acquired on a Nikon Eclipse TE
2000-E microscope using a D-Eclipse C1si camera (Nikon Instruments Inc., Melville, NY).
MBP-SMI* and SMI* axons were quantified in the blind fashion in the area 0.01 mm?
located in white matter of the ventrolateral lumbar spinal cord.

Microglial cultures

Primary microglial cultures were prepared from P1-3 C57/BI6 mice. In brief, cerebral
cortices were isolated after the removal of meninges, homogenized with a fire-polished
Pasteur pipette, and sequentially passed through an 18G, 22G and 25G needle syringe and a
40 um cell strainer to collect dissociated cells in a 50 ml falcon tube. Cells were then washed
with PBS, centrifuged for 10 min at 1000 rpm, incubated in DNase-I for 10 min at 37°C,
again washed with PBS and centrifuged for another 5 min at 1200 rpm. After centrifugation
cells were resuspended in DMEM/F12 (Gibco) supplemented with 2 mM L-glutamine, 10%
endotoxin-free fetal bovine serum (HyClone) and 1% penicillin/streptomycin. Cells were
plated on poly-D-lysine (PDL) coated 75-cm? flasks at a density of 5 x 108 cells and
maintained in a 37°C and 5% CO2 incubator. The medium was changed the next day and
once per week thereafter. After 10-14 days in vitro, microglia were harvested by shaking at
200 rpm for 1 h. Floating cells were collected and plated at a density of 5x10° cells/well in
PDL coated 24-well plates. The purity of the replated microglial cultures was 96% judged
by FACS analysis of CD11b expression. In the next day, cells were washed with PBS and
pretreated with different concentrations of DM (107 — 10710 M) for 2 h at 37°C. INF-y (20
ng/ml, Akron Biotechnology, Boca Raton, FL) was then added to the cultures, and cells
were maintained for another 22 h at 37°C and then collected for further RNA isolation using
RNeasy Mini Kit (Qiagen).

Superoxide production in microglia and spinal cord tissue

Superoxide production was measured by lucigenin-enhanced chemiluminescence in
microglial cultures. N9 microglia were plated in a density of 2 x 104 cells/well on a 96 well
Optiplate (Perkin Elmer) and kept for 24 h at 37°C to attach. In the following day, cells were
washed twice with Krebs-HEPES buffer and pretreated for 2 h with DM (107° — 10715 M)
or NADPH oxidase inhibitors diphenyleniodonium chloride (DPI, 10 uM) or apocynin (1
mM) in Krebs-HEPES buffer. After stimulation with IFN-y (20 ng/mL) for 10 min, cells
were incubated with 5 pM lucigenin for 15 min at room temperature and NADPH (100 puM)
was then added to the wells immediately before reading.

To measure superoxide production in the spinal cord, total proteins were isolated by
homogenizing the tissue in Krebs-HEPES lysis buffer containing 1 mM EGTA, 1 mM
EDTA, 0.1% Triton-X and protease and phosphatase inhibitors (Roche). Protein samples
(150 pg/well) were prepared in a 96 well Optiplate and incubated with 5 uM lucigenin for
15 min at room temperature. NADPH was added to the wells immediately before reading.
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Measurements were obtained for a total period 13 min. The luminescence in each well was
detected 5 times during 2 seconds using Microbeta TriLux 1450 LSC & Luminescence
Counter (Perkin Elmer, Waltham, MA). Numbers of all readings were summed and
represented as relative luminescence units (RLU) or percentage to CFA group readings.
Each of the reading samples was prepared in triplicates and each experiment was repeated
twice.

Statistical analysis

Results

All statistical analyses were performed using GraphPad Prism 5.0 (GraphPad Software Inc.,
San Diego CA). The statistical significance of differences between means was evaluated
using one-way ANOVA followed by post hoc Newman-Keuls test for multiple comparisons
or two-way ANOVA followed by Bonferroni posttest. Single comparisons were analyzed by
the Student’s t-test. For data not satisfying assumptions of normality and homogeneity of
variance, a nonparametric Mann-Whitney test was used. In all figures, data are represented
as mean + S.E.M. In all cases probability values less than 0.05 were considered statistically
significant.

