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Abstract: To explore the relationship of peripheral nerve ultrastructure and its associated protein expression in
experimental autoimmune neuritis (EAN). EAN was established in Lewis rats using an emulsified mixture of PO
peptide 180-199, Mycobacterium tuberculosis, and incomplete Freund’s adjuvant. Rats immunized with saline
solution were used as a control group. Sciatic nerve ultrastructure and immunofluorescence histopathology were
measured at the neuromuscular severity peak on day 18 post-induction. Cell-specific protein markers were used
for immunofluorescence histopathology staining to characterize sciatic nerve cells: CD3 (T cell), Iba-1 (microglia),
S100 (myelin), and neurofilament 200 (axon). The results showed that swelling of the myelin lamellae, vesicular
disorganization, separation of the myelin lamellae, and an attenuation or disappearance of the axon were observed
by transmission electron microscopy in the EAN group. CD3 and Iba-1 increased significantly in the structures char-
acterized by separation or swelling of the myelin lamellae, and increased slightly in the structures characterized by
vesicular of the myelin lamellae, S100 decreased in the structures characterized by vesicular disorganization or
separation of the myelin lamellae. And neurofilament 200 decreased in the structures characterized by separation
of the myelin lamellae. Furthermore, we found that Ibal were positive in the myelin sheath, and overlapped with
S100, which significantly indicated that Schwann cells played as macrophage-like cells during the disease progres-
sion of ENA. Our findings may be a significant supplement for the knowledge of EAN model, and may offer a novel
sight on the treatment of Guillain-Barré syndrome.
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Introduction Experimental autoimmune neuritis (EAN) is a
useful animal model for studying the pathogen-
esis and treatment of GBS. In 1955, Waksman
and Adams made the first rabbit model of
human GBS [6]. Thereafter, researchers used
purified peripheral nerve tissue, purified myelin
protein ingredients, synthetic peptides, or anti-
gen-specific autoimmune T cells injected intra-

Guillain-Barré syndrome (GBS) is an acquired
immune-mediated peripheral neuropathy. The
most frequent form of GBS in Western coun-
tries is acute inflammatory demyelinating poly-
neuropathy (AIDP), which is characterized clini-
cally by acute/subacute ascending paralysis
and hyporeflexia with variable sensory involve-

ment [1, 2]. In the Western Balkans, the most
common reported pathologies of GBS were
demyelinating (62%) and axonal (12%) [3]. This
disease is characterized by an autoimmune
reaction directed against specific components
of the peripheral nerves with involvement of
both humoral and cellular factors [4, 5].

venously into mice to induce various suscepti-
ble animal models of GBS [7, 8]. The most com-
mon model uses Lewis rats that have been
immunized with peripheral nerve homogenate,
myelin protein, or a synthetic peptide, such as
PO 180-199, emulsified in Freund’s adjuvant
[9].
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Recently, studies of EAN electrophysiology, his-
tology, immune mechanisms, and therapeutic
drug use have been reported [10-15]. Like GBS,
EAN is also characterized by an autoimmune
reaction directed against specific components
of the peripheral nerves with involvement of
both humoral and cellular factors [10, 11]. The
immune responses in EAN are complex and
involve T-cells, cytokines, chemokines, macro-
phages, adhesion molecules, the blood-nerve
barrier, and humoral immune factors [12, 13].
Despite decades of research, studies investi-
gating the microstructure characteristics of
EAN are comparatively rare. In 1975, Allt used
an EAN rabbit model to study the pathological
changes in peripheral nerves by electron
microscopy and found that there are two kinds
of myelin changes: a vesicular disorganization
of myelin lamellae and a separation of myelin
lamellae [14]. However, there are no further
detailed reports on the microstructure in EAN.
To elucidate the pathologic mechanisms of
peripheral nerve inflammation that may be
extrapolated to human disease, it is important
to observe the microstructure of peripheral
nerves in EAN and determine the correlation
between the peripheral nerve ultrastructure
and its associated protein expression. In EAN,
pathological changes are the most obvious in
the sciatic nerve and lumbar nerve root [15], so
in this study, we examined the ultrastructure
and immunofluorescence histopathology of the
sciatic nerve.

