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Abstract

The objective of the current study was to investigate whether minocycline improves the effect of an existing multiple sclerosis (MS)
medication, interferon-3, on experimental autoimmune encephalomyelitis (EAE) in mice. When used at sub-optimal doses, neither medication
affected EAE but their combination at these doses led to the significant alleviation of EAE disease severity scores and histological outcomes. In
culture, the toxicity of T cells to neurons was alleviated by their prior exposure to minocycline or interferon-3 and their combination further
attenuated neuronal death. Collectively, these results suggest the utility of the combination of minocycline and interferon-p in MS.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The use of interferon-p and glatiramer acetate in MS has
resulted in the decrease of relapse rate, reduction in the
frequency of enhancing lesions in magnetic resonance
imaging (MRI), and a slowing of progression of disability
(The IFNB Multiple Sclerosis Study Group, 1993; Jacobs et
al., 1996; Johnson et al., 2000; PRISMS-4, 2001; Comi et
al., 2001). Despite the significant advances, not all patients
have responded optimally to these immunomodulators.
Further improvement in MS therapeutics is necessary, either
with the advent of new medications or the combination of
existing ones, to improve the prognosis of MS.

Minocycline is an oral tetracycline derivative with good
penetration properties into the CNS. It is commonly used in
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the treatment of acne where a good safety record has been
established in long term use (Seukeran et al., 1997; Shapiro
et al., 1997). There is increasing recognition that minocy-
cline has properties unrelated to its anti-microbial action. In
particular, minocycline has multiple immunomodulatory
activities, including the inactivation of microglia, and it
has several neuroprotective and anti-apoptotic mechanisms
(reviewed in Yong et al., 2004). Impressively, minocycline
reduces the neuropathological consequences of animal
models of stroke (Yrjanheikki et al., 1998; Arvin et al.,
2002), Huntington’s Disease (Chen et al., 2000), Parkin-
son’s Disease (Du et al.,, 2001; Wu et al.,, 2002),
amyotrophic lateral sclerosis (Kriz et al., 2002), Down’s
syndrome (Hunter et al., 2004) and spinal cord injury (Wells
et al., 2003; Stirling et al., 2004).

We (Brundula et al., 2002) and others (Popovic et al.,
2002; Nessler et al., 2002) have reported that minocycline
attenuates disease activity in experimental autoimmune
encephalomyelitis (EAE), an animal model of MS. Based
on these findings, and of its neuroprotective capacity in
alleviating axonal loss (Wells et al., 2003), we have tested
oral minocycline in a Phase II trial of 10 patients with
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relapsing—remitting MS. We found that minocycline reduced
MRI-detected gadolinium enhancements within 2 months of
treatment (Metz et al., 2004); after 24 months of therapy,
patients have remained clinically stable (Zabad et al.,
submitted for publication). As minocycline is an inexpensive
drug and has multiple immunomodulatory and neuroprotec-
tive activities, this oral medication could be a useful adjunct
to the current therapies in MS. Accordingly, we have
observed that minocycline in combination with glatiramer
acetate resulted in a greater attenuation of EAE disease
activity than either drug used alone (Giuliani et al., 2005).

In this report, we have considered whether minocycline
would act together with interferon-p in vitro and in EAE.
This combination is advantageous for several reasons. First,
both are immunomodulators with various effects on cells of
the immune system. Second, while the interferons are
thought to enter minimally into the central nervous system
(Greig et al., 1988; Wills, 1990), minocycline penetrates
into the brain and spinal cord (MacDonald et al., 1973;
Carney et al., 1974) where it has the potential to exert
immunomodulatory and neuroprotective activities within
(Yong et al., 2004). Third, interferon- was shown to be
proteolytically cleaved by matrix metalloproteinases
(MMPs), which are upregulated in MS (reviewed in Yong
et al,, 2001), and this cleavage was blocked by min-
ocycline’s inhibition of the activity of MMPs (Nelissen et
al., 2003). Minocycline would thus be expected to prolong
the bioavailability of interferon-p when both are used
concurrently to treat patients with MS.