Effect of DM on the development and progression of EAE

At doses ranging from 10-80 mg/kg, DM is neuroprotective in models of cerebral ischemia,
spinal cord injury and epilepsy (Werling et al., 2007) due to the blockade of NMDA
receptors and the stimulation of sigma-1 receptors (Kim et al., 2003). At lower doses, DM
inhibits NOX2 activity and therefore has an anti-inflammatory effect. To study the effect of
DM treatment on the development and progression of EAE, two dosing paradigms of DM,
high dose DM-10 and low dose DM-0.1, were used.

To account for EAE developments involving different pathological mechanisms and
phenotypes in the same strain of animals (Berard et al., 2010), we performed EAE trials
using different concentrations of MOG/M. t. (Fig. 1A). EAE-I: 300 ug MOG and 2.5 mg/ml
M.t.; EAE-II: 50 ng MOG and 0.5 mg/ml M.t. Animals were treated daily with DM-10,
DM-0.1 or saline starting from day 7 after EAE induction (Fig. 1B). In EAE-I, all animals
developed paralysis with the peak at day 16-19 after EAE induction and the average
maximal severity score of EAE was 4.2 £ 0.1 (Fig. 1C; Table 1). Neither DM-10 nor
DM-0.1 treatment could ameliorate the onset or progression of the disease (Table 1).
Although DM was not effective against this form of severe EAE, we still could observe a
minor late neuroprotective effect of DM-0.1 around 30 d.p.i. To stimulate the relapsing—
remitting form of MS (RRMS) with less severe EAE, we followed the protocol suggested
previously by Berard et al. (2010). Although a decrease of MOG and M.t. did not result in a
definitive RRMS pattern in EAE-II, under these conditions, DM-0.1 could significantly
attenuate the development of the peak of the disease (Table 2; mean clinical score 2.2 £ 0.5
in DM-0.1 versus 3.6 £ 0.2 in saline) and slightly reduced EAE progression (Fig. 1D). The
maximal severity score in DM-0.1 treated group was 3.7 £ 0.2 in comparison to 4.1 + 0.1 in
the saline group (Table 2). A non-significant remission of clinical symptoms was observed
after the EAE peak in DM-10 treated group in EAE-II, but neither low dose DM-0.1 nor
high dose DM-10 could change the onset or duration of paralysis compared to saline (Table
2). Thus, the effect of DM treatment in EAE was dependent on the induction of EAE and the
development of the disease. A reduction of MOG and M.t. resulted in a moderate EAE that
revealed a beneficial effect of DM-0.1. No protection was observed with DM-10.
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The moderate EAE displays a lower level of immune cell infiltration into the spinal cord

