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Abstract

Multiple sclerosis is an autoimmune disorder of the central nervous system that affects approximately 400,000
people in the United States and 2 million individuals worldwide. The disease is chronic, often progressive, and
manifests through proliferation and activation of T-lymphocytes and astrocytes, resulting in demyelination and
axonal damage. Approved therapies are interferon-based or involve T-cell immune modulators; however, many
treatments have unacceptable side-effects, are cost-prohibitive, and/or require clinical visits for administration. There
is an unmet need for disease-modifying therapies that are non-toxic and readily available. The regulatory pathway
involving opioid growth factor (OGF) and its nuclear-associated receptor, OGFr, is involved in several autoimmune
diseases including multiple sclerosis. The OGF-OGFr axis appears to be aberrant in that patients with autoimmune
disorders often have reduced levels of peptide, an inhibitory growth factor targeting cell proliferation.OGF is an
endogenous neuropeptide, chemically termed [Met5]-enkephalin, that ameliorates the course of experimental
autoimmune encephalomyelitis when treatment is initiated at the time of induction in mouse models of progressive
disease. OGF therapy initiated at the time of disease presentation reversed progressive disease within one week.
OGF treatment of the mouse model of relapse-remitting experimental autoimmune encephalomyelitis resulted in a
significant reduction in the severity and number of relapses. Treatment with OGF of established relapse-remitting
disease diminished peak clinical disease and suppressed relapses. Preclinical studies, as well as clinical
observations, support the use of endogenous opioids as safe and effective disease-modifying biotherapeutics.
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Introduction

Multiple sclerosis
Multiple sclerosis (MS) is a chronic and debilitating autoimmune

disease of the central nervous system (CNS) that affects approximately
400,000 individuals in the United States and 2 million individuals
worldwide [1]. MS occurs in two forms – progressive (primary or
secondary) and relapse-remitting, and many patients with relapse-
remitting forms often develop a more progressive, non-remitting
disorder later in life. Although the etiology of MS is unknown, women
and individuals of countries in northern latitudes have a greater
incidence of MS; deficiencies in vitamin D absorption and some
genetic instability are traits associated with the disorder [1,2]. MS is a
triphasic disease involving astrocyte activation that leads to
inflammation and recruitment of activated T cells to the CNS, and

subsequent demyelination, axonal damage, and neurodegeneration
[1-3].

Current Therapies
The FDA has approved seven treatments that target myelin repair

and neuroprotection including β-interferon products marketed as
Betaferon, Avonex or Rebif, glatiramer acetate (Copaxone),
natalizumba (Tysabri), fingolimod (Gilenya) and mitozantrone
(Novantrone). Many of these therapies carry warnings of serious and
possibly life-threatening side effects [3-11]. Two of the most widely
used therapies are the oral compound fingolimod and Copaxone.
Gilenya™ (fingolimod) is a sphyingosine 1-phophate receptor
modulator that prevents migration of lymphocytes from the periphery
to CNS, and has shown promise for reducing the number of relapses.
Copaxone (glatimer acetate) is a synthetic peptide that imitates myelin
proteins, but the mechanism of action is unknown. Because MS has an
onset during the reproductive period in a women’s life, concerns over
treatment and pregnancy have been addressed [6]. Many of the
treatments have not been studied in laboratory settings with pregnant
animals. Moreover, current treatment regimens are expensive (~
$30,000/year), and compliance is often marginal. Thus there is a need
for disease-modifying therapies that are non-toxic and inexpensive.

Animal Models of Disease
The widely used animal model for MS is experimental autoimmune

