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Abstract

Expression of Constitutive Endothelial and
Inducible Nitric Oxide Synthase in the Sciatic
nerve of Lewis Rats with Experimental

Autoimmune Neuritis

Advised by Professor Taekyun Shin

Yongduk Lee

Department of Veterinary Medicine

Graduate School, Cheju National University, Jeju 690-756, Korea

Abstract

This study examined the expression of constitutive endothelial nitric
oxide synthase (eNOS) and inducible NOS (NOS) in the sciatic nerve of
Lewis rats with experimental autoimmune neuritis (EAN). Western blot
analysis showed that both eNOS and iINOS expression in the sciatic nerves
of rats increased significantly during the peak stage of EAN, but declined

thereafter. Only minimal amounts of these enzymes were identified in



normal rat sciatic nerves. Immunohistochemical studies showed that eNOS
was increased in vascular endothelial cells and Schwann cells, but not in
inflammatory cells, during the peak stage of EAN. However, iINOS was
found mainly in inflammatory macrophages in sciatic nerve EAN lesions.

These findings suggest that, depending on the stage of peripheral nervous
system autoimmune disease, the increased expression of both eNOS and
INOS might be involved in either the production of detrimental effects
during the induction stage of EAN or in the recovery from EAN paralysis.
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I . Introduction

Nitric oxide (NO) is a short-lived free radical with biological
functions in the nervous, cardiovascular, and immune systems (Moncada et
al., 1991; Bredt and Snyder, 1992). NO is synthesized from L-arginine by
activation of the enzyme nitric oxide synthase (NOS). NOS exists in two
forms: (1) a constitutive, Ca2+-dependent form that is rapidly activated by
agonists that elevate intracellular free Ca2+, for example, neuronal NOS
(nNOS) and endothelial NOS (eNOS); and (2) a Ca2+-independent inducible
form (iINOS) (Moncada et al., 1991; Xie and Nathan, 1994). Neuronal NOS
1s constitutively expressed in discrete neuronal cells, whereas endothelial
NOS 1is present in endothelial cells of blood vessels. Inducible NOS is
expressed in various cell types when activated (Xie et al., 1992). NOS is
known to play both beneficial and detrimental roles in injury of the nervous
system through the generation of NO. There is general agreement that
excess production of NO, mainly by iNOS, causes tissue damage, whereas
constitutive nNOS and eNOS function in normal physiological events, such
as regulation of the microcirculation, synaptic plasticity, and neuroprotective
processes (Iadecola, 1993; Dawson and Dawson, 1996). In the rat model of
autoimmune central nervous system disease known as experimental
autoimmune encephalomyelitis (EAE), increased expression of the three
forms of NOS was observed in EAE- affected spinal cords, and it was
postulated that iINOS was involved in macrophage apoptosis in EAE lesions
(Kim et al., 2000). Whether constitutive endothelial isoforms of NOS

contribute to autoimmune damage in the peripheral nervous system (PNS)



has not been established.

Experimental autoimmune neuritis (EAN) is an autoimmune disease
model of human peripheral demyelinating disease that is mediated by CD4+
T cells (Fujioka et al., 2000, Matsumoto, 2000). EAN lesions in susceptible
animals are characterized by the infiltration of T cells and macrophages
during the peak stage of the disease (Fujioka et al., 2000). Some Schwann
cells undergo apoptosis during EAN (Conti et al., 1998). There is a
general agreement that inflammatory mediators, including pro-inflammatory
cytokines from macrophages and T cells, mediate the paralysis (Hartung et
al., 1992; Kieseier et al., 2000). Furthermore, in our previous report on the
prototype autoimmune disease model EAE, we showed that the majority of
host cells survive, including neurons and glial cells, whereas invading
inflammatory cells are eliminated via the activation of apoptosis-related
molecules (Moon et al., 2000). If this is also the case in EAN,
death-related molecules might be activated in the inflammatory cells of
EAN lesions. Little is known about the expression of NOS and cpp32,
which is an important death-related enzyme, in this process (Wintergerst et

al., 2000).