Next, we compared the pathology of EAE-I and EAE-II in order to define the factors that
may be important for the neuroprotective effect of DM. To reveal the differences between
EAE-I and EAE-II, the pathological phenotypes, the severity of demyelination and the
pattern of CNS infiltration were compared using the clinical scores and histology of the
spinal cords tissue of saline treated animals. While EAE-1 showed a 100% incidence of the
disease (Table 1), a decrease in MOG/M.t. in EAE-II resulted in the reduction of the
incidence to 96% (Table 2). There were no significant differences in the time of onset, the
clinical score at the peak of disease or the maximal severity score between EAE-I and EAE-
I1. An increase of the survival rate was found in EAE-II compared to EAE-1. None of the
EAE trials showed a particularly significant remission of clinical symptoms during the
observation period (45 days), similar to the chronic-progressive form of EAE described
previously (Berard et al., 2010). Histological analysis of the spinal cords was performed at
the peak (19-20 d.p.i.) and in the chronic phase of EAE (45 d.p.i.). At both time points we
found CD4* T-lymphocytes localized in the spinal cord parenchyma of EAE-I (Fig. 2B, 2D)
and EAE-1I animals (Fig. 2C, 2E). The numbers of CD4"* cells were significantly elevated at
the peak of EAE-I (Fig. 2B) and EAE-II (Fig. 2C) when compared to the CFA-control group
(Fig. 2A) where no cells expressing CD4 antigen were observed. In addition, a significant
upregulation of CD4 (Fig. 2L) and CD8 (Fig. 2M) mRNA was detected at the peak of EAE-I
and EAE-II in comparison to CFA-control.A high amount of T-cells was still seen in the
spinal cord parenchyma in EAE-I during the chronic phase of disease (Fig. 2D, 2L, 2M)
whereas EAE-I1 showed a minor level of T-cell infiltration at this time point (Fig. 2E, 2L,
2M). We found an intact myelin layer, evenly stained with LFB in coronal sections of the
CFA-only control animals (Fig. 2F). Demyelinating plaques and areas with damaged myelin
were mostly seen in the ventrolateral part of the spinal cords of EAE-I (Fig. 2G) and EAE-II
(Fig. 2H) animals. However, in EAE-I demyelination was profoundly progressed. A
dramatic upregulation of the transcript of the microglia/macrophages marker CD11b was
found at the peak of EAE-I by gPCR (Fig. 2N). In EAE-II, this increase was less prominent
but still significant in comparison to CFA-control. At the later time point the level of CD11b
mMRNA was reduced in both EAEs (Fig. 2N), however in EAE-I it was still elevated when
compared to CFA-control or EAE-I. This observation was confirmed by
immunohistochemistry for the microglia/macrophage marker Ibal (Fig. 21, 2J, 2K).lbal*
cells were accumulated prominently on the site of demyelination. A high amount of CD45*
cells was also monitored in the spinal cords of EAE-I animals during the chronic phase of
disease (Fig. 2J, 2K). The majority of round Ibal* cells found in EAE-I expressed CD45 and
was identified as activated macrophages, whereas 1Bal* cells with weak CD45 expression
were considered to be microglia. Interestingly, a significant increase of neutrophils
expressing Ly6g mRNA was found only at the peak of EAE-I and some Ly6g expression
was also detected at the chronic phase (Fig. 20). In EAE-II no significant level of Ly6g was
observed at the peak, but a small increase was found at the later stage. Although the mRNA
level of dendritic cell marker CD11c was elevated in EAE mice compared to the CFA
control, there were no differences detected in CD11c gene expression between EAE-I and
EAE-II. Thus, we found that EAE-I was characterized by a chronic pattern of clinical
phenotype, high severity, an increased infiltration of macrophages, T-lymphocytes and
neutrophils into the spinal cord and an upregulation of microglia. Spinal cord infiltration in
EAE-1 was more severe compared to EAE-II that displayed an alleviated form of EAE
characterized by a chronic type of disease with moderate severity and periods of slight
remission and with lower CNS infiltration.
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DM-0.1 treatment prevents infiltration of peripheral immune cells into the CNS in moderate

EAE

Since the beneficial effect of low dose DM treatment was the most prominent at the peak of
EAE-II, we next investigated whether the DM treatment could affect the infiltration of
peripheral immune cells into the CNS. Spinal cord tissue of EAE-II animals was collected at
the peak of EAE and examined for the transcription levels of mMRNAs encoding proteins
characteristic of peripheral immune cells. Lower levels of CD45 (Fig. 3A) and CD11b
mRNA (Fig. 3B) were found in the DM-0.1 treated group (p = 0.07, n = 4) compared to
saline (n = 6). Concordantly, the level of CD11c mRNA was markedlylower in the DM-0.1
versus saline treated group (p < 0.05). However, there were no differences between groups
in the amount of Ly6g transcription, a marker of neutrophils (Fig. 3D). Treatment with
DM-0.1 significantly reduced the levels of the T-lymphocyte markers CD4 (Fig. 3E) and
CD8 mRNA (Fig. 3F), together with a downregulation of INF-y (Fig. 3G) and IL17 (Fig.
3H) transcription. CCL2 is the chemokine secreted by astrocytes and a predominant driver
of monocytes and lymphocytes into the CNS (Ransohoff et al., 1993). Treatment with
DM-0.1 could prevent the upregulation of CCL2 mRNA in the spinal cord tissue of EAE-I1I
mice (Fig. 31). Hence, our data showed that the neuroprotective effect of DM-0.1 treatment
was associated with an inhibition of cell trafficking into the CNS.