encephalomyelitis (EAE) [12,13]. Chronic progressive EAE is induced
by immunization with myelin oligodendrocytic glycoprotein
(MOG35-55), whereas a relapse-remitting form of EAE can be
induced by immunization with proteolipid protein (PLP139-151)
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[12,14,15]. Although the animal models do not correspond to the
etiology of MS, the pro-inflammatory diseases are similar, as the levels
of IFN-γ, IL-1β, and TNF-α are upregulated in EAE and MS and both
disorders are characterized by CNS demyelination and
neurodegeneration. Using the MOG-induced EAE model, the course
of the disease has been categorized into discrete phases [16].
Immediately following peripheral immunization, reactive T cells
proliferate in lymph nodes and spleen, and initiate cytokine
production and secretion [16]. The autoreactive T cells migrate to the
CNS, recognize antigen-presenting cells, become activated and begin
the inflammation cascade leading to tissue injury. Other lymphocytes
remain in “draining” inguinal or cervical nodes that are identified by
their enlargement and hyperproliferation of T and B cells. In the CNS,
the antigen presenting cells continue pro-inflammatory stimulation
and lead to axonal damage and neurodegeneration. This cascade of
events is commensurate with the pathophysiology of MS [17], with the
understanding that the initial immunization in MS is unknown and
autoimmune in nature. Each of these phases of EAE can be modulated
by endogenous opioids through the opioid growth factor (OGF) –
OGF receptor (OGFr) axis.

Role of Endogenous Opioids in the Etiology of Disease
Endorphins and enkephalins comprise a class of neuropeptides

termed endogenous opioids. These peptides have a role in a variety of
diseases including autoimmune disorders [18-21]. β-endorphin has
been measured in the serum and cerebrospinal fluid of MS patients
[19-21], with peptide levels fluctuating during inactive MS. MS
patients often undergo remission in pregnancy, a time when
endogenous opioids are known to be elevated, and patient-provided
evidence as well as physician’s reports indicate that endogenous
opioids such as [Met5]-enkephalin (i.e., OGF) levels are altered [20].

Enkephalins and enkephalin proteases also may have an important
role in the etiology of MS [22-29]. The neprilysin (NEP) family of zinc
metallopeptidases, including neprilysin and endothelin-converting
enzyme-2 (ECE-2), are expressed at the cell surface [26].
Enzymatically, neprilysin functions both as an endopeptidase and as a
dipeptidylcarboxypeptidase to inactivate neuropeptides. Neprilysin
degrades enkephalins in the mammalian brain and inactivates
circulating neuropeptides [27]. Neprilysin, also termed as CD10 or
common acute lymphoblastic leukemia antigen, is expressed on the
surface of lymphocytes in some disease states. These and other
observations have resulted in considerable clinical interest in
neprilysin/CD10 as a potential target in neurodegeneration. Neprilysin
is a major degrading enzyme of amyloid-beta peptide (A-beta) in the
brain; down-regulation of neprilysin activity may contribute to the
development of Alzheimer's disease by promoting A-beta
accumulation. Other studies have shown that cellular progenitors of
CD10 can differentiate T or B lymphocytes or natural killer cells.
Expression of CD10 is an indicator of certain lymphomas and
leukemias such as T cell lymphoma and Burkitt’s lymphoma.
Neprilysin actively degrades a number of signaling neuropeptides
including enkephalins, substance P, and atrial natriuretic factor
[26-29], thus implicating a role of aberrant levels of endogenous
opioids and/or their enkephalinases in disease.

Two opioid peptide proteases, CD10 and CD13, that break down
OGF are increased in patients with active MS, and reduced in patients
undergoing remission [24,25]. An increase in CD10 (neutral
endopeptidase-NEP; EC 3.4.24.11) and CD13 (aminopeptidase N; AP-
N, EC 3.4.11.2) occurs in MS patients during the course of

exacerbation and chronic MS, but expression of these peptidases are
low during phases of remission [24,25]. Because these ectoenzymes are
enkephalin-degrading, enkephalins which inhibit cell proliferation
have reduced expression and the end result is uncontrolled T cell
proliferation and exacerbation of MS. Data on decreased enkephalins
and elevated enkephalinases in MS patients suggests an important
connection between endogenous opioids and MS.

Role of Endogenous Opioids in the Amelioration of
Disease: Basic Science

Endogenous opioids such as OGFor endogenous secretion of OGF
by upregulation of the OGF-OGFr axis following systemic low dosages
of naltrexone (LDN) reverse the progression of experimental
autoimmune encephalomyelitis (EAE), prevent neuronal damage in
the CNS, and reduce the frequency and severity of relapses in a
relapse-remitting model of EAE [30-39]. Mouse models of chronic
progressive EAE induced by MOG35-55 injections, as well as relapse-
remitting EAE, induced by PLP139-151 have been successfully to
demonstrate the safety and efficacy of OGF or LDN treatment for MS
[34-39].