Materials and methods
Animals and reagents

Healthy female Lewis rats, 6-8 weeks old,
weighing 135-145 g, bought from Vital River
Corporation (Beijing, China) were housed and
maintained under environmentally controlled
conditions in a 12-hour light/dark cycle with
standard food and water by the Tsinghua
University Center of Biomedical Analysis. All
experimental drugs were used at the lowest
possible effective dose, and animal suffering
was reduced as much as possible. The experi-
ments were approved by the Tsinghua University
animal ethics committee.

The PO peptide 180-199 (SSKRGRQTPVLY-
AMLDHSRS) was synthesized by Anhui Boxing
Biotechnology Company. Incomplete Freund’s
adjuvant (IFA) was from Sigma, United States.

7850

Mycobacterium tuberculosis (H37Ra) was
obtained from Difco, United States.

EAN induction and clinical score

Lewis rats (n = 10) were immunized in both hind
footpads with 200 pl inoculum containing 200
ug PO peptide 180-199, 2 mg H37Ra in 100 pl
saline and 100 pl IFA. Control group rats (n =
10) received the same treatment with the same
dose of saline solution. The day of model induc-
tion was recorded as day O.

All rats were weighed and scored daily until day
42 post-immunization (p.i.). Score criteria were
as follows: O, normal; 1, flaccid or dragging tail;
2, mild paraparesis; 3, moderate paraparesis;
4, severe paraparesis; and 5, severe tetrapare-
sis [13, 14]. Symptoms were scored by plus or
minus 0.5 points, according to conditions.

Electrophysiology

Electrophysiology studies were conducted on
day 18 p.i. using a multi-channel physiological
signal acquisition processing system (RM6240).
Five animals from each group were randomly
selected. They were weighed and anesthetized
with an intraperitoneal injection of 0.35
mg/100 g of 10% chloral hydrate, and fixed on
the operating platform. Sciatic nerves were
separated layer by layer. To assess sciatic
nerve motor conduction, the sciatic nerve was
stimulated through paired electrodes at the
distal (recording electrode) and the proximal
(stimulating electrode) ends of the sciatic
nerve. A reference electrode was placed at a
point 1 cm away from the recording electrodes,
between the stimulating electrode and the
recording one.

The nerve was stimulated with 1.5 times the
threshold at rectangular pulses, 0.1 ms in dura-
tion, and the amplitudes and latencies of the
evoked compound nerve action potential
(CNAP) were recorded from distal electrodes on
the sciatic nerve. Motor conduction velocity
(MCV) was calculated by dividing the distance
between the recording and stimulating elec-
trodes by the latency of the response [16]. The
amplitude was calculated by measuring the dis-
tance from peak to peak valley of the bipolar
compound action potential. Each stimulus was
carried out 7-10 times. Each interval between
the two stimuli was at least 5 s. The room tem-
perature was set at 20 + 0.5°C and body tem-
peratures of the rats were kept at 37°C.
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When the testing was completed, the animals
were sacrificed, and the bilateral sciatic nerves
and gastrocnemius were removed for histologi-
cal analyses.

Light microscopy

Gastrocnemii were removed after the electro-
physiology tests described above and fixed in
4% paraformaldehyde solution for 12 h, then
put into 30% sucrose phosphate buffer for 1 d
until they sunk to the bottom. Vertical sections
20 um thick were cut on a freezing microtome.
Hematoxylin and eosin (H&E) staining were per-
formed, as described below, and the resulting
sections were examined by light microscopy to
evaluate bilaterality and induction of EAN
pathologically.

H&E staining: The slides were brought to room
temperature, placed in a glass chamber, and
washed with running tap water to remove any
remaining formaldehyde. To stain the nuclei
dark, the slides were incubated with Mayer’s
hematoxylin solution for 5 minutes, followed by
a 10-min wash. Acetic acid (1:100) was added
to a 0.5% eosin solution, and the slides were
incubated in this solution for 10 min to stain
the fibers red. Then, the slides were washed
three times with deionized water for 1 min each
to remove excess eosin. Next, the slides were
drained successively in 70% EtOH for 1 minute,
90% EtOH for 30 seconds, 100% EtOH for 30
seconds, and xylene for 30 seconds. The slides
were mounted with 1-2 drops of a xylene-based
mounting media, covered with cover slides, and
then pressed under heavy weight for 10 min at
room temperature. The slides were stored at
room temperature until use.

