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Axonal damage is a major morphological alteration in the CNS of patients with multiple sclerosis (MS) and its animal model, experimen-
tal autoimmune encephalomyelitis (EAE). However, the underlying mechanism for the axonal damage associated with MS/EAE and its
contribution to the clinical symptoms remain unclear. The expression of a fusion protein, named “Wallerian degeneration slow” (W1d®),
can protect axons from degeneration, likely through a 3-nicotinamide adenine dinucleotide (NAD)-dependent mechanism. In this study,
we find that, when induced with EAE, WId’ mice showed a modest attenuation of behavioral deficits and axon loss, suggesting that
EAE-associated axon damage may occur by a mechanism similar to Wallerian degeneration. Furthermore, nicotinamide (NAm), an NAD
biosynthesis precursor, profoundly prevents the degeneration of demyelinated axons and improves the behavioral deficits in EAE
models. Finally, we demonstrate that delayed NAm treatment is also beneficial to EAE models, pointing to the therapeutic potential of

NAm as a protective agent for EAE and perhaps MS patients.
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Introduction

Multiple sclerosis (MS) is a chronic neurological disorder char-
acterized by focal lesions with inflammation, demyelination, and
neurodegeneration in the CNS. Although most patients begin
with a relapsing-remitting course, the majority eventually will
enter a chronic progressive phase with increasing clinical disabil-
ities (Steinman, 2001; Bjartmar et al., 2003). Available treatments
are primarily designed for antiinflammation, and are only effec-
tive during the relapsing—remitting phase. In addition, some of
these agents such as Tysabri, a humanized monoclonal antibody
to a4 integrin, may have severe side effects possibly resulting
from immunosuppression (Adelman et al., 2005). Thus, devel-
oping novel therapeutic strategies, in particular those to prevent
long-term neurological dysfunction, has been a pressing issue for
MS patients.

Although it was formerly assumed that axons are spared from
the destructive process, a variety of histological analyses has dem-
onstrated that axonal damage occurs at multiple stages of MS and
that axonal loss is progressive along the course of the disease
(Trapp et al., 1998; Onuki et al., 2001). Importantly, evidence
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points to a close correlation between the extent of axon damage
and the permanent neurological dysfunction associated with the
disease. However, the cellular and molecular mechanisms of MS-
associated axon damage and the precise contribution of axon
damage to MS remains mostly unclear. Importantly, an efficient
strategy for axonal protection for MS patients is still lacking.

In principle, axon damage in MS can result from local im-
mune attacks and accompanying demyelination, often occurring
at multiple sites along different white matter tracts in the CNS of
MS patients and experimental autoimmune encephalomyelitis
(EAE) animal models. In acute MS plaques, although transected
axons have been seen, many axons that are damaged by inflam-
mation and demyelination remain physically connected (Mat-
thews et al., 1998). If unprotected, such local damage may lead to
transection observable as ovoid-like axons (Ferguson et al., 1997;
Trapp et al., 1998), and culminate in the degeneration of the
distal axonal segments and a reduction in axonal density. Thus, it
is conceivable that protecting these vulnerable axons from degen-
eration might promote recovery from the disease course.

To some extent, the degenerative process resulting from local
axonal damage in MS/EAE is reminiscent of “Wallerian degener-
ation,” a self-destructive process observed at the distal portion of
a transected axon after injury. Significant progress has recently
been made in understanding the mechanisms of Wallerian de-
generation, primarily from analyzing the mechanisms that ac-
count for the slow Wallerian degeneration phenotype of WId*
mice (Raff et al., 2002; Coleman, 2005; Luo and O’Leary, 2005).
Genetic studies have attributed this phenotype to the overexpres-
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Figure1.  WId* modestly delayed the onset and attenuated the behavioral deficits of EAE. 4,

Behavioral scores (mean == SEM) of EAE in C57BL/6 or Wid* mice. Differences between these
groups were significant as determined by two-tailed Student’s t test, p << 0.05 from 6 d p.i. B,
(linical features of EAE in (57BL/6 or WId" mice. The onset was significantly delayed in Wid* mice
when compared with the wild-type group (*p << 0.01; Student’s t test). ¢, NAD levels (pre-
sented as mean == SEM) of the cervical spinal cords of EAE animals as analyzed by HPLC. In
(57BL/6 mice, NAD levels at 2 or 4 weeks p.i. were significantly decreased compared with
uninduced controls ( p = 0.0012, p = 0.0004 at 2 and 4 weeks p.i., respectively). However, the
NAD levels in Wid* mice were preserved compared with those from wild-type EAE mice (**p <
0.001, *p << 0.01 at 2 and 4 weeks p.i., respectively; Student’s ¢ test).