The OGF-OGFr Axis: General Concepts
OGF, chemically termed [Met5]-enkephalin, is a constitutively

expressed native opioid that interacts with OGFr to decrease cell
replication and growth during neoplasia, development, wound
healing, and angiogenesis [30,31]. OGF activity is not cell, tissue or
organ specific, and its action is stereospecific and reversible. OGF is
non-cytotoxic/non-apoptotic inducing, not associated with
differentiation, migration, adhesion, or invasion, and occurs at
physiologically relevant concentrations. The mechanisms of OGF
action are known [40,41]. OGF enters cells through clathrin-mediated
endocytosis, interacts with the OGF receptor (OGFr), and targets the
cyclin-dependent inhibitory kinases p16 and p21 to delay cells in the
G1/S phase of the cell cycle [11,12]. OGF influences tissue
organization. Addition of exogenous OGF [39] or introduction of
OGFr by recombinant technology or delivery by a gene gun in vivo or
transfection in vitro exacerbates the OGF-OGFr equilibrium and
enhances the inhibitory action [42,43]. Disruption of peptide-receptor
interaction by sustained opioid receptor blockade (e.g., the potent and
long-acting opioid antagonist naltrexone), OGF-specific antibodies, or
antisense/siRNA constructs for OGFr results in a substantial increase
in cell number compared to control levels, indicating the tonic and
constitutive nature of OGF-OGFr interfacing.

OGF and LDN Treatment Initiated at the Time of MOG-Induction
in Progressive EAE Secretion of the endogenous opioid OGF can be
induced by intermittent blockade of the OGF-OGFr axis using low
dosages of naltrexone (LDN). The short duration of blockade
upregulates peptide and receptor facilitating interaction when the
antagonist naltrexone is no longer available [30]. Treatment of mice
with either 10 mg/kg OGF or 0.1 mg/kg naltrexone (LDN) beginning
at the time of disease induction modifies the onset and progression of
disease. Studies conducted over a 60-day period of time with daily
treatment initiated at the time of immunization demonstrated that in
comparison to MOG-immunized mice receiving saline, OGF prevents
the expression of disease in 37% of mice and reduces the severity and
disease indices of EAE (Figure 1). In several experiments, OGF
increased remission by 6-fold relative to control mice, and reduced
activated astrocyte proliferation, demyelination, and neuronal damage.
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OGF or LDN treatment of mice with EAE resulted in no deleterious
long-term repercussions and did not exacerbate EAE across a
considerable span of time. Studies revealed that OGF or LDN halt
progression of disease, reverse neurological deficits, and prevent the
onset of neurological disorders in comparison to EAE mice receiving
saline [34-36].

Figure 1. Behavioral scores of mice with chronic progressive EAE
induced by MOG injections and treated daily from the time of
initiation of disease (day 0) with either saline (vehicle),10 mg/kg
OGF, or 0.1 mg naltrexone (LDN). Mean behavioral scores are
significantly different from MOG+Vehicle mice at p<0.05 (*),
p<0.01 (**), and p<0.001 (***). (Adapted from Rahn et al., [35])

Figure 2. Disease scores of MOG-induced animals with established
EAE disease and treated with vehicle (saline) or 10 mg/kg OGF for
40 days post disease onset. Mice were observed daily by two
individuals, with one masked to the treatment group; behavioral
scale ranged from 0-10 (death). Significantly different from EAE
+vehicle mice at p<0.05 (*), p<0.01 (**), and p<0.001 (***).
(Adapted from Campbell et al., [37])