The main objective of the current study was to
investigate whether minocycline improves the effect of
interferon-p on EAE in mice. Because optimal doses of
interferon-p alone would prevent disease activity in EAE,
making it impossible to study the impact of combination
treatment, we have used interferon-p at a sub-optimal dose
that, alone, had no benefit in EAE. Similarly, minocycline
was used at a sub-optimal dose so that any additive effect
with interferon-3 could be determined. Furthermore, as
activated T lymphocytes kill neurons in culture (Giuliani et
al., 2003), a finding of relevance to the neurodegeneration
that occurs in MS (Ferguson et al., 1997; Trapp et al., 1998;
Bjartmar and Trapp, 2001; Cifelli et al., 2002), we have
tested whether the combination of interferon-f3 and minocy-
cline reduces the capacity of T cells to promote neuronal
death in culture. Our collective results demonstrate that the
impact of the combination is better than either used
individually, suggesting the potential of this combination
treatment to improve the management of patients with MS.

2. Materials and methods

2.1. Induction and assessment of EAE

C57/BL6 mice of 8—12 weeks of age were used. EAE
was induced using a single injection of 50 pg of myelin

oligodendrocyte glycoprotein (MOG peptide, amino acid
sequence 35-55, synthesized by the peptide facility of The
University of Calgary), emulsified in 100 pl of complete
Freund’s adjuvant (Difco Laboratories, Detroit, Michigan).
The MOG injectate was distributed equally on both sides at
the base of the tail subcutaneously. Pertussis toxin (0.3 pg/
200 pl, List Biological Laboratories, Campbell, California)
was injected intraperitoneally on days 0 and 2, with day 0
being the day of MOG immunization.

Mice were evaluated daily for clinical signs. We used a
modified behavioural scoring system that assessed all four
limbs and tail independently (Giuliani et al., 2005). For the
tail, a score of zero reflects no symptoms; 1 represents a
paralyzed tail while a score of 2 is given to a mouse with a
fully paralyzed tail. For the hind or fore limbs, each assessed
separately, zero signifies no symptoms; a score of 1
indicates a weak or funny walk; 2 represents a mouse that
drags that limb which is still moving while a score of 3
denotes a fully paralyzed limb. The score from each limb
and the tail was summed to obtain the daily disease score for
that animal. An advantage of this scoring system is that it
enables separate assessment of each limb because the right
and left side may be neurologically different.

2.2. Treatment of mice

Both minocycline (HCI salt, Sigma, Oakville, Canada)
and recombinant murine interferon-3 (Serono, Geneva)
were used at sub-optimal doses that barely affected the
disease course since optimal doses would have adequately
controlled disease activity making the impact of the
combination difficult to assess. An optimal regimen of
minocycline in mice (Brundula et al., 2002) is 50 mg/kg,
twice daily for the first two days, then 50 mg/kg once daily
the next 5 days, and 25 mg/kg per day thereafter. In a
preliminary experiment, we determined that doses of
recombinant murine interferon-p above 15,000 IU/mouse
are effective to alleviate disease activity optimally (data not
shown).

Thus, in this study, we used minocycline at 25 mg/kg
daily and murine interferon-p at 7500 IU/mouse daily.
Treatment was initiated 7 days following MOG immuniza-
tion and medications were administered daily until mice
were sacrificed.

2.3. Neuropathological analysis

Mice were overdosed with chloral hydrate and the entire
spinal cord was then removed and immersed in 10%
buffered formalin. Blocks consisting of lumbar-sacral cord
for transverse sections and thoracic spinal cord for
longitudinal sections were then embedded in paraffin.
Sections were subsequently stained with haematoxylin-
eosin and luxol fast blue for evidence of inflammation and
demyelination, respectively. The second series of adjacent
sections was processed with Bielchowsky silver stain to
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identify axons. Histological scores of the degree of
inflammation, demyelination and axonal loss in the spinal
cord of each mouse were evaluated blind using a semi-
quantitative system described previously (Giuliani et al.,
2005). In brief, a score of zero indicated no disease and
higher scores depict increasing degrees of pathology. For
inflammation, which tended to progress from the meninges
deeper into the parenchyma in increasingly sick mice, a
grade of 0 refers to no infiltration of inflammatory cells,
grade 1 represents foci of subarachnoid cell infiltration,
grade 2 is diffuse subarachnoid infiltration, grade 3 has foci
of parenchymal infiltration, while grade 4 denotes diffuse
and widespread parenchymal infiltrates. For demyelination,
a score of 0 indicates no demyelination; 1 refers to foci of
demyelination that is superficial and proximal to the
subarachnoid space, and that involves less than 25% of
the lateral columns; 2 represents foci of deep parenchymal
demyelination and that involves over 25% of the lateral
columns; while a score of 3 denotes diffuse and widespread
demyelination. For axonal loss, grade 0 is no axonal loss,
grade 1 indicates the presence of foci of superficial axonal
loss and which involves less than 25% of the lateral
columns, grade 2 denotes foci of deep axonal loss and that
encompasses over 25% of the lateral columns, while grade 3
has diffuse and widespread axonal loss.