Many investigators have focused on the detrimental effect of NOS in
central nervous system disease, and have determined that the iNOS
inhibitor aminoguanidine effectively ameliorates the paralysis of rat EAE
(Zhao et al., 1996; Shin et al., 2000). However, it is known that EAN is
not effectively ameliorated by the administration of either
NG-L-monomethyl-arginine (L-NMMA), a competitive inhibitor of NOS, or

aminoguanidine, a selective inhibitor of cytokine-inducible NOS (Zielasek et



al., 1995). In fact, EAN is aggravated by treatment with NOS inhibitors,
suggesting that NOS is beneficial in PNS physiology (Ruuls et al., 1996).
This discrepancy may originate from a different role or pattern of NOS
expression in the PNS. Although NOS is known to be involved in PNS
diseases, little is known of the expression pattern of constitutive eNOS in

PNS autoimmune neuritis.

This study examined changes in the expression of constitutive eNOS
and inducible NOS (NOS) over the course of EAN by Western blot
analysis, and elucidated the function of NOS in host and inflammatory cells

by immunohistochemistry.



II. Materials and Methods

1. Animals

Lewis rats were obtained from Harlan (Sprague Dawley Inc.,
Indianapolis, IN) and bred in our animal facility. Female rats weighing

160-200 g, aged 7-12 weeks were used in the experiments.

2. Monoclonal antibodies and polyclonal antisera

The following monoclonal antibodies (mAb) were used in this study:
W3/25 (anti-CD4); OX8 (anti-CD8); R73 (anti-TCR); EDI1 to label
macrophages; and OX42 (anti-complement receptor type 3), which also
labels macrophages. These mAb were purchased from Serotec (Blackthorn,
Bicester, Bucks, UK). Monoclonal anti-4 actin antibody was purchased
from Sigma (St. Louis, MO). Rabbit anti-iNOS, rabbit anti-eNOS, and
mouse monoclonal anti—-eNOS antibodies were obtained from Transduction
Laboratories (Lexington, KY). Rabbit anti-S100 antisera was purchased

from Dako (Copenhagen, Denmark).



3. EAN induction

Each rat was injected into the hind footpads bilaterally with an
emulsion containing equal parts of fresh P2 peptides in phosphate buffer
(g/mL) and complete Freunds adjuvant (CFA; Mycobacterium tuberculosis
H37Ra, 5 mg/mL; Difco). Some rats were also given intraperitoneal
injections of Bordetella pertussis toxin (2 g/ea) (Sigma Chemical Co., St.
Louis, MO). After the injections, rats were observed daily for clinical

signs of EAN.

The progress of EAN was divided into seven clinical stages: Grade
(G) 0, no signs; G1, floppy tail; G2, mild paraparesis; G3, severe
paraparesis, G4, tetraparesis; Gb, moribund condition or death; and RO, the
recovery stage (Matsumoto, 2000).  Control rats were immunized with CFA
only. Five rats were sacrificed under ether anesthesia at various stages of

EAN.

4. Tissue sampling

In this study, tissue sampling was performed on days 12 -15 and on
day 21 post-immunization (PI), during the peak and recovery stages of
EAN, respectively. Five rats in each group were sacrificed under ether
anesthesia. The sciatic nerves were removed and frozen at -70C for
protein analysis. Pieces of the sciatic nerves were either snap frozen in

pre—chilled isopentane using liquid nitrogen or processed for paraffin



embedding after fixation in 4% paraformaldehyde in phosphate-buffered
saline (PBS, pH 7.4).

5. Western blot analysis

Frozen sciatic nerves and spinal cords were thawed at room
temperature, minced, lysed in a buffer consisting of 40 mM Tris—HCI, pH
7.4, 120 mM NaCl, and 0.1% Nonidet P-40 (polyoxyethylene [9] p-t-octyl
phenol) containing the protease inhibitors, leupeptin (0.5 g/ml), PMSF (1

mM), and aprotinin (5 g/ml), and then homogenized.