OGF Treatment Initiated with Established Chronic
Progressive Disease

Investigations on the effectiveness of OGF for treatment of mice
with established progressive EAE (clinical signs for 2 consecutive days)
were conducted with mice being evaluated over a 40 day period of
time [37]. All MOG-immunized mice displayed clinical signs of
disease within 9-10 days, and were randomized to receive daily
injections of either OGF (10 mg/kg) or saline. Within 6 days of OGF
treatment, behavioral scores were markedly reduced relative to
controls (EAE+vehicle mice)(Figure 2) [37], suggesting a reversal of
the course of disease. Whereas mice with EAE receiving OGF had

behavioral scores of 2 to 3 (foot faults and wobbly gait) based on an
expanded 10-point scoring system, control animals had behavioral
scores averaging 6.5 to 7 (hindlimb and forelimb paralysis).
Neuropathological evaluation of the lumbar regions of the CNS
revealed reduced levels of inflammation (activated astrocytes and
microglia) and diminished demyelination [37]. Immunohistochemical
staining of lumbar spinal cord showed elevated numbers of microglia/
macrophage and astrocytes in saline-injected mice with disease relative
to normal mice. Conversely, mice with established disease but treated
with OGF had significant reductions in microglia within 5 days of
treatment that were sustained for all 40 days of evaluation. Astrocyte
number in the control group was elevated 5-fold by 10 days of disease,
and significantly reduced in mice treated with OGF [38]. Thus,
treatment with endogenous opioids initiated at the time of established
chronic progressive EAE, a clinically relevant paradigm, reverses the
progression of clinical disease [37].

OGF Inhibition of Relapse-Remitting EAE with
Treatment Initiated at the Time of Disease Induction

Eighty-five percent of patients with MS have the relapsing form
[1,2]. The mouse model for the relapse-remitting form of EAE is
established by immunization of SJL/J mice with PLP139-151 (i.e.,
relapse-remitting EAE; RR-EAE). When endogenous opioids were
administered concomitantly with the induction of disease, mice
receiving OGF has substantial reduction in clinical signs of disease, as
well as decreased neuropathology in the CNS [39]. Cumulative disease
scores (summation of behavioral scores for all mice) for PLP
immunized mice receiving saline were 145 ± 23 in comparison to a
disease index of 78±16 for mice receiving OGF, a 46% decrease. Mice
were monitored daily for periods of remission and relapse. A complete
remission was considered when the animal returned to a score of 0.5
or less for two consecutive days; a relapse was the period of time when
behavioral scores for an individual mouse were 2 or more points
higher than their average running behavioral score for 2 consecutive
days [39]. In comparison to RR-EAE mice receiving saline, OGF
effectively reduced the severity of the peak disease and prevented all
subsequent relapses (Figure 3) [39]. PLP immunized mice receiving
saline had 4.5-fold more relapses than mice receiving OGF.
Histological analyses of spinal cord tissue from mice in both treatment
groups reveal reduced neuropathology following exposure to OGF. On
day 14 (peak disease), mice immunized with PLP and receiving OGF
had 50% fewer activated astrocytes relative to mice receiving saline. At
the termination of the study on day 55, immunized mice receiving
saline had 2-fold more astrocytes detected in the CNS than animals
receiving OGF. Neuropathology of the lumbar spinal cord
corroborated findings of reduced microglia and T lymphocytes in
OGF-treated mice with RR-EAE relative to controls. In summary,
endogenous opioid treatment of RR-EAE animals reduced the median
cumulative disease scores by 66%, prolonged periods of remission, and
diminished the frequency and severity of disease relapses.

OGF and LDN Treatment of Established Disease
Inhibited the Progression of Relapse-Remitting EAE

A final paradigm of investigation involved initiating treatment with
endogenous opioids after clinical signs of RR-EAE appeared for 2
consecutive days; this model closely reflects the majority of MS
patients who present in a clinic after several days of tremors,
stumbling, or dizziness. Immunization of mice with PLP139-151
resulted in the first appearance of clinical signs of RR-EAE on day 9,
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with peak disease occurring within 2-3 days. Saline-treated mice with
RR-EAE had mean peak scores of 4.8, corresponding to limb paralysis,
gait abnormalities, and altered tail tonicity. In comparison, the mean
behavioral scores for RR-EAE mice receiving OGF were significantly
lower than controls at the time of peak disease, and remained reduced
on 27 of the 32 days following peak disease(Figure 4). OGF treatment
of mice with RR-EAE resulted in a majority of mice having one or
more remissions in comparison to only one of 18 mice receiving saline
showing behavioral remission. Not only was the frequency of
remission increased by OGF, but the duration of remission following
OGF was markedly prolonged relative to mice receiving saline. In
summary, endogenous opioid treatment of the mouse model of
relapse-remitting disease was effective when initiated early in the
course of disease as well as at the time of observable clinical signs of
disease, comparable to clinically isolated syndrome.