sion of a fusion protein (WId*®) that consists of the full-length
nicotinamide mononucleotide adenylyltransferase (Nmnatl1), an
enzyme required for nicotinamide adenine dinucleotide (NAD)
biosynthesis, and a short region of a ubiquitin assembly protein,
UFD2 (ubiquitin fusion degradation protein-2). In cultured neu-
rons, both inhibition of the ubiquitin-proteosome system and
overexpression of WId*® or full-length Nmnatl can slow down
Wallerian degeneration (Zhai etal., 2003; Araki etal., 2004; Wang
et al., 2005). In additional support of the critical role of NAD in
the protective effects of these NAD-synthesizing enzymes, we
found that NAD levels decrease in degenerating axons and that
preventing this axonal NAD decline by either overexpressing
WId*® or Nmnatl, or exogenously supplying NAD or the NAD
precursor nicotinamide (NAm), can efficiently protect axons
against degeneration (Wang et al., 2005). In addition to mechan-
ical injury, the WId" allele has also been shown to protect against
axonal degeneration in models such as the pmn motor neuron
disease, PO deficient mice, and SOD1°*** ALS mice (for review,
see Coleman, 2005).

Given the similarities between the pathology of MS-associated
axon damage and Wallerian degeneration, we asked whether
these processes share similar molecular mechanisms and whether
treatment to prevent Wallerian degeneration could be exploited
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to develop protective strategies for MS and its animal models. In
this study, we have used a combination of genetic and pharma-
cologic approaches to address these questions. We found a mod-
est alleviation of behavioral deficits and axonal loss in WId® mice,
suggesting that axon degeneration in the EAE model may be
mechanistically similar to Wallerian degeneration. Importantly,
we demonstrate that administering NAm can prevent the decline
of neuronal NAD and result in profound neuroprotection in EAE
model animals, providing a novel therapeutic possibility for MS
patients.

Materials and Methods

Induction and behavioral assessment of EAE. C57BL/6 mice and W1d*®
mice with the same background (Harlan, Indianapolis, IN) and (PL/] X
SJL/J)F, mice (The Jackson Laboratory, Bar Harbor, ME) were used in
this study. The myelin oligodendrocyte glycoprotein (MOG)-induced
EAE model was generated following the procedure described by Kalyvas
and David (2004). We scored the behavioral deficits daily for all of the
mice in a double-blind manner, following a 5-point behavioral scoring
scale as described previously (Kalyvas and David, 2004) (grade 1, flaccid
tail; grade 2, mild hindlimb weakness; grade 3, severe hindlimb weakness;
grade 4, hindlimb paralysis; grade 5, hindlimb paralysis and forelimb
weakness or moribund). We determined onset as the day when a mouse
was scored as grade 1 for the first time, except for the mice that remained
at grade 0 until 8 weeks postimmunization (p.i.), whose onset day was
counted as 57 d p.i. The proteolipid protein (PLP) 139-151 peptide-
induced EAE model in (PL/J X SJL/J)F, mice was generated following the
procedure described by Zhu et al. (2006).

For NAm treatment, we subcutaneously administered NAm (Sigma,
St. Louis, MO) or PBS (as a control) daily from the day of inoculation.
For the delayed treatment group, we injected PBS until 9 d p.i,, and then
began injecting NAm (500 mg/kg) from 10 d p.i.

Histochemistry and quantification. All animals for the initial groups
used to examine behavioral deficits (11-16 animals per group) were
terminated and used for histological examinations at 8 weeks p.i. Addi-
tional groups of animals (1# = 8 per group) were subjected to EAE but
terminated 2 weeks p.i. After perfusion and dissection, serial transverse
sections (15 wm) were cut from the cervical and one-half of the lumbar
spinal cord, and the other one-half of the lumbar spinal cords was used
for sagittal sections. Sections were used for Hoechst 33258 staining and
immunostaining with antibodies against myelin basic protein (MBP),
and neurofilament (NF)200. The areas of infiltration and demyelination
were quantified by using SPOT software (Diagnostic Instruments, Ster-
ling Heights, MI). Areas of infiltration (10° wm */section) or demyelina-
tion (10 wm?/section) were determined as the measured Hoechst+ or
MBP— areas averaged from 10 transverse sections per animal for each
group. The numbers of NF+ and MBP — axons in the demyelinated areas
were also counted by using high-power microscopy from all of the
stained transverse sections for statistical analysis. At 400X magnification,
the axonal fibers are readily distinguishable from other possible artifacts
such as pial/meningial structures, which were excluded from our quan-
tifications. For CD4 and CDS8 staining, six sagittal sections, taken from
every 10 lumbar spinal cord sections of each animal in each group at 2
weeks p.i., were stained, and the numbers of positive cells costained with
Hoechst 33258 per section were counted by using high-powered micros-
copy and compared statistically.