Nerve ultrastructure visualization by transmis-
sion electron microscopy

For histological analysis, sciatic nerves were
removed about 1 cm away from the sections
used for the electrophysiology tests, and the
nerve specimens were fixed with pre-cooled
2.5% glutaraldehyde in 0.1 M phosphate-buff-
ered saline for 1-2 h and post-fixed in 1% osmi-
um tetraoxide solution for 1 h. Then, they were
dehydrated stepwise in increasing concentra-
tions of ethanol and embedded in Epon 812
epoxy resin. The specimens were cut into ultra-
thin sections, 70 nm thick, and stained with
lead citrate and uranyl acetate. They were
examined by transmission electron microscopy
(TEM; H-7650, Hitachi, Japan). The nerve speci-
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mens from the control group were used as a
positive control for nerve histological analysis.
The electron microscopy images from eight ran-
dom fields of each nerve section were selected
and analyzed by Image-Pro Plus software.

Immunofluorescence histopathology

The intact nerves were selected and removed
after the electrophysiology tests on day 18 p.i.,
as discussed above, and then they were fixed in
4% paraformaldehyde solution for 12 h and put
into 30% sucrose phosphate buffer for 1 d,
until they sunk to the bottom. Cross sections,
20-30 pm thick, were cut on a freezing mi-
crotome.

Immunofluorescence chemical studies were
performed using cell-specific markers to char-
acterize the cells in the sciatic nerve: CD3 (T
cell), Iba-1 (microglia), S100 (myelin), and neu-
rofilament 200 (axon). Five unimmunized rats
were also measured as controls. The following
primary antibodies were used: rabbit anti-CD3
antibody (1:100; ABCAM, USA), rabbit anti-lba-1
antibody (1:250; Wako Pure Chemical Indu-
stries, Ltd, Japan), mouse anti-S100 antibody
(1:500; ABCAM, USA), and anti-neurofilament
200 antibody (1:80; Sigma, USA).

For secondary antibodies, goat anti-rabbit IgG
(FITC) and goat anti-mouse 1gG (TRITC) (Dako
Japan) were used. Primary antibodies were
incubated with the samples overnight at 4°C,
and secondary antibodies were incubated with
them for 1 hour at room temperature. After
immunostaining, images were acquired with a
laser confocal microscope (FV10i -oil, push
around, Tokyo, Japan). The density of the
stained cell surface area per unit area (photo-
graphed at 103, 203 objective lens magnifica-
tion) were analyzed using Image J software
(U.S. National Institutes of Health, Bethesda,
MD, USA).

Statistical analysis

GraphPad Prism (GraphPad Software, San
Diego, CA, USA) was used for statistical analy-
sis and graph generation. A Mann-Whitney U
test was used to compare threshold, stained
maker density, and stained marker surface
area between EAN model rats and normal con-
trol rats. Statistical significance was defined as
P < 0.05 in all data analyses.

Int J Clin Exp Pathol 2015;8(7):7849-7858
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Figure 1. (A) Clinical scores of the EAN model and
control rats during the course of the experiment and
(B, C) electrophysiology on day 18 p.i. during the
maximal mean clinical score. (A) Rats were immu-
nized with 200 pg PO 180-199 emulsified in IFA and
H37Ra (EAN, n = 10) or with saline (Control, n = 10).
The clinical score was measured every day for both
groups. Data are expressed as mean + SEM. Simi-
lar results were obtained in two independent experi-
ments. (B) The sciatic nerve compound nerve action
potential (CNAP) amplitude and (C) the conduction
velocity were measured for each group. Data are
expressed as mean + SEM. P < 0.0001 compared
with control. Similar results were obtained in two in-
dependent experiments.

Results

Progress of illness, clinical scores and electro-
physiology

On day 1 p.i., all rats in the EAN model group
began to display different clinical symptoms
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with varying degrees of severity, including
depression and red and swollen feet. On day 7
p.i., the tail tonicity was lost in all experimental
rats, which suggests that the EAN model was
successfully established. With a rapid progres-
sion to maximal severity, the symptoms peaked
on day 17-18 p.i. and included severe hindlimb
paralysis accompanied by skin lesions in the
foot pads. The symptoms lasted about 7-10
days, and then normal function was gradually
restored. The animals remained stable through
day 42 p.i. (Figure 1A). Two rats died over the
course of the experiment, one each on days 12
and 24 p.i.