Samples were electrophoresed under denaturing conditions on 7.5%
SDS-polyacrylamide gels, and the separated proteins were transferred to
PROTRAN® nitrocellulose transfer membrane (Schleicher and Schuell,
Keene, NH), as previously described (Ahn et al, 2001). eNOS and iNOS
were detected using mouse monoclonal anti—-eNOS and rabbit anti—-iINOS
antisera diluted 1:5000 with TBS-T, respectively (Transduction
Laboratories, Lexington, KY). The reaction was visualized by labeling with
horseradish peroxidase-conjugated goat anti-rabbit IgG secondary antibody
(Vector, Burlingame, CA). Visualization was achieved using Amersham
ECL reagents (Arlington Heights, IL). The immunoblot membranes were
re-probed with a monoclonal antibody to beta actin (Sigma) using the
methods described above. The immunoblot signals were quantitated using a
densitometer (M GS-700 imaging Densitometer, Bio—Rad, CA). The relative

expressions of eNOS and iNOS were calculated, and the value for the



control was arbitrarily defined as 1.

6. Immunohistochemistry

Deparaffinized sections of the sciatic nerves were treated with 0.3%
hydrogen peroxide in methyl alcohol for 30 min to block endogenous
peroxidase. Frozen sections to be used for R73 immunostaining were
treated with ethyl ether for 10 minutes (Ohmori et al, 1992). After three
washes with PBS, the sections were exposed to 109 normal goat serum,
and then incubated with primary antisera including mouse monoclonal
anti-eNOS antibodies, rabbit anti-iNOS antisera (diluted 1:200)
(Transduction Laboratories, Lexington, KY), and rabbit anti-S100 antisera
(Dako, Copenhagen, Denmark) for 1 hour at RT. EDI antibodies were
used to identify macrophages in paraffin sections. Rabbit anti—-S100
antiserum was used to label Schwann cells (Mata et al, 1990). After three
washes, the appropriate biotinylated secondary antibody and the
avidin-biotin—peroxidase complex (ABC) from the Elite kit (Vector,
Burlingame, CA) were added sequentially. Peroxidase was developed with
diaminobenzidine (DAB)-hydrogen peroxidase solution (0.001%
3,3'-diaminbenzidine and 0.01% hydrogen peroxidase in 0.0oM Tris buffer).

The sections were counterstained with hematoxylin before being mounted.

To co-localize eNOS and S100 in the same section, S100 was first
immunostained using the single-staining protocol described above, and the

color was developed using the aminoethyl carbazole (AEC) substrate kit



(Zymed, San Francisco, CA). After photographing the S100-immunostained
lesions in the sciatic nerve, the slide was bleached in ethanol. The slide
was then immunostained using the primary eNOS antisera in the same
manner, and the color was developed using the AEC substrate kit (Zymed).

The co-localization of both antigens in a single cell was readily apparent.

7. Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick
end-labeling (TUNEL)

DNA fragmentation was detected by in situ nick end-labeling, as
recommended by the manufacturer (Intergen, Purchase, N.Y.). In brief, the
paraffin sections were deparaffinized, rehydrated, and washed in PBS. The
sections were treated with 0.02% proteinase K (Sigma, St. Louis, MO) for
15 minutes at room temperature, blocked with 3% hydrogen peroxide in
PBS for 10 minutes and washed with PBS. Tissues were incubated with
equilibration buffer for 5 minutes and allowed to react with TdT enzyme
for 60 minutes at 37 C. The reaction was stopped by incubation in stop
buffer for 15 minutes. Finally, sections were allowed to react with
peroxidase-labeled anti—digoxigenin antibody for 30 minutes. Positive cells
were visualized using diaminobenzidine substrate counterstained with

hematoxylin.

For TUNEL and iNOS double-labeling, slides previously processed
for TUNEL were subsequently immunostained with polyclonal iINOS

antisera, as described above. Inducible NOS—positive cells were visualized



by incubating the sections in Sigma Fast TM nitroblue
tetrazolium/5-bromo—-4-chloro-3-indolyl phosphate (NBT/BCIP) substrate

tablet solution (Sigma).