Immunostaining was performed following standard protocols. Pri-
mary antibodies used included rabbit polyclonal anti-NF200 (Serotec,
Indianapolis, IN; 1:250), rat monoclonal anti-MBP (Abcam, Cambridge,
MA; 1:50), and rat monoclonal anti-CD4 and anti-CD8 (BD Pharmin-
gen, San Diego, CA; 1:100). For terminal deoxynucleotidyl transferase-
mediated biotinylated UTP nick end labeling (TUNEL), we used Ap-
opTag Red In Situ (Chemicon, Temecula, CA).

Sample preparation and reverse-phase HPLC analysis. Sample prepara-
tion and HPLC analysis were performed as described previously (Wang
et al., 2005) with minor modification. In brief, after perfusion with PBS,
the cervical spinal cord was dissected from the mice on ice and the sam-
ples were processed following the method described by Wang et al.
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(2005). We harvested samples from three to A
four animals per group at each time point.

Coculture of cortical neurons and microglia.
Embryonic day 18 (E18) rat cortical neurons
were plated at 1 X 107 cells/well on poly-p-
lysine-coated 24-well plates in Neurobasal me-
dium (Invitrogen, San Diego, CA) containing
2% B-27 supplement and 0.6 mM L-glutamine
and incubated in humidified air containing 5%
CO,. Microglia cell line BV2 (American Type
Culture Collection, Manassas, VA) were cul-
tured in RPMI 1640 (Invitrogen) supple-
mented with 10% heat-inactivated FBS and
1% penicillin/streptomycin and incubated in
humidified air containing 5% CO, until con-
fluent. In the treatment groups, NAm (25
mMm) was added to the neuronal culture 24 h
after the plating. After another 24 h, micro-
glia (1 X 10° cells/well) were seeded with pri-
mary neuronal cultures (at this point, NAm
was removed from the medium in the “pre-
treatment only” group) and stimulated using
1 pg/ml lipopolysaccharide (LPS) for 60 h.
Cells were fixed with 4% paraformaldehyde
for 20 min and stained with rabbit Tuj1 anti-
body (Covance, Princeton, NJ; 1:500) to-
gether with Hoechst 33258. Numbers of
Tujl-positive cells were quantified in tripli-
cate in three independent experiments.

Hoechst

Results
Modest reduction of neurological
disability of EAE in Wid* mice
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2004; Aktas et al., 2005), the control mice
subjected to this procedure developed a
typical course of neurological disability
that became obvious ~10 d p.i. and per-
sisted for at least 8 weeks (Fig. 1A). How-
ever, when subjected to the same proce-
dure, WId® mice showed a modest but
statistically significant delay in the onset of
behavioral deficits (Fig. 1A,B), as well as
an attenuation of symptoms over the
course of EAE development (Fig. 1A, B).

Figure 2.

Modest protective effects of axon degeneration in Wid° mice

We next assessed possible mechanisms involved in the protective
effects of Wid® by immunohistochemistry analysis using animals
that have been monitored for their neurological disabilities and
terminated 8 weeks p.i. Our initial histological analysis indicated
that the most severe plaques were seen most frequently in the
brainstem and spinal cord (data not shown), consistent with pre-
vious studies (Onuki et al., 2001; Kalyvas and David, 2004; Karn-
ezis et al., 2004). Thus, we focused our subsequent analyses on
sections from cervical and lumbar spinal cord. Tissues from cer-

WId* expression reduces axon loss at 8 weeks p.i. A, Representative images of transverse sections from EAE-induced
wild-type (top panels) and Wid* (bottom panels) mice at 8 weeks p.i. stained with Hoechst 33258 (left), anti-MBP (middle), or
anti-NF (right). B, The demyelinated areas are enlarged and the arrowheads indicate preserved axons in the demyelinated area.
Scale bars: 4,30 wm; B, 10 wm. (—E, Quantification of the average areas of infiltration ( p = 0.99) (€) and demyelination ( p =
0.39) (D) per section, which showed no significant difference, and the average numbers of NF +/MBP — fibers in demyelinated
areas, which was significantly increased in Wid® mice when compared with wild type (**p << 0.001; Student’s ¢ test) (E). Areas of
infiltration (X103 pm ¥/section) or demyelination (10 um */section) were determined as the measured Hoescht+ or
MBP— areas averaged from 10 transverse sections per animal for each group. The number of preserved axons in demyelinated
areas (X 10 ~3/um?) was determined by counting the number of NF+ puncta in demyelinated MBP— regions, and then
dividing by the area of demyelination. Error bars indicate SEM.

vical spinal cord and one-half of the lumbar spinal cord were used
for preparing serial transverse section, whereas the other one-half
of the lumbar spinal cord was used for sagittal sections. A pilot
study was performed to determine the appropriate number of
sections for quantification to attain unbiased results considering
the focal nature of the EAE model. Thus, for each animal, two sets
of sections that cover the entire cervical and lumbar spinal cord
(including 10 transverse sections: 5 from cervical and 5 from
lumbar, each taken from every 10 sections; and 6 sagittal sections
taken from every 5 sections) were stained with Hoechst 33258 to
demonstrate cellular infiltration and simultaneously costained
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wild type (**p << 0.001; Student’s t test) (F). Error bars indicate SEM.

with antibodies to MBP and NF200 to show the areas of demy-
elination and axonal loss, respectively.