Based on the neuromuscular severity scores,
the onset of EAN occurred at day 7 p.i. and the
mean clinical score at that time was 0.67 +
0.26. The peak clinical score was reached, on
average, by day 17 p.i. and the maximal mean
clinical score was 3.92 + 0.2. Afterward, there
was a gradual recovery, with residual weakness
present, during which the mean clinical score
was 2.00 + 0.32. There was no appreciable
neuromuscular weakness detected in the con-
trol rats (P < 0.0001) (Figure 1A).

On day 18 p.i., which was the peak of neuro-
muscular symptoms, the electrophysiology of
five rats from each group was examined. The
sciatic nerve CNAP (peak to peak) in the EAN
group (2.12 + 0.83 mV) was significantly lower
than that in the control group (12.18 £ 1.71 my;
P < 0.0001) (Figure 1B). Similarly, the sciatic
nerve conduction velocity in the EAN model
group (19.69 = 4.47 m/s) was significantly
lower than that in the control group (30.98 +
2.71 m/s; P < 0.0001) (Figure 1C).

Light microscopy histology

To examine the microstructure of the gastroc-
nemius, H&E were performed. In the H&E stain-
ing, the control group gastrocnemius myofibers
had a polygonal shape with peripheral nuclei,
intact sarcolemma, and non-fragmented sarco-
plasm. The intact muscle tissue of the control
group showed a homogenous fiber size distribu-
tion (Figure 2A). In contrast, the EAN model
group gastrocnemius myofibers stained lighter
than intact muscle fibers typically do and had
an irregular shape and few nuclei. The muscle
fibers in the EAN model group were atrophied
and distributed unevenly (Figure 2B).

Int J Clin Exp Pathol 2015;8(7):7849-7858
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Figure 2. H&E staining of rat gastrocnemius myofibers on day 18 p.i. of (A) the control group and (B) the EAN model
group (bar = 100 pm).
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Figure 3. TEM microscopy of the sciatic nerves on day 18 p.i. Of (A) the control group and (B-D) the EAN model group.

(B) swelling of the myelin lamellae, (C) vesicular disorganization, and (D) separation of the myelin lamellae were
observed in the EAN group by using TEM (bar = 5 um).
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Figure 4. Immunofluorescent histology of the sciatic nerves in different TEM structures (A1-A4) in the control group
rats and (B1-D4) in the EAN model group rats. Representative immunofluorescent histology images were shown
staining with (A1-D1) S100, (A2-D2) NF200, (A3-D3) Ibal or (A4-D4) CD3. (bar = 20 um).

Correlation between sciatic nerve ultrastruc-
ture and immuofluorescence histopathology

The ultrastructure of the sciatic nerves was
visualized with TEM and immunofluorescence
histopathology at the peak of neuromuscular
severity on day 18 p.i. (Figure 1) to determine if
there is a correlation between the ultrastruc-
ture and the histopathology in EAN. Using TEM,
we saw normal structures in the nerve speci-
mens from the control group rats, and we
observed a swelling of the myelin lamellae, a
vesicular disorganization and a separation of
the myelin lamellae, and an attenuation or dis-
appearance of the axon in samples from the
EAN group (Figure 3). Immunohistochemistry
also revealed an irregularity of the neuro myelin
and axon in the EAN model group compared
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with the structures observed in the control
group (Figure 4).