2.4. T cell-neuronal co-cultures

Human fetal neurons were cultured to over 90% purity as
described previously (Giuliani et al., 2003). Peripheral
blood mononuclear cells were obtained from normal healthy
adult donors and the T cells were activated by incubation
with anti-CD3 for three days as described previously
(Giuliani et al., 2003). Where T cells were left unactivated,
these were not exposed to the anti-CD3 treatment. In the
case of medication-treated T cells, cultures were exposed to
the treatment three hours after the initiation of anti-CD3
exposure. The cells were treated with human interferon-p
(Rebif®, 2000 TU/ml) or minocycline (50 pg/ml) for 3 days.
The floating T cells were then collected, counted, and
50,000 cells from each treatment group were added to
neurons in culture. Each treatment group consisted of four
cultures of human neurons and experiments were repeated
twice using different sets of neurons and human leukocytes.
Twenty four hours after incubation of T cells with neurons,
cultures were fixed with 4% paraformaldehyde and sub-
jected to immunohistochemistry for microtubule-associated
protein 2 (MAP-2) to detect neurons (Giuliani et al., 2003).
The number of surviving neurons in culture was then
counted in five defined fields per culture.

We note that minocycline inhibits the proliferation of
anti-CD3 activated cells (Giuliani et al., in press) and that its
effects become visible at the concentration of 10 pg/ml and
are maximal at 100 pg/ml. These doses are not toxic to the T
cells (Giuliani et al., in press). For the current experiments,
cells were counted at the end of the 3 day incubation with

minocycline, and an equivalent number (50,000) of these
minocycline-pretreated cells, as with controls, were then
added to neurons.

2.5. Statistical analysis

As the majority of the animal data consisted of ordinal
scores in the different treatment groups, the Kruskal—Wallis
nonparametric ANOVA test was employed, along with post
hoc Dunn’s multiple comparisons test. For the analysis of T
cell-neuronal co-cultures, a parametric ANOVA test was
used with Tukey’s post hoc comparisons. For correlations,
Spearman’s nonparametric correlation test was used. Stat-
istical significance was set at p <0.05.

3. Results

3.1. The combination of minocycline and interferon-f§
improves the clinical severity of EAE in mice

Saline-treated mice developed EAE with symptoms
appearing by 8—10 days following MOG immunization
and developing to an average maximum severity of grade 6
where tail and hind limbs were affected (grades 2—3 on the
commonly used 5 point scale). Treatment of mice with sub-
optimal doses of minocycline or interferon- alone did not
alter disease severity but their combination at these doses
led to marked attenuation of disease (Fig. 1A).

‘We tabulated the overall disease burden for each mouse;
this is the sum of the daily disability score over the entire
course of an experiment. Fig. 1B indicates that the overall
burden of disease was alleviated in the combination group.
When the maximum disease score achieved by each mouse
was plotted, it was noted that this was also reduced by
treatment of the combination of interferon- and minocy-
cline (Fig. 1C).

3.2. Combination treatment improves histological outcomes
in EAE

After obtaining the disability profiles displayed in Fig. 1,
mice were sacrificed for neuropathological assessments.
Blinded analyses revealed that the degree of inflammation
and demyelination was similar in mice given either
individual treatment alone, used at sub-optimal doses, when
compared to saline-treated EAE mice. Their combination,
however, at sub-optimal doses resulted in a very marked
decrease of inflammation, demyelination and axonal injury
(Figs. 2A—C and 3).

We noted a correspondence between the degree and
location of inflammation with axonal injury, in that regions
with inflammation typically also contained axons of
apparent reduced density. Thus, we plotted the degree of
axonal injury and inflammation for each animal and such
analysis for all the mice analysed in Fig. 2A—C revealed a
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Fig. 1. The combination of minocycline and interferon-p (IFNp) attenuates clinical severity of EAE. Panel A of mean daily group disease score shows that
saline-treated mice developed EAE with an average maximum severity of grade 6 where tail and hind limbs were affected (Grades 2—3 on the commonly used
5 point scale). Treatment of mice with sub-optimal doses of minocycline or interferon-p alone did not alter disease severity but their combination at these doses
led to the marked attenuation of disease (tail affected, but there was no hind limb involvement). There were 7 mice each in the saline and interferon- groups
while the minocycline alone or combination groups had 8 mice each. In B, the overall disease burden for each mouse is obtained from the sum of the disability
scores tabulated daily over the course of an experiment. The bars represent the mean+SEM for each group. In panel C, the maximum disease score achieved by
each mouse over the course of the entire experiment is plotted, with each symbol representing an individual mouse. Combination versus saline: *p <0.05
(Kruskal— Wallis nonparametric ANOVA test). The trend of this figure (with the disease severity of combination group being significantly different from saline
mice) was also reproduced across 2 other experiments involving 30—40 mice in each experiment.