Low doses of DM inhibit NADPH oxidase mediated production of superoxide and the
transcription of NOX2 subunits in microglia in vitro and in the spinal cord tissue

Next, we investigated whether the effect of low dose DM in EAE-II might involve the
regulation of NOX2 activity. In the CNS of patients with MS and during EAE microglia are
activated in response to IFN-y released by effector T-cells that in turn initiates inflammation
and oxidative stress (Gonsette, 2008). Therefore, we first investigated whether DM can
inhibit the NOX2 mediated release of superoxide in microglia in vitro after stimulation with
IFN-y using a lucigenin-enhanced enzymatic assay. We observed a significant decrease in
the production of superoxide by NOX2 when microglia were pretreated with DM before
stimulation (Fig. 4A). In concentrations of 1076 — 10715M, DM significantly inhibited the
activity of NADPH oxidase (p < 0.05 versus IFN- y). This effect was comparable to the
effect of antioxidant apocynin. DM at 1072 and 10719 M could dramatically inhibit p47phox
mRNA (Fig. 4B; p < 0.05 versus IFN- y). At doses of 107° — 10719 M, DM significantly
downregulated the transcription of the NOX2 enzymatic subunit gp91phox (Fig. 4C; p <
0.05 for 107> - 1078 M and p < 0.01 for 109 and 10710 M). We also observed a decrease of
iNOS transcription in DM treated microglia (Fig. 4D). Expression and activity of NOX2 was
further investigated in the spinal cord tissue of EAE animals collected at the peak of disease.
Treatment with DM-0.1 could significantly reduce the mRNA level of p47phox (p < 0.05; n
=4) in comparison to saline (n = 6) in the spinal cords of EAE animals (Fig. 5A). We also
observed a decreased level ofgp91phox mRNA after DM-0.1 treatment (Fig. 5B; p = 0.07).
However, we could not observe a significant inhibition of NOX2 enzymatic activity and
production of superoxide in the spinal cord tissue of DM-0.1 treated group compared to
saline (Fig. 5C). Nevertheless, the level of iNOS mRNA was dramatically reduced after
treatment with the low dose DM (Fig. 5D; p < 0.05). Thus we found that DM could inhibit
NOX2-mediated production of superoxide and the transcription of NOX2 subunits in
microglia in vitro after stimulation with INF-y. Low doses of DM were the most effective.
We also observed a reduction of p47phox and gp91phox mRNA together with an inhibition
of oxidative stress by DM-0.1 in the spinal cord tissue of EAE animals after DM-0.1
treatment.
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Chronic treatment with DM-0.1 attenuates axonal demyelination and reduces neutrophil
CNS infiltration of animals with EAE of moderate severity

Spinal cords of mice treated with saline, DM-10 or DM-0.1 were examined for cell
infiltration, demyelination and axonal loss at the end of the experiment (45 d. p. i.).
Reduction of Ibal* macrophages/microglia was revealed by immunohistochemistry in
animals treated with DM-10 (Fig. 6B) or DM-0.1 (Fig. 6C) in contrast to saline (Fig. 6A).
Round Ibal* cells with macrophage morphology were observed in the subarachnoid space
around spinal cord in all experimental groups. However, some large round Ibal* cells were
found in the spinal cord parenchyma of saline treated animals. Nevertheless, analysis of
gPCR showed no differences in the expression of CD11b mRNA (Fig. 6D) between DM-10,
DM-0.1 and Saline treated groups (n = 4/group). Chronic treatment with DM-10 or DM-0.1
did not change the amount of infiltrating immune cells expressing CD45 (Fig. 6E), but
significantly reduced the amount of Ly6g expressing neutrophils in the spinal cord tissue
when compared to saline (Fig. 6F; p < 0.05 for DM-10 and p < 0.01 for DM-0.1). Large
areas of myelin loss and abnormal myelin were found in the ventrolateral lumbar spinal
cords of saline treated animals at 45 d.p.i. (Fig. 6G). In comparison to saline, chronic
treatment with DM-10 (Fig. 6H) or DM-0.1 (Fig. 61) markedly decreased the level of
demyelination in the spinal cords of EAE-1I mice. However, only DM-0.1 treatment could
prevent axonal loss that was seen in demyelinating areas of the spinal cords of both the
saline and DM-10 groups (Fig. 6G, 6H, 6L) using the SMI-312 staining of highly
phosphorylated axonal epitopes of neurofilaments (Ulfig et al., 1998). Upregulation in the
transcription of sigma-1 receptors might imply that regenerative mechanisms and
remyelination could have also occurred after chronic treatment with DM-0.1 (Fig. 6J).