In specimens that showed the pathological
changes of swollen, separated and hollowed
myelin lamellae, the predominant cells that
infiltrated the sciatic nerve were T cells (CD3)
and microglia (Iba-1). This finding supports pre-
vious work demonstrating that EAN is pathoge-
netically characterized by an autoimmune reac-
tion with the involvement of both humoral and
cellular factors. In nerve specimens that dis-
played the pathological change of myelin lamel-
lae separation in the absence of swelling, the
marker proteins of S100 and NF200 decreased
compared with the levels in the control group
rats, which illustrates that myelin protein and
axon protein were likely attacked by inflamma-

Int J Clin Exp Pathol 2015;8(7):7849-7858
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Figure 5. Immunofluorescent histology of the sciatic nerves on S100 (green) and Iba-1 (red) on day 18 p.i. (A-C) in
the control group rats and (D-F) in the EAN model group rats. Iba-1 was expressed in the myelin sheath (E), like S100

(D), but was merged by S-100 (F). (bar = 20 pm).

tory cytokines, possibly by Ibal and CD3 or
other inflammatory cytokines. The specimens
showing the pathological change of vesicular
disorganization may be another progress of the
disease, when inflammatory cells and factors
have already been absorbed by a certain
degree. Alternately, the myelin protein S100 in
these samples may have been attacked by
other inflammatory cytokines besides Ibal and
CD3 (Figure 4).

Immunofluorescence histopathology of S100
and Ibal

As presented in Figure 5, the number of S100-
positive cells was significantly lower in the EAN
group than the control group. The expression of
Ibal was significantly higher in EAN group than
the control group. Moreover Ibal were positive
in the myelin sheath, and overlapped with
S100, which significantly indicated that
Schwann cells played as macrophage-like cells
during the disease progression of ENA.

Discussion

In this experiment, Lewis female rats were suc-
cessfully immunized in both hind footpads with
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200 pg of PO peptide 180-199, as in previous
studies [8, 9]. The neuromuscular severity was
observed by the single-blind method, and
recorded by a grading method with six levels
[17, 18]. On day 1 p.i., all rats in the EAN model
group developed symptoms, including malaise,
footpad swelling, weight loss, or reduced weight
performance. By day 7 p.i., the tail tonicities
were lost in all rats, implying the model was
successfully established. On day 17-18 p.i., rat
symptoms peaked. The systemic symptoms,
such as malaise, on the first day after induction
were related to the systemic immune respons-
es that were caused by the immunogen, which
are similar to non-specific syndromes of virus
infection such as human GBS [19].

In the control group, the injected footpads had
some localized mild redness after the saline
injection that faded after 2-3 days, which
matches the pathological process of purely
local trauma. In contrast, swelling gradually
increased after drug injection in the EAN model
group, until the footpads of the rats festered.
We speculate that this reaction corresponds to
the local performance of a systemic autoim-
mune reaction as the neuromuscular severity

Int J Clin Exp Pathol 2015;8(7):7849-7858
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peaked. Although both groups of rats contin-
ued to gain weight over the course of the exper-
iment, which is expected because of their age,
the rats in the EAN model group weighed sig-
nificantly less than those in the control group
(Figure 2). The clinical scores of the rats in our
experiment never reached the maximal five
points (i.e., both arms and legs are weak), but
most had four points, namely severe weakness
in both hind legs, at their peak. This phenome-
non may be related to the use of different
inducers, rat species, and induction time points
than previous studies. For example, Robin H.
Xia used BPNM to induce EAN in 8-12-week-old
SJL/J mice and found that symptoms peaked at
an average score of 4.8 points on days 31-33
p.i. [16]. Additionally, rat symptom onset time
and peak symptom time reflect individual
differences.

As early as 1975, Allt studied the peripheral
nerves of an EAN rabbit model by electron
microscopy and found that there were two
kinds of myelin sheath change: (1) a vesicular
disorganization of the myelin lamellae and (2) a
separation of the myelin lamellae [14]. In this
experiment, when the neuromuscular severity
of all rats peaked, we found through TEM that
there are four different pathological manifesta-
tions of the sciatic nerve: (1) swelling of the
myelin lamellae, (2) vesicular disorganization of
the myelin lamellae, (3) separation of the myelin
lamellae, and (4) attenuation or disappearance
of the axon. The three kinds of myelin sheath
changes corresponded to neuromuscular
severities of 3.5 to 4 points, namely to severe
paraparesis or slightly lighter than severe para-
paresis, when rats were unable to walk, walked
very slowly or walked slowly by using only one
hind leg.