very significant correlation (Fig. 2D) between the 2
parameters. The correlation of demyelination with inflam-
mation was also significant but less marked (r=0.882,
p<0.0001).

3.3. Killing of neurons by T cells in culture

Given the significant correlation between axonal injury
and inflammation, and in line with our previous demon-
stration that activated T cells can kill neurons (Giuliani et
al., 2003), we investigated whether the treatment of
activated T cells with minocycline or interferon-3 would
alter their capacity to kill neurons. Fig. 4 demonstrates that
T cells activated with anti-CD3 produced a marked loss of
neurons (by 89% compared to untreated neuronal cultures)
by 24 h. The treatment of activated T cells with interferon-p

and minocycline alone resulted in some diminution of T cell
toxicity to neurons (59% and 67% loss respectively) and this
was further increased by the combination of the two
medications (21% loss, not significant compared to
untreated controls). The health of the neurons in response
to the different treatment groups is also indicated in Fig. 5.

4. Discussion

There is increasing interest in combination therapy in MS
to achieve a better therapeutic response (Weinstock-Gutt-
man and Bakshi, 2004). Various combinations have been
tested in animals (for example, Brod et al., 2000; Soos et al.,
2002; Jolivalt et al., 2003; Weilbach et al., 2004) and in
humans (for example, Calabresi et al., 2002; Vollmer et al.,
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Fig. 2. The degree of histopathology in EAE is decreased by the combination of minocycline and interferon-f3. Mice were sacrificed for histological analyses
after obtaining the disability profiles shown in Fig. 1. Each point is the value from an individual mouse, analysed blind; the line drawn across each group
represents the median. The combination treated mice had a much reduced index of inflammation (A), demyelination (B) and axonal injury (C) compared to that
of all the other animals. Groups were analysed using Kruskal—Wallis nonparametric ANOVA test (compared to saline). In D, data from all the animals of the
histological analyses from the previous panels was plotted to obtain a correlation coefficient between the degree of inflammation and the extent of axonal loss

(using Spearman’s nonparametric test).

2004) and there was a recently completed phase I clinical
trial of the combination of interferon-p and glatiramer
acetate in relapsing—remitting MS (Lublin et al., 2001).
Investigators using the latter combination are recruiting
subjects for a large multi-center Phase III clinical trial.

Combination therapy in MS is advantageous if one or both
drugs are orally available, inexpensive, have complementary
actions, and are not toxic with chronic usage. Minocycline
meets many of these criteria as it has multiple immunomo-
dulatory and neuroprotective activities (reviewed in Yong et
al., 2004) and it has been shown to be safe in chronic long
term oral use in the treatment of acne (Seukeran et al., 1997,
Shapiro et al., 1997). Serious side effects such as systemic
lupus erythrematosus and serum sickness can develop, but
the incidence of this is low and in the order of 1 per million
(Sturkenboom et al., 1999; Elkayam et al., 1999).

Thus, in this manuscript, we have tested the combination
of interferon-p and minocycline in EAE. The results

demonstrate that, when used at sub-optimal doses in which
each drug alone did not affect EAE outcome, their
combination at these doses significantly attenuated disease
severity and the neuropathology of EAE. The mechanisms
of the combination are likely multiple. At least one
contributing mechanism is their effect on activated T cells
such that the toxicity of T cells on neurons is significantly
attenuated by the combination. This has relevance in the
treatment of MS since axonal injury and neuronal loss are
now considered hallmarks of the disease (Ferguson et al.,
1997; Trapp et al., 1998; Bjartmar and Trapp, 2001; Cifelli
et al,, 2002). We speculate that in conditions in which
activated T cells transmigrate into the CNS of MS patients,
the prior exposure of the T cells to interferon-p and
minocycline in the periphery makes these “modulated”
cells less capable of inflicting neurotoxicity.