Taking together, our data showed that low dose DM (DM-0.1) was neuroprotective in
moderate EAE, which was associated with low infiltration of peripheral immune cells.
Chronic treatment with DM-0.1 could inhibit NOX2 expression and the enzymatic activity
in the spinal cord tissue, and thus resulted in a reduction of oxidative stress and the
subsequent inhibition of infiltration in the CNS, preventing severe demyelination and axonal
loss.

Discussion

Here we demonstrated the novel protective effects of the morphine derivative DM at a low
dose against moderate EAE. We also showed that this effect of low dose DM was associated
with an inhibition of NOX2, a decrease of CNS infiltration and a reduction of demyelination
and axonal degeneration in the spinal cords of EAE mice. DM is clinically available and
well tolerated, and has already demonstrated neuroprotective properties in various
experimental models of neurological diseases. Our findings may provide exciting
information leading to a new, inexpensive strategy for treating MS.

The unique ability of low dose morphinans to regulate inflammation through inhibition of
the NOX2-dependent production of ROS could contribute importantly to the potential of
these compounds to treat autoimmune diseases, such as MS. Apart from LDN, whose
neuroprotective activity in MS and EAE has been suggested to involve the blockade of
opioid receptors (Rahn et al., 2011; Zagon et al., 2009), little is known about the ability of
other maorphinans to treat MS. We investigated the effect of the dextrorotary morphinan and
non-opioid cough suppressant DM on the development and progression of EAE. We induced
EAE using C57BL/6 mice that are well known to be susceptible to MOG peptide-induced
EAE and to develop disease phenotypes characterized by profound demyelination and
axonal loss (Gold et al., 2006). We demonstrated that well-established doses of MOG (300
ug) and M.t. (2.5-5 mg/ml) resulted in the development of EAE-I that displayed a chronic-
progressive pattern of clinical symptoms (Berard et al., 2010; Gold et al., 2006; Soulika et
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al., 2009). During the chronic phase of EAE-I, we found large amounts of infiltrating
neutrophils and CD4*, CD8" T-lymphocytes in the spinal cord. Recent reports demonstrated
that neutrophils are involved in the pathology of EAE that is mediated mostly by Th17
effector cells and their regulatory mediator IL17. This type of EAE would likely resemble
progressive form of MS (Jager et al., 2009; Jager and Kuchroo, 2010). The lack of a
therapeutic effect of DM in EAE-I leads to the conclusion that treatment with DM might not
be sufficient enough to inhibit inflammation in the presence of high numbers of infiltrating
immune cells including neutrophils. Minor attenuation of clinical symptoms at the later time
point when some infiltrating cells clear the CNS parenchyma might be in support of this
hypothesis (Soulika et al., 2009). A certain level of microglial activation could change the
ability of microglia to respond properly to DM treatment. In addition, ROS can also be
involved in the regulation of anti-inflammatory mechanisms. It has been shown that ROS
produced by macrophages might control the activity and apoptosis of encephalitogenic T-
lymphocytes (Gelderman et al., 2007). Therefore, elimination of ROS might result in an
exacerbation of disease symptoms, which has been shown in mice caring a mutation in
p47phox encoding gene Ncfl (Hultqvist et al., 2004).