8. Statistical analysis

Statistical comparisons among groups Wwere made using the
Student-Newman-Keuls Multiple Comparisons test. Differences with

p-values < 0.05 were considered to be significant.



M. Results

1. Clinical observation of EAN

The clinical course of EAN is shown in Fig. 1. EAN rats
immunized with P2 peptides developed floppy tails (G1) on days 9-10
PI, and showed progressive hindlimb paralysis (G2 or G3) on days

12-15 PI. All of the rats subsequently recovered (Fig. 1)
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clinical score

days after immunization

Fig. 1. Clinical course of experimental autoimmune neuritis (EAN) in
Lewis rats. EAN was induced by immunization with 100 ug of P2
peptides emulsified with complete adjuvant into bilateral hind footpads.
Each rat was treated with 50 ng of pertussis toxin on the day of

immunization. The results are expressed as mean clinical scores = S.E.

(n = 5).
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2. Histological findings of sciatic nerves

Histological examination revealed that a large number of
inflammatory cells infiltrated the area around the sciatic nerves of
rats with EAN during the peak stage (day 13 PI) (Fig.2B). In the
normal control rats (Fig. 2A), no infiltrating cells were detected in
the sciatic nerves. Inflammatory cells in the EAN lesions consisted of

R73+/ TCRap+ T cells (Fig.2C) and ED1+ macrophages (Fig. 6B).
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Fig. 2. Histology of EAN-affected sciatic nerves. Some inflammatory
cells were found in the sciatic nerve of EAN-affected rats (day 13 PI) (B),
whereas normal rats were devoid of inflammatory cells in the sciatic nerve
(A). The inflammatory cells consisted mainly of R73+/ TCR+ T cells (C).
A and B, Hematoxylin-eosin staining. C, immunostaining with R73 mAb.
C is a frozen section. A, Normal rat; B and C, EAN-affected rats (day 13

PI). Counterstained with hematoxylin. Scale bar = 30 pm.
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3. Western blot analysis of eNOS and iNOS in EAN

Constitutive eNOS expression in the sciatic nerves was significantly
increased during the peak stage (day 13 PI, G3) of EAN (Fig. 3, lane 2) (p
< 0.01). TIts levels declined during the recovery stage of EAN (day 21 PI,
RO) (Fig. 3, lane 3).

The expression of INOS in the sciatic nerves of rats with EAN was

also increased compared to the normal control (p < 0.01) (Fig. 4).
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<—eNOS

<B actin

Fig. 3. A, Representative Western blot analysis of endothelial NOS in
the sciatic nerve shows a strong band in the paralytic stage (lane 2, G3,
day 13 PI), and a weaker band in the recovery stage (lane 3, RO, day 21
PI) of EAN rats compared with normal controls (lane 1). The molecular

mass of eNOS is 140 kDa.
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Fig. 3. B, The
quantification of eNOS after Western blotting and normalization for p-actin
content showed a great increase of eNOS at the peak stage of EAN
compared to the control group, followed by a decline in the recovery stage.
The immunoblot was quantitated by densitometry, and the relative value of
the control was arbitrarily defined as 1. Data points represent the mean

+/- SEM; n = 3 rats/group.
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Fig. 4. A, Western blot analysis of iNOS in the sciatic nerve during
the normal (lane 1), paralytic (lane 2, G3, day 13 PI), and recovery stages
(lane 3, RO, day 21 PI) of EAN rats. The molecular mass of iNOS is 130
kDa.
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Fig. 4. B, Quantitation of sciatic nerve iINOS expression over the
course of EAN. The immunoblot was quantitated by densitometry, and
the relative value of the control was arbitrarily defined as 1. Data points

represent the mean +/- SEM; n = 3 rats/group.
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4. Immunohistochemical localization of eNOS and iNOS in EAN

In EAN-affected rats, eNOS (Fig. 5) was intensely stained in
vascular endothelial cells (Fig. 5B), in some axons that were encased by
Schwann cells (Fig. 5D), and in Schwann cells of the sciatic nerve (Figs.
5C and 5D). In contrast, eNOS was weakly stained in some vascular
endothelial cells in the sciatic nerves of normal control rats (Fig. 5A).
Furthermore, both eNOS (Fig. 5E) and S100 (Fig. 5F) were co-localized in
Schwann cells within the EAN lesions. Few inflammatory cells were

positive for eNOS (Table 1).