Immunostaining results were generally similar in both trans-
verse and sagittal sections, although quantifications were per-
formed from transverse sections, where both the size of lesioned
areas and axonal density can be more appropriately measured. As
shown in Figure 2, A and C, the average size of infiltrated areas per
section as shown by Hoeschst 33258 staining was similar between
wild-type and WId® mice. The area of demyelination, as deter-
mined from anti-MBP staining, was smaller in WId® mice than
their wild-type controls, although the difference was not statisti-
cally significant ( p = 0.39) (Fig. 2A, D). In contrast, we observed
a significant difference in the extent of axonal loss between these

WId* expression reduces axon loss at 2 weeks p.i. A—C, Representative images of transverse sections from the lumbar
spinal cords of EAE-induced wild-type or Wid® mice at 2 weeks p.i. Images of sections stained with Hoechst 33258/anti-MBP/NF (4,
B) show a similar extent of infiltration, but significantly more NF + fibers in the infiltrated and demyelinated areas from Wid* EAE
mice compared with wild-type EAE mice. Images in B are enlarged from the indicated areas in A. The arrowheads indicate several
preserved axons in the lesion areas. Low magnification images of Hoechst 33258 staining indicating similar extents of infiltration
in both wild-type and Wid* mice induced with EAE (C). Scale bars: 4, C, 100 wm; B, 10 wm. D—F, Quantification of the average
areas of infiltration ( p = 0.97) (D) and demyelination ( p = 0.25) (E) per section, which showed nossignificant difference, and the
average numbers of NF+/MBP— fibers in demyelinated areas, which was significantly increased in Wid* mice compared with
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two groups. Within the demyelinated ar-
eas in control EAE animals, few axons were
positively labeled with anti-NF antibodies
(Fig. 2A,B,E). On the other hand, we
found significantly increased numbers of
NF+ and MBP— axons within the demy-
elinated areas in sections from WId® ani-
mals induced with EAE (Fig. 2A, B,E). Al-
though we cannot rule out the possibility
of protection from inflammatory demyeli-
nation, our results suggest that overex-
pressed W1d® are primarily responsible for
preserving demyelinated axons in the EAE
model.

As our behavioral results suggest that
WId* also alleviates the neurological dis-
ability even during the early phase of the
EAE model (Fig. 1A), we decided to ana-
lyze the histological basis of WId*-
mediated protection under these condi-
tions (Fig. 1A). Thus, we induced a
separate set of wild-type and WId® mice
with EAE (eight animals per group), which
all developed behavioral deficits similar to
those shown in Figure 1A (data not
shown). These animals were terminated at
2 weeks p.i. for histological analysis as de-
scribed above. The average infiltrated ar-
eas were larger than those from 8 weeks p.i.
(compare Figs. 3D, 2C), suggesting that
the extent of infiltration decreases in the
chronic phase of EAE. Similar to the re-
sults from EAE animals examined at 8
weeks p.i., the difference in the areas of
infiltration and demyelination were not
z statistically significant between wild-type
and WId® groups (Fig. 3A,D,E). Interest-
ingly, we found that even at 2 weeks p.i.,
few NF+ fibers could be seen within the
infiltrated and demyelinated areas (Fig.
3 A, B,F), indicating the presence of signif-
icant axonal damage even at the early
phase of the EAE model. Consistent with
this, we found that the corresponding
staining on sagittal sections showed resid-
ual fibers, some with varicosities (Fig. 4A)
or endings (Fig. 4B), within the demyeli-
nated areas. In addition, electron micro-
scopic examination confirmed the exis-
tence of degenerating axons within the
lesions of EAE animals (Fig. 4 D). On the other hand, the number
of demyelinated but preserved (MBP—/NF+) fibers was signifi-
cantly higher in sections from EAE-induced Wid® mice (Fig. 3F).
Together, our results suggest that the axonal loss that occurs
during both the acute and chronic phases of EAE are significantly
reduced in WId® mice.

Merge

WT wig®
2 weeks

Insignificant effects of Wld® on immune infiltration in the
EAE model

The results of Hoechst staining suggested that the extent of infil-
tration in either 2 or 8 weeks p.i. of EAE models were not signif-
icantly altered by WId*® (Figs. 2C, 3D). To further examine
whether specific types of infiltrated immune cells may be affected,
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we performed immunostaining on sagittal
sections from EAE-induced animals at 2
weeks p.i. with anti-CD4 antibodies for
identifying infiltrated helper T cells
(Tompkins et al., 2002). The numbers of
infiltrated CD4+ cells were quantified by
coimmunostaining nuclei by Hoechst
33258 by performing high-powered mi-
croscopic analysis. As shown in Figure
5A—C, the numbers of CD4+ were compa-
rable in sections from wild-type and Wid*
mice. Similar results have been obtained
with immunostaining with anti-CD8 anti-
bodies for cytotoxic T cells (data not
shown). These results suggested that the
infiltration of T cells is not significantly
affected by W1d*® expression.