In EAE-II, reduced amounts of MOG (50 ug) and M.t. (0.5 mg/ml) led to alleviated severity
and decreased incidence of the developed disease and resulted in moderate EAE in mice.
EAE-I1 was characterized by lower numbers of T-lymphocytes, less activation of microglia
and no significant amount of neutrophils in the spinal cord. It was suggested that this EAE,
characterized by low neutrophil infiltration in the CNS, would possibly be mediated by Thl
cells and regulated mainly by IFN-y (Jager and Kuchroo, 2010), although we observed an
upregulation of IL17 under EAE-II conditions as well. This type of EAE could to some
extent resemble the pathology of RRMS (Jager and Kuchroo, 2010). We found that the
moderate pathology of EAE-11 was suitable to reveal the beneficial effect of DM-0.1. Being
administered i.p. starting from day 7 after immunization, DM-0.1 could prevent the
development of the peak and slightly attenuate the progression of EAE-II clinical symptoms.
At 7 d.p.i., MOG specific auto-reactive Thl, Th17 and Th1/Th17 lymphocytes are already
present in the spleen and lymph nodes of EAE mice and can be detected in the brain and
spinal cord at 10-14 d.p.i. (Murphy et al., 2010; Soulika et al., 2009). Therefore, we
examined whether DM-0.1 treatment might target the transmigration of leukocytes into the
CNS rather than the antigen presentation. Indeed, we found that there was a substantial
decrease of CNS infiltration including macrophages, dendritic cells, CD4* and CD8* T-
lymphocytes observed at the peak of EAE after DM-0.1 treatment. Moreover,
downregulation of CCL2 expression found in the spinal cord tissue at this time point
indicated that DM-0.1 treatment would likely regulate pro-inflammatory chemokines that
drive the recruitment of inflammatory cells into the CNS. Since the onset of myelin and
axonal loss take place immediately after CNS infiltration of peripheral immune cells,
prevention of initial leukocytes transmigration by DM-0.1 in our study resulted in decrease
of demyelination, attenuation of axonal degeneration and alleviation of EAE clinical
symptoms.

Remarkably, the amount of neutrophils observed in the spinal cords during the chronic
phase of EAE-II was higher compared to the numbers of neutrophils found at the peak of
disease. It has been shown that neutrophils accumulating in the CNS during EAE contribute
to exacerbation of neuronal loss and inhibit remyelination after injury (Liu et al., 2010).
Interestingly, chronic treatment with DM-0.1 was effective to reduce the amount of
neutrophils present in the spinal cord of EAE-II mice. Even though no differences in the
clinical scores between the saline and DM-0.1-treated group were seen at the terminal time
point of EAE-II, we found less demyelinating plaques and less accumulation of 1Bal*
microglia/macrophages at the site of demyelination in the spinal cords after treatment with
DM. Chronic DM-0.1 treatment could also regulate regenerative mechanisms in the spinal
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cord tissue during EAE. Increased levels of sigma-1 receptor mMRNA have been shown to be
involved in the maturation of oligodendrocytes and cell survival (Hayashi and Su, 2004;
Hayashi and Su, 2007).

The ability of DM to block NMDA receptors and inhibit voltage gated Ca-channels would
unlikely be responsible for the protective effect of DM-0.1, because the low dose of
compound was used and because high dose DM treatment did not show similar effect. Our
data support the hypothesis that inhibition of NADPH oxidase might be an important
mechanism involved in the neuroprotective effect of low dose DM in MS. The ability of low
doses of morphine derivatives to inhibit the production of NOX2 derived ROS in cultured
microglia and macrophages activated by LPS has been shown (Li et al., 2005; Liu et al.,
2009). We demonstrated that DM in low doses from 1076 M to 10715 M can inhibit the
NOX2 mediated production of superoxide in microglia activated by INF-y. In addition, we
showed that a 24-h treatment with low doses of DM could reduce the transcription level of
NOX2 subunits and decrease iINOS gene expression, consistent with the previous
observation that superoxide was involved in the regulation of NO production (Pawate et al.,
2004). We demonstrated that the beneficial effect of DM-0.1 treatment in EAE was
associated with a reduction of the transcription level of p47phox and gp91phox subunits of
NADPH oxidase at the peak of the disease. We also showed an inhibition of the production
of NOX2-dependent superoxide in the spinal cord tissue of DM-0.1 treated animals and a
reduction of the iNOS transcription level, indicating the attenuation of inflammation and
oxidative stress. Although our data have demonstrated the effect of low dose DM in
microglia in vitro, we cannot exclude the possibility that DM-0.1 treatment could also target
the expression and activity of NOX2 NADPH oxidase present on other immune cells,
including macrophages, neutrophils or B-lymphocytes.