Contrary to the expression pattern of eNOS in EAN, iNOS
immunoreactivity was mainly localized to inflammatory cells (Fig. 6A) that

were stained positively for ED1 (Fig. 6B) in the EAN lesions.

This finding suggests that the increased expression of constitutive
eNOS in axons and some Schwann cells, which recover their function after
recovery from paralysis, mediates a beneficial role in the process of PNS
inflammation, whereas inflammatory cells expressing iINOS are eliminated

via apoptosis during the recovery stage of EAN.
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Fig. 5. Immunostaining of eNOS in the sciatic nerve of normal rats
(A) and rats with EAN (G3, day 13 PI) (B-D). eNOS (A) was weakly
stained in the vessels (arrow) of the sciatic nerve of normal rats. The
expression of eNOS was enhanced in vessels (B, arrow) and some
Schwann cells (C, arrowheads) in EAN lesions. In a higher magnification
of C. eNOS—positive axons encased by Schwann cells(D, arrows) were
found. Arrowheads indicate same cells in C and D. Furthermore, eNOS (E)
co-localized with S100 (F) in each Schwann cell of the EAN lesions.
Arrows indicate the same group of Schwann cells. A-D: DAB substrate. E
and F: AEC substrate. A D: counterstained with hematoxylin. A-C, E, F:
Scale bar = 30 m. D: Scale bar = 10um.
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Table 1. Immunohistochemical analysis of endothelial nitric oxide synthase

in the sciatic nerve of rats with EAN and control rats.

Cell type Normal EAN®

Peakstage Recovery

b

Vascular endothelial cells + F++ +
Perineurium + ++ ¥
Schwann cells + 4P 44
Axis cylinder + + i

Macrophages ND¢ ND¢ ND¢

* The sciatic nerves were examined at the peak (grade 3: day 14
post-immunization) and recovery (day 21 post-immunization) stages of
EAN

P Increased intensity of eNOS immunoreactivity in some cells.

¢ ND = Inflammatory cells including macrophages and lymphocytes were

not detected in the sciatic nerves of rats.
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5. Correlation between apoptosis and the expression of iNOS in

inflammatory cells

The relationship between apoptosis and iINOS expression was
examined in EAN-affected rat sciatic nerves, because the majority of
inflammatory cells were eliminated by apoptosis, leading to spontaneous
recovery from paralysis. Some TUNEL-positive cells (Fig. 6C)were
scattered throughout the sciatic nerve of rats with EAN, as previously
shown (Weishaupt et al, 2000). In a double labeling experiment in this
study, a TUNEL-positive cell (Fig. 6D, brown color) in a perivascular
lesion was shown to be iNOS-positive (Fig. 6D, blue color). This suggests
that some iINOS-positive inflammatory cells undergo apoptosis through the

activation of INOS in EAN lesions.
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Fig. 6. Detection of apoptosis and iINOS expression in the sciatic
nerve of rats with EAN (G3, day 13 PI). iNOS was mainly immunostained
in perivascular inflammatory cells (A) that were positive for ED1 (B).
TUNEL-reactive cells were scattered throughout the EAN lesions. Arrows
indicate TUNEL-positive cells (C). Double labeling for iNOS and TUNEL
in the sciatic nerve of EAN rats revealed that TUNEL-positive cells
(brown color, arrowhead) were also positive for iNOS (blue) in EAN
lesions. However, not all iNOS—positive cells were positive for TUNEL, or
vice-versa. A-C: Counterstained with hematoxylin. AB, Scale bar = 30u

m. D, Scale bar = 10 ym.
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IV. Discussion

This is the first report to show that constitutive eNOS and iNOS
are differentially expressed in EAN lesions of Lewis rats. We also showed
that constitutive eNOS was mainly expressed in neural elements, probably
restoring axonal function. However, iNOS, which is expressed in
macrophages, mediates the elimination of macrophages. In any case, either
cNOS or iINOS participates in restoring PNS function after injury. This
result is in part consistent with a previous report that three forms of NOS

are over—expressed after sciatic nerve ligature (Gonzalez-Hernandez and

Rustioni, 1999).