Hoechst
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We also examined whether the extent
of cell death that occurs during the acute
phase of EAE is affected by WId®. Once
again, we failed to observe any significant
difference between wild-type and WIid*
mice in the number of total apoptotic cells,
as detected by TUNEL (Fig. 5D, E). These
results together suggest that WId*®-
mediated alleviation of neurological dis-
ability may primarily result from its pro-
tective effects on axonal damage.

Figure4. A-C, Representativeimages of sagittal sections from the lumbar spinal cords from wild type (4, B) and Wid* (€) mice
induced with EAE at 2 weeks p.i. The sections were stained with Hoechst 33258, anti-MBP, or -NF. Significantly more NF + fibers
were observed in the infiltrated and demyelinated areas from Wid* mice than from wild-type animals. Note that a residual
demyelinated NF + axonal ending is shown by the arrow in B. Scale bars, 10 em. D, Electron micrographs of cervical spinal cord
tissue near the lesion sites in the control group of EAE models at 2 weeks, or 8 weeks p.i. Note the large numbers of degenerating

axonsin both acute and chronic phases of EAE. The right panels show higher magnifications of degenerating axonsin the left panel

Prevention of NAD decline in Wid*-
based EAE model

As our previous studies suggested that
neuronal NAD levels decreases in axons undergoing Wallerian
degeneration in vitro (Wang et al., 2005), we next examined
whether there is a decrease in NAD levels in the CNS of EAE
animals. Extracts were prepared from segments of cervical spinal
cord dissected from EAE-induced wild-type and WId® mice for
measuring NAD levels using reverse-phase HPLC (Wang et al.,
2005). As shown in Figure 1C, in contrast to the progressive and
statistically significant decline in NAD levels in tissues from con-
trol EAE models at 2 and 4 weeks p.i., NAD levels were preserved
at corresponding time points in Wid* animals (Fig. 1C). Consid-
ering the focal nature of EAE lesions, the measured NAD levels
may even underestimate the extent of NAD decline in degener-
ating axons. Nevertheless, our results suggest that Wld* may pro-
tect axons from degeneration by preventing NAD decline in the
CNS of the EAE model.

Profound protective effects of NAm on neurological disability
in the EAE model
It is possible that the modest protective effect of Wld*® may relate
to the observation that NAD levels are not increased in tissues of
WId® mice (Mack et al., 2001). In this regard, our previous studies
suggested that, when added to the medium, NAm, the amide
form of niacin (vitamin B3), increases NAD levels in cultured
neurons (Wang et al., 2005). Thus, to bolster NAD levels, we
administered NAm at two different doses (125 or 500 mg/kg) by
daily subcutaneous injection starting from the day of MOG inoc-
ulation. As control, we administered the same volume of PBS into
either wild-type or WId® mice.

As shown in Figure 6C, daily injection of NAm dramatically
increased NAD levels in a dose-dependent manner, as measured
at 2 weeks p.i. However, despite continuous daily administration,

at each time point. Scale bars: left panels, 10 wm; enlarged right panels, 5 m, at each time point.

NAD levels returned to near-normal levels in wild-type mice at 4
weeks p.i. In contrast, in WId® mice with high dose NAm admin-
istration, NAD levels remained high at both 2 and 4 weeks p.i.
(Fig. 6C), presumably because of the ability of Wld *-associated
Nmnat1 to facilitate the conversion of NAm to NAD. It is cur-
rently unclear why the increased NAD levels returned to baseline
after 4 weeks of NAm administration. One possibility is that ho-
meostatic mechanisms may act to maintain a normal level of
NAD in these cells.

Strikingly, we observed that the protective effects of NAm
and/or WId® on neurological disability closely correlate with
changes in NAD levels as described above. In wild-type mice,
NAm ameliorated the onset and development of EAE-associated
deficits in a dose-dependent manner (Fig. 6 A, B). Whereas low-
dose NAm administration had a similar effect as Wld® expression
(compare Figs. 6A, 1A), high-dose NAm treatment showed a
significantly greater protective effect by both delaying the onset of
the disease (Fig. 6 B) and reducing the severity of deficits for at
least 8 weeks (Fig. 6A). The most dramatic protection was ob-
served in WId® mice with high-dose NAm treatment (Fig. 6 A, B).
Interestingly, at 8 weeks p.i., differences in behavioral scores
could be seen between NAm-treated wild-type and WId* mice
(Fig. 6 A), which correlate with the observed NAD levels in these
groups (Fig. 6C).

Protective effects of NAm on inflammation, demyelination,
and axonal loss

We next examined the histological basis of NAm-mediated pro-
tection by Hoechst 33258/MBP/NF costaining (at both 2 and 8
weeks p.i.), as well as anti-CD4 (at 2 weeks p.i.), following the
procedures described above. Unlike the effects of WId®, NAm
treatment reduced the areas of infiltration and demyelination
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NAm attenuates axon damage by LPS-
activated microglia in vitro

To directly examine whether NAD in-
crease by NAm could protect against the
axonal damage triggered by inflammation,
we used an in vitro model for microglia-
mediated neurotoxicity (Lehnardt et al.,
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T 2800 of Tujl-positive cortical neurons de-
2 2400 creased significantly after exposure to
9 % 2000 LPS-activated microglia. However, NAm
s £ 1600 treatment could profoundly attenuate the
= é 1200 neurotoxicity triggered by LPS-activated
© 800 microglia. This protective effect of NAm
D 400 was obvious even when NAm was only
0 WT  Wids used to pretreat cultured neurons before
- 2 weeks coculture with activated microglia. Thus,
.F': E together with the in vivo data shown in Fig-
2 fgg ure 7, these results suggest that NAm has a
2 _ . .
o B 160 direct neuroprotective role.
22 140
g2 120 . Delayed NAm treatment attenuates EAE
g Ta 133 To further explore the possibility of using
u 8 E 3 60 NAm as a therapeutic means to treat ani-
2 = 40 mals that have already developed EAE, we
+ zg L examined whether delayed NAm adminis-
WT Wi tration would also exhibit protective ef-
. . — . . i . fects. We started daily treatments with
Figure5. Theeffects of Wid* on infiltration ofimmune cells and cell death in the EAE model. Sagittal sections from 2 weeks p.i. Y

EAE-induced wild-type or Wid* mice were stained with Hoechst 33258 and antibodies against (D4 (). Representative images are
shown in A. The panel shown in Bis an enlargement of the selected area of merged image. Scale bars: 4, 25 m; enlarged panel,
10 m. Quantification of the average number of infiltrated (D4+ (C) cells (numbers per section) from six sections per animals,
eightanimals per group, showing nossignificant differencesin these groups ( p = 0.97; Student’s t test). D, Representative images
of TUNEL (red in bottom panel) costained with Hoechst 33258 (white in top panel and blue in bottom panel) in the lesion areas of
the cervical spinal cord transverse sections of wild-type (left panels) or Wid* (right panels) mice at 2 weeks p.i. Scale bars, 15 pm.
E, Quantification of TUNEL-positive cells in EAE-induced wild-type and WId® mice (10 sections per animal from 8 animals in each
group) at 2 weeks p.i., showing no significant difference in these groups ( p = 0.93; Student’s t test). Error bars indicate SEM.

(Fig. 7A-D) as well as the number of infiltrated CD4+ (Fig. 7F)
in both wild-type and WId® mice, suggesting that NAm has a
protective effect against inflammation and demyelination. Previ-
ous studies have shown that NAm can prevent endothelial cell
injury under conditions such as ischemia (Chong et al., 2002).
Thus, it is possible that the observed effects of NAm on inflam-
mation and demyelination may result from its effects on endo-
thelial cells, thus resulting in reduced inflammatory infiltration
and subsequent demyelination. However, it is unknown whether
this effect may also be NAD dependent.

Importantly, we also observed a significant increase in the
numbers of NF+/MBP— axons within the demyelinated lesions
in NAm-treated EAE animals, which was even further increased
in the NAm-treated WId* mice induced with EAE (Fig. 7 A, B,E).
In sections from WId® mice induced with EAE and treated with
NAm, the density of preserved axons in the demyelinated regions
was estimated to reach at least 70% of the density in the sur-
rounding nonlesion region (Fig. 7A, B), suggesting a strong neu-
roprotective effect with NAm administration. Thus, although the
protective effects of NAm on inflammatory demyelination certainly
contribute to the improvement in behavior, our results suggest that
NAm likely acts to protect against axon degeneration in addition to
its antiinflammation/demyelination activity.

NAm (500 mg/kg) from 10 d p.i. when
most of the animals have already displayed
clear signs of neurological disability (Fig.
9A). In these animals, NAm treatment ef-
ficiently attenuated additional develop-
ment of EAE symptoms (Fig. 9A4). As ex-
pected, this treatment also effectively
increased NAD levels (Fig. 9B). At 8 weeks
p.i., whereas the areas of inflammation
and demyelination were modestly reduced
(Fig. 10A-D), axonal loss was significantly
prevented (Fig. 10A, B,E). In addition, the
protective effects of NAm are not limited to the MOG peptide-
induced EAE model, because NAm administration also signifi-
cantly attenuates the behavioral deficits in another frequently
used EAE model that involves induction by the PLP,5,_,5, pep-
tide in (PL/J X SJL/])F; mice (data not shown). Together, these
results suggest the possibility of using NAm as a therapeutic mea-
sure for even the chronic stages of EAE.

Discussion

In this study, we showed that both W1d*® expression and NAm
administration can prevent axonal loss and alleviate the neuro-
logical disability associated with EAE, suggesting a new neuro-
protective strategy for MS/EAE. Although NAm also shows a
protective effect on inflammation and demyelination, we found
that W1d® and/or NAm resulted in increased numbers of demy-
elinated but preserved axons within EAE lesions, substantiating
the notion that these treatments could protect demyelinated ax-
ons from additional degeneration. The extent of axon protection
correlates with the neurological scores from these groups, further
supporting a critical contribution of axonal damage to EAE-
associated behavioral deficits. In addition, our results indicate
that significant axonal damage and loss occur in the EAE model at
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Figure 6.  Profound protective effects of NAm on the behavioral defects of the EAE model. 4,

Behavioral scores (mean == SEM) of different groups of EAE mice. Differences between each
treated group and untreated controls were significant as determined by two-tailed Student's t
test: p << 0.05, from 7 d p.i. in the low-dose NAm-treated wild-type group (125 mg/kg); p <
0.001, from 6 d p.i. in the high-dose NAm-treated wild-type and Wid® groups (500 mg/kg). B,
Clinical features of the EAE model in NAm-treated groups and untreated controls. Symptom
onset was significantly delayed in each treated group when compared with untreated wild-type
EAE mice (*p << 0.05; **p << 0.001; Student’s ¢ test). C, NAD levels (mean == SEM) in cervical
spinal cords from different groups of EAE mice as analyzed by HPLC. At both 2 and 4 weeks p.i.,
the NAD levels in each treated group were significantly higher than those from untreated
controls (**p << 0.001; Student’s t test).

2 weeks p.1., suggesting the necessity of applying neuroprotective
strategies during the early stage of MS/EAE.

Mechanisms of axon degeneration in MS/EAE

Both W1d*® expression and NAm administration reduce axon de-
generation in EAE models, suggesting that the axon damage that
occurs in the CNS of the EAE model may be mechanistically
similar to Wallerian degeneration. However, the direct triggers
leading to axonal destruction in MS lesions are still under debate.
It has been proposed that axon damage could result from direct
immunologic attack on axons by cytotoxic T lymphocytes or
soluble inflammatory mediators (Neumann et al., 2002), or be
secondary to inflammatory demyelination (Steinman, 2001).
Our demonstration that WId*® and NAm increase the numbers of
demyelinated but preserved axons provides direct support for the
latter possibility. Thus, it is possible that, in EAE/MS lesions,
demyelinated axons may become vulnerable to damage by such
inflammatory mediators as proteolytic enzymes, cytokines, oxi-
dative products, and free radicals that are produced by activated
immune and glial cells, as proposed previously (Stys, 2005; Wax-
man et al., 2005).

NAD decrease in EAE models

Similar to the decrease in NAD levels in degenerating axons of
cultured neurons after mechanical or chemical insults (Wang et
al., 2005), we found a similar decline in NAD levels in the spinal
cord of EAE animals. Considering the focal nature of EAE lesions,
the observed decrease in NAD levels may underestimate the ex-
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tent of decline that actually occurs in degenerating axons. How-
ever, the precise mechanisms leading to this NAD decrease in
EAE lesions remain unclear. One possibility is that inflammatory
mediators such as oxidative products and free radicals could
activate neuronal NAD-consuming molecules including
poly(ADP-ribose) polymerases (PARP), Sirt family members,
and/or cADPR (cyclic adenosine diphosphoribose) (Berger et al.,
2004). PARPI, for example, has been shown to be activated in
both neurons and glial cells in a nonhuman primate EAE model
(Kauppinen et al., 2005). Although PARP1 is a nuclear protein,
other PARP proteins have also been shown to be localized to the
cytoplasmic compartment (Ha and Snyder, 2000). Thus, the in-
volvement of these and other enzymes in consuming NAD in
MS/EAE lesions remains to be determined.

How does NAD protect axons from degeneration? Our previ-
ous results suggest that the decrease in NAD may impair local
energy metabolism in the axon, ultimately leading to axon degen-
eration (Wang et al., 2005). In the same line, we found that in-
creasing NAD levels could attenuate the neuronal toxicity in-
duced by LPS-activated microglia. This is consistent with a recent
demonstration that mitochondrial dysfunction and energy fail-
ure may be a cause of axonal degeneration in MS patients (Dutta
et al., 2006). Thus, it is possible that both Wld*® and NAm could
improve the local bioenergetics, thus acting to protect axons from
degeneration in the EAE plaques. Interestingly, infiltrated micro-
glial cells were decreased in both Wld*-based EAE models and
NAm-treated models (T. Chitnis and S. J. Khoury, unpublished
observations; our unpublished observations). In light of ample
evidence suggesting that axons undergoing Wallerian degenera-
tion could trigger macrophage/microglia responses (George and
Griffin, 1994), it is also possible that protected axonal degenera-
tion leads to less microglial infiltration and activation, which may
also contribute to the extent of axonal loss in the CNS of EAE
models.