The fact that high dose DM failed to provide protection against both of the severe and the
moderate EAES suggests that unwanted effects of the compound might have been more
obvious when high dose DM was used, and also indicates that DM treatment might unlikely
work through the antagonism of NMDA receptors.

Overall, our results reveal a novel protective effect of low dose DM in autoimmune CNS
inflammation, and demonstrate that a possible mechanism of action is via inhibition of
NADPH oxidase and decrease of CNS leukocytes infiltration. These exciting findings may
provide useful information leading to a new, inexpensive strategy for treating MS.
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Abbreviations

DM dextromethorphan

DM-10 dextromethorphan, i.p. at 10 mg/kg

DM-0.1 dextromethorphan, i.p. at 0.1 mg/kg

d.p.i days post immunization

EAE experimental autoimmune encephalomyelitis
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LDN low dose naltrexone

LFB luxol fast blue

MBP myelin basic protein

MS multiple sclerosis

ROS reactive oxygen species
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Figure 1. Effect of DM-10 or DM-0.1 treatment on the development and progression of EAE
The therapeutic effect of DM was investigated in two types of EAE, which were induced by
using different concentrations of MOG peptide and M.t. (A). Animals received a daily i.p.
injection of a high dose 10 mg/kg (DM-10) or a low dose 0.1 mg/kg (DM-0.1) of DM or
saline beginning from 7 d.p.i. until the end of the experiment (45 days) (B). DM-0.1
treatment showed a minor late attenuation clinical symptoms of EAE-I, a chronic-
progressive form of severe EAE (n=22/group) (C). DM-10 was not effective in this form of
EAE. In a less severe form, in EAE-II, treatment with DM-0.1 showed a moderate early
attenuation of the disease clinical symptoms that was the most prominent at the peak (n=22—
23/group) (D). Treatment with DM-10 did not affect the EAE-II clinical score, although
some amelioration of the symptoms could be seen temporally after the peak of disease. *, p
< 0.05 versus the same time point in the saline treated group.
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Figure 2. EAE-I is characterized by severe demyelination and massive spinal cord infiltration
Lumbar spinal cords of saline treated mice in the CFA control, EAE-1 and EAE-II groups
were examined for demyelination and mononuclear cell infiltration at the peak and the
chronic phase of EAE (day 45). CD4* T-cells were found in the spinal cord parenchyma of
EAE-I (B, D) and EAE-II (C, E) animals at both time points. No CD4 expressing cells were
observed in the CFA-control (A). Demyelinating plaques were detected in the spinal cords
during the chronic phase of EAE using LFB staining (F-H). Higher level of myelin loss was
found in EAE-I (G) compared to EAE-II (H). In addition, a dramatic increase of Iba*
macrophages/microglia was shown throughout the coronal sections of the spinal cords in
EAE-I (J) vs EAE-II (K). The number of CD45* cells (I-K) was also markedly elevated in
EAE-I spinal cords when compared to the CFA control or EAE-II. qPCR analysis revealed
increased levels of mMRNAs encoding CD4 (L), CD8 (M), CD11b (N) proteins in EAE-I and
EAE-I1I animals at the peak of disease (n = 4-7). Cell infiltration in EAE-I was significantly
higher when compared to EAE-II. An increase of Ly6g mRNA level was detected only in
EAE-I animals at the peak of disease (O). *, p < 0.05; **, p < 0.01 and ***, p < 0.001. Scale
bars: A-E, D-L, 50 um; F-H, 200 pm.
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Figure 3. Neuroprotective effect of DM-0.1 in EAE-I11 is associated with the inhibition of cellular
infiltration into the CNS