Figure 3. Behavioral profile of RR-EAE in mice immunized with
PLP139-151 and treated daily with either 10 mg/kg OGF (PLP
+OGF) or saline (PLP+saline) beginning at the time of
immunization. Behavior was scored daily. Significantly different
behavioral scores at p<0.05 (*), p<0.01 (**). (Adapted from
Hammer et al., [39])

Figure 4. Behavioral profile of established RR-EAE in mice treated daily with 10 mg/kg OGF (RR+EAE + OGR-R; n=8) or saline (RR-EAE +
Saline; n=9) beginning after 2 days of observed behavior effects. Behavior was scored daily by 2 observers, one masked to treatment.
Significantly different behavioral scores at p<0.05 (*), p<0.01 (**); p<0.001 (***).

Role of Endogenous Opioids in Treatment of Multiple
Sclerosis: Clinical Trials

Confirmation of the efficacy of the biotherapy OGF, and
understanding the underlying mechanistic pathways in MS, is
particularly attractive since OGF is safe, non-toxic, and efficacious as
shown in Phase I [44] and Phase II [45] studies for other indications.
Furthermore, LDN is non-toxic and effective in clinical trials for
treatment of other autoimmune disorders including Crohn’s disease
[46] and fibromyalgia [47]. Thus, knowledge that OGF plays a
regulatory role in the etiology and pathogenesis of EAE(and MS)

encourages biological investigations on the OGF-OGFr axis as a
therapeutic target. At this time, OGF is not available by prescription,
whereas LDN can be obtained as an off-label, prescription therapeutic
under physician’s guidance. At least three clinical trials have been
published whereby the opioid antagonist for the OGF-OGFr pathway,
LDN, was demonstrated to increase the quality of life of MS patients
with relapse-remitting MS or secondary progressive MS, and
significantly improve mental health [48-50]. In a single center, double-
masked, placebo-controlled, crossover study, patients were given 4.5
mg naltrexone nightly. LDN was found to be well-tolerated and no
serious adverse events occurred [49]. A research team led by Dr. Maira
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Gironi in Milan reported that 6 months of LDN treatment in a phase
II multicenter trial demonstrated that LDN was safe and well tolerated
[50]. Thus, the reports on controlled clinical trials, as well as numerous
websites (http://www.ldnnow.co.uk/, http://
www.ldnresearchtrust.org/) show that LDN is a safe, non-toxic and
effective therapy. An outcome of all clinical trials is the
recommendation for additional study using OGF or LDN with longer
duration of therapy.

Conclusions
Because modulation of OGF and OGFr in EAE (and MS) can

change the course of disease, one can hypothesize that both the
peptide and receptor play an important role in EAE/MS, and that
either peptide or receptor, or both, may be defective during the disease
process. Given that exogenous administration of OGF reduces clinical
behavior in animal models of progressive [34-37] and relapse-
remitting [39], disease, and that LDN is effective in clinical trials of
patients with MS [46-48], it can be postulated that the receptor is
intact and functioning. Circulating levels of OGF, as well as
degradation of the peptide, are of interest as possibly becoming
aberrant during the course of disease. Laboratory studies have shown
that OGF plays an important role in EAE/MS by inhibiting the
proliferation of cells related to the inflammatory process thus
demonstrating that the endogenous opioids target disease-modifying
pathways [38]. In vitro experiments have shown that OGF inhibits cell
proliferation in a receptor-mediated manner of astrocytes isolated
from cerebral cortices [38]. Behavioral studies have shown that OGF,
and LDN, are effective at reducing clinical signs of EAE, reversing the
progression of EAE, and preventing subsequent relapses in RR-EAE.
In conjunction with clinical data on LDN, the OGF-OGFr regulatory
axis is a new paradigm of disease-modifying therapy for multiple
sclerosis.
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