The myelin swelling in EAN was indirectly mea-
sured by immunohistochemistry in one previ-
ous study [18, 20], but to our knowledge, this is
the first time that the pathological phenomena
of the EAN sciatic nerve have been observed by
electron microscopy. Our immunofluorescence
results confirm that the inflammation leads to
swelling of the myelin sheath cells and support
the idea that EAN should be pathogenetically
characterized by an autoimmune reaction with
the involvement of both humoral and cellular
factors. We found that Iba-1 (macrophage) and
CD3 (T cell) staining significantly increased in
the specimens that demonstrated swelling of
the myelin lamellae. This observation may be
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the initial phase of EAN and could result from a
failure of the S100 and NF200 levels to
decrease.

The second EAN pathology we observed
through TEM was a vesicular disorganization of
the myelin lamellae. In these samples, NF200
staining did not significantly decrease com-
pared with the levels in the control group. S100,
which stains myelin, decreased significantly in
these samples. Iba-1 (macrophage) and CD3 (T
cell) staining increase slightly. This suggests
that only myelin is under attack possibly by
other inflammatory factors besides the two
kinds of inflammatory factors investigated in
this experiment. Further research is needed to
explore the mechanisms responsible for this
pathology.

We found a third kind of pathological change in
myelin, specifically, a separation of the myelin
lamellae. In this pathology, the outer structure
of the myelin lamellae is complete, and does
not display vesicular disorganization. This illus-
trates that a separation of the myelin lamellae
and vesicular disorganization of the myelin
lamellae might form from different pathologies
and physiological procedures. S100 and NF200
staining were significantly decreased and Iba-1
(macrophage) and CD3 (T cell) staining were
significantly increased in this pathology com-
pared with their levels in the control group.
These results suggest that inflammatory cyto-
kines in the autoimmune reaction may attack
the myelin and axon.

In our study, we also found that Ibal were posi-
tive in the myelin sheath in the EAN group on
day 18 p.i., and overlapped with S100, which
significantly indicated that Schwann cells
played as macrophage-like cells during the dis-
ease progression of ENA.

The sciatic nerve conduction velocity and CNAP
amplitude slowed significantly in the EAN model
group compared with those in the control
group. Sciatic nerve conduction velocity is the
ratio of the distance between the stimulating
electrode and the recording electrode (unit: cm)
to the initial latency time (unit: ms). This ratio
implies the velocity conducted by the fastest
nerve of a big nerve fiber bundle [21], and it is
not restricted by the population of the neural
axon. Therefore, this measurement partially
reflects the degree of nerve demyelinating
lesions.

Int J Clin Exp Pathol 2015;8(7):7849-7858
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Many factors affect the CNAP amplitude, the
most important of which are temperature and
axon number. In theory, the amplitude corre-
sponds to the number of axons based on a tem-
perature control. In brief, the higher the ampli-
tude, the greater the number of axons there are
in the sample [21]. This was confirmed by the
fact that the model group had both significantly
lower CNAP amplitudes, and fewer axon num-
bers per unit area visible in the electron micros-
copy images. The CNAP curve in the model
group is not smooth, which may be related to
tissue degeneration hyperplasia caused by
inflammation between nerve axons that might
lead to time differences in neuromuscular elec-
trical conduction.

The gastrocnemius muscles dominated by sci-
atic nerves degenerated over the course of this
experiment, because of the nerve lesions. The
gastrocnemius myofibers in the EAN model
group stained lighter than expected for intact
muscle fibers and they had an irregular shape
and few nuclei. Some myofibers were invaded
by immune cells whose nuclei were stained by
the hematoxylin. In addition to being the cause
of nerve loss, this immune cell invasion is one
of the reasons for the observed movement dys-
functions [22]. In this experiment, muscles
degenerated significantly two weeks after
induction, partially in response to the reduction
in motion [22].

This study shows that Lewis rat EAN is a reli-
able model that recapitulates key clinical, elec-
trophysiological, and pathologic features of
GBS with a distinct disease severity peak. We
found a correlation between the ultrastructure
and the immunofluorescence histopathology in
the peripheral nerves and fluorescent co-loca-
tion of S100 and Ibal, which has furthered our
understanding of the mechanisms pertinent to
peripheral nerve demyelination and inflamma-
tion. These findings may accelerate the devel-
opment of targeted, immune-specific therapies
for GBS.