EAE was induced by a low dose of MOG and M.t. (EAE-II, Fig. 1A). Cell infiltration in the
spinal cords of mice treated with DM-0.1 or saline was examined at the peak of EAE (19-20
d.p.i.). Levels of MRNAs encoding proteins specific for different cell populations were
detected by gPCR. A dramatic decrease of CD45 (A), CD11b (B) and CD11c (C) gene
transcription was revealed after DM-0.1 treatment (n = 4). However, DM-0.1 did not change
the expression of the neutrophil specific Ly6g gene (D) when compared to Saline (n = 6).
Significant decrease of CD4 (E) and CD8 (F) expressing T-lymphocytes was observed
together with a reduction of transcription of IFN-y (G) and I1L17 (H) after DM-0.1 treatment.
Decrease of cellular infiltration into CNS was associated with a reduction of expression of
CCL2 mRNA in the spinal cord tissue (). *, p < 0.05 and **, p < 0.01 versus the saline
group.
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Figure 4. DM inhibits the transcription of NOX2 subunits and NOX2-mediated production of
superoxide in microglia in vitro

Superoxide production in microglia was measured using lucigenin-enhanced
chemiluminescence assay. DM at the concentrations from 1075 to 107> M could
significantly downregulate NOX2 mediated superoxide production, when microglia were
treated with DM for 2 h before stimulation with 20 ng/ml IFN-y (A). Primary microglia
were pre-incubated for 2 h with different concentrations of DM before further treatment with
20 ng/ml IFN-y for the next 22 h. Total RNA was isolated and expression of the genes
encoding NADPH oxidase subunits p47phox and gp91phox was analyzed by gPCR. DM at
the concentration of 1072 or 10710 M significantly inhibited the transcription of p47phox
subunit (B). The transcription level of gp91phox was significantly downregulated by a wide
range of DM concentrations from 107> to 10710 M (C). DM treatment also resulted in a
reduction of INOS mRNA (D). *, p < 0.05; **, p < 0.01 versus the IFN-y treated group.
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Figure 5. DM-0.1 inhibits the expression of NOX2 and oxidative stress response in the spinal
cord tissue of EAE-II animals

Mice were immunized with 50 ng MOG/0.5 mg/ml M.t. and treated with saline or DM-0.1
starting from day 7 until the peak of EAE (19-20 d.p.i.). Lumbar spinal cords were collected
after perfusion with PBS and analyzed for the expression and activity of NOX2. DM-0.1
treatment (n = 4) could significantly reduce the mRNA level of p47phox in the spinal cord
tissue when compared to saline (n = 6) (A). The transcription level of the enzymatic subunit
gp91phox was also decreased in the spinal cord tissue after DM-0.1 treatment (B). A non-
significant reduction in NADPH oxidase-dependent superoxide production was found in the
spinal cord homogenates of DM-0.1 treated animals (D). The transcription level of iINOS
was dramatically decreased by DM-0.1 treatment (E). *, p < 0.05 versus the saline group.
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Figure 6. Chronic DM-0.1 treatment reduces neutrophil infiltration and axonal degeneration,
and stimulates regeneration in the spinal cords of animals with EAE of moderate severity
Lumbar spinal cords of EAE-II mice treated with saline, DM-10 or DM-0.1 were analyzed
for cell infiltration and demyelination at the end of the experiment (45 d.p.i.). Accumulation
of 1bal* cells in the subarachnoid space was found in the spinal cords of all experimental
groups (A-C). A lot of large round Ibal* cells with macrophage morphology were observed
in the site of demyelination in the spinal cords of Saline treated animals (A). However, no
significant differences in the amount of macrophages/microglia between saline and DM-
treated groups were revealed by g-PCR (D). Although no differences in the CD45 gene
expression level (E) were observed between groups, there was noted reduction in the amount
of Ly6g mRNA (F) expressed by infiltrating neutrophils (n = 4/group; *, p < 0.05 and **, p
< 0.01 versus the saline group). Less demyelination was revealed by MBP
immunohistochemistry in DM-10 and DM-0.1 treated animals compared to the saline group
(G-1). A higher fraction of myelinated MBP-SMI-312* axons was found in ventrolateral
spinal cords of animals treated with DM-0.1 (I) in comparison to saline (G) or DM-10 (H).
Upregulation of sigma-1 receptor (sigma-1r) mRNA level was detected in the spinal cords of
DM-0.1 treated animals (J). Scale bars: A-C and G-I, 20 um.
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