Nicotinamide as a therapeutic agent
In the past, efforts have been made to examine the possible neu-
roprotective effects of a variety of agents using EAE models, in-
cluding cytokines, growth factors, and blockers of voltage-gated
sodium channels (for review, see Stys, 2005; Waxman, 2005). Our
results suggest a novel potential therapeutic avenue using protec-
tive strategies based on studies of Wallerian degeneration to pre-
vent axon damage in MS and EAE models. The observed corre-
lations between the effects of increasing NAD levels, preventing
axon damage, and alleviating behavioral deficits, offer a potential
rationale for designing efficient protective strategies for EAE/MS.
In particular, NAm can prevent the decline of NAD levels in the
CNS tissues of EAE animals, and also confer a profound protec-
tive effect on axon degeneration in the EAE model. Interestingly,
NAm also reduces the extent of inflammation and demyelination
in EAE animals, which may be explained by the ability of NAm to
protect endothelial cells from injury (Chong et al., 2002; Klaid-
man et al., 2003; Maiese and Chong, 2003 ), thus reducing inflam-
matory infiltration and subsequent demyelination. Although we
cannot rule out other possibilities, it is possible that the protective
effects of NAm on neurons, endothelial cells, and perhaps oligo-
dendrocytes reflect the influence of different NAD levels resulting
from WId*® overexpression and/or NAm treatment, and neurons
and non-neuronal cells may have different sensitivities to the
cellular NAD levels.

In addition to its clear protective effects, NAm can readily
cross the blood—brain barrier and plasma membranes (Hankes et
al., 1991; Maiese and Chong, 2003), and may thus be a promising
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candidate as a neuroprotective treatment for MS patients. Inter-
estingly, we found that, although NAm administration could in-
crease NAD levels during the first 2 weeks after EAE induction,
the increased NAD levels returned to relatively normal levels after
4 weeks. However, NAm administration in WId® mice could
maintain a higher level of NAD for at least 4 weeks, presumably
because of a more efficient conversion of NAm to NAD. Thus,
better understanding the homeostatic regulation of neuronal
NAD levels may allow us to design the means to further enhance
the protective effects of NAm for MS/EAE and perhaps other
axon degeneration-relevant diseases.
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Figure 8. NAm attenuates neurotoxicity induced by LPS-activated microglia. A, Representative images showing cocul-
tures of E18 cortical neurons and LPS-activated microglia in different conditions stained with Tuj-1 antibody or Hoechst
33258. Images of cultured neurons without microglia (first row), with microglia (second row), with microglia plus 25 mm
NAm (third row), and with microglia plus 25 mm NAm (pretreatment only) (fourth row). Scale bar, 100 wm. B, Quantifi-
cation of Tuj-1-positively stained neurons under different conditions. NAm treatments (both continuous or pretreatment
alone) significantly preserved neurons cocultured with LPS-activated microglia (*p << 0.001; Student’s  test). Error bars
indicate SEM.
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Figure 9.  Protective effects of delayed NAm treatment on behavioral defects in the EAE
model. A, Behavioral scores (mean == SEM) of EAE in untreated (n = 14) or delayed treated (DT)
(n = 12) groups. Differences between these groups were significant as determined by two-
tailed Student’s ¢ test (p << 0.01 from 13 d p.i.). The differences seen before 10 d p.i. are
attributable to the death of three mice in the untreated group when they showed clear behav-
foral deficits. B, NAD levels (mean = SEM) of cervical spinal cords from untreated or delayed
treated groups. At both 2 and 4 weeks p.i., the NAD levels in the treated groups were signifi-
cantly higher than those in untreated animals (*p << 0.05; **p << 0.001; Student’s ¢ test). The
arrows indicate the starting point of delayed treatment in both A and B.
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Figure10.  Protective effects of delayed NAm treatment on inflammation, demyelination, and axonal loss in the EAE model. 4,
B, Representative images showing the effects of delayed NAm treatment on infiltration, demyelination, and axonal loss. Trans-
verse sections from wild-type EAE animals with delayed NAm treatment at 8 weeks p.i. were stained with Hoechst 33258 and
antibodies against MBP and NF (A). Higher magnification of the merged image is shown in B. The arrowheads indicate several
preserved axons in the demyelinated lesions. Scale bars: 4, 50 wm; B, 10 wm. (—E, Quantification of the average areas of
infiltration ( p = 0.65) (€) or demyelination ( p = 0.14) (D) showed no significant difference, but the average number of
NF+/MBP — fibers in demyelinated areas was increased in animals with delayed treatment with NAm (*p << 0.05; Student’s ¢
test) (E). Error bars indicate SEM.