It is generally agreed that Schwann cells stimulated with tumor
necrosis factor (TNF)- and interferon (IFN)-a in in vitro systems generate
NO via the activation of iNOS (Gold et al, 1996, Nagano et al, 2001).
Gold et al. (1996) confirmed that stimulated Schwann cells play a potential
immunoregulatory role through generation of NO, which suppresses T cell
proliferation and ultimately induces T cell death. Nagano et al (2001)
further verified that TNF- and IFN-4 exert a synergistic inhibitory action
on immortalized Schwann cell viability, an effect that is accompanied by
INOS induction and ceremide accumulation. These findings suggest that
stimulated Schwann cells generate NO, which may induce T cell or

Schwann cell death through the accumulation of ceramide.

In this study, we found that vessels and Schwann cells had
increased eNOS expression, but not iINOS expression, during the peak stage

of EAN. These findings suggest that constitutive eNOS increases in
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Schwann cells in response to inflammatory stimuli in sciatic nerves in
autoimmune disease models (Kieseier et al., 2000). The increased
expression of eNOS, in combination with iINOS from macrophages, might
be involved in the recovery of the peripheral nervous system from
autoimmune disease models, because NO from Schwann cells suppresses T
cell proliferation (Gold et al, 1996). However, it is important to note that
the data of previous studies of the expression of NOS, particularly iNOS,
were obtained from Schwann cells grown in culture. In this study, we
found that eNOS, but not iINOS, was expressed in the Schwann cells of
sciatic nerves of rats with EAN, suggesting that Schwann cells do not
express INOS in vivo. We do not exclude the limited possibility that eNOS
1s involved in PNS tissue injury processes, such as Schwann cell apoptosis
(Weishaupt et al., 2001), because eNOS has been shown to be associated
with cardiocyte apoptosis in certain experimental models (Kawaguchi et al.,

1997). The precise mechanism of eNOS expression needs further study.

Recently, many investigators have focused on the beneficial effect of
INOS during the pathogenesis of autoimmune encephalomyelitis. This is
because NOS II knockout mice are more severely affected by EAE
(Sahrbacher et al., 1998), and EAE-resistant rats become susceptible after
inhibition of iNOS (OBrien et al., 1999). Similar findings were also
recognized in EAN (Ruuls et al., 1996), although different NOS inhibitors
were used. It is postulated that constitutive eNOS expression in axons and
Schwann cells increases at the time of sciatic injury in EAN. The
consequent increase in both eNOS and iNOS and possibly the generation of
NO may accelerate normal physiological events, such as regulation of

microcirculation, synaptic plasticity, and neuro-protective processes
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(Iadecola, 1993; Dawson and Dawson, 1996). In this study, some
macrophages were shown to undergo apoptosis in EAN-affected sciatic
nerves, and these cells have been shown to play a beneficial role in

recovery from EAN (Kiefer et al., 2001).
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V. Conclusion

EAN is a CD4+ T cell-mediated disease model. This disease is
characterized by the infiltration of T cells and macrophages that are
ultimately eliminated through apoptosis. The inflammatory process is
paralleled by the expression of three forms of nitric oxide synthase in
EAN-affected lesions. This study illustrated that an increased expression
of constitutive eNOS may be a compensatory response against PNS
inflammation. Thus, eNOS is involved in the activation of axons, vessels,
and adjacent Schwann cells. Macrophages expressing iINOS play a role in
transmitting signals to host tissues, and the level of INOS expression is
inversely related to the elimination of T cells-and macrophages in EAN
lesions by either paracrine or autocrine signals.

Considering all of the above findings, the parallel between EAN
paralysis and NOS expression in EAN implies that while NOS may be
beneficial, it functions in either a beneficial or detrimental role depending on

the stage of inflammation, the capacity to generate NO, or the cell type.
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