The matrix metalloproteinases (MMPs) are a family of
proteolytic enzymes implicated in the pathogenesis of MS
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Fig. 3. Histological evidence of the efficacy of the combination of minocycline and interferon-p in EAE. Hematoxylin-eosin and luxol fast blue stained slides
(A, B) show inflammation and demyelination in saline-treated mice (A) and a much reduced severity in the combination group (B). In panels C and D,
Bielchowsky silver stained specimens indicate axonal injury in the saline (C) and a reduced amount in animals with the combination treatment (D).

(Kieseier et al., 1999; Yong et al., 2001; Rosenberg, 2002;
Opdenakker et al., 2003; Fiotti et al., 2004). Detrimental
consequences of MMP over-expression in MS may include
the increased transmigration of leukocytes into the CNS
(Rosenberg, 2002), enhanced neuroinflammation (Starckx et
al., 2003), and demyelination (Matyszak and Perry, 1996)
and axonal injury (Newman et al., 2001). Minocycline
inhibits the production and activity of MMPs (Brundula et
al., 2002), while interferon-p reduces MMP production
(Stuve et al., 1996; Leppert et al., 1996); recently, it has
been noted that interferon-p also inhibits MMP activity
(Bartholome et al., 2001; Kieseier et al., 2004). Thus, the
combination of minocycline and interferon-3 may result in
the greater reduction of excessive MMP activity than either
alone. In addition, Nelissen et al. (2003) reported that MMP-
9 can degrade interferon-P, an action that is inhibited by
minocycline. Thus, the concurrent use of minocycline could
extend the bioavailability of interferon-f3.

Another important series of actions of interferon-3
involves adhesion molecules that regulate the entry of
leukocytes into tissues, such as vascular cell adhesion
molecule-1 (VCAM-1) and leukocyte function antigen-1

(LFA-1). Several of these adhesion molecules are upregu-
lated in MS (Dore-Duffy et al., 1995; Hartung et al., 1995)
and this is attenuated by interferon-3 treatment (Soilu-
Hanninen et al., 1995; Gelati et al., 1999; Muraro et al.,
2004). There is also increased levels of soluble VCAM-1 in
the sera of MS patients treated with interferon-p (Calabresi
et al., 1997; Kraus et al., 2004); this soluble form can bind
to its ligand (the very late activating antigen-4, VLA-4) on
circulating leukocytes to decrease their adhesion onto
endothelial cells and thereby reduce their transmigratory
capacity. We recently found that in MS patients treated with
minocycline, the level of soluble VCAM-1 in their sera was
increased compared to pre-treatment values (Zabad et al.,
submitted for publication). Thus, the additive effect of
interferon-p and minocycline may involve mechanisms that
regulate the interaction of leukocytes and endothelial cells
prior to their influx into the CNS.

In summary, we have demonstrated that the combination
of interferon-p and minocycline provided for a better
outcome in EAE than either drug when used alone at sub-
optimal doses. We were not able to perform experiments in
which interferon- and minocycline were given at optimal
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neurons per culture in the control group were tabulated. The bars represent the mean+=SEM of 4 cultures per treatment group. Activated T cells are very potent
mediators of neuronal death and this toxicity is alleviated by the treatment of activated T cells with interferon-p (Rebif®) or minocycline. The combination of
these agents further alleviated cell death, resulting in survival of neurons that were not significantly different from control cultures. **p <0.01, ***p <0.001
compared to controls (1 way ANOVA with Tukey’s multiple comparisons).

doses individually to animals since it would not be possible found that the pre-treatment of activated T cells in vitro with
then to address whether a combinational effect could occur. minocycline or interferon-p attenuates the potential of these
Nonetheless, the results infer that if used adequately at cells to produce cytotoxicity to neurons and this was further
therapeutic doses in MS patients, the combination has the alleviated by the combination treatment. Overall, the
potential to be more effective than either one alone. We also combination of interferon-3 and minocycline in MS appears

+ unactivated T cells + activated T cells

+ IFNQ treated activated T cells + mino treated activated T cells + IFNP and mino treated
activated T cells

Fig. 5. MAP-2 staining depicts the toxicity of activated T cells to human neurons in culture. A: Control neurons not exposed to T cells, with the insert showing
cells at higher magnification. B: Neurons exposed to unactivated T cells do not undergo death. C: When neurons are incubated with activated T cells, very few
of them survive at 24 h. The toxicity of activated T cells is alleviated by their pre-treatment with recombinant human interferon- (Rebif®) (D) and minocycline
(E), and their combination further alleviates neuronal death (F).
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promising and a clinical trial to test this would seem
warranted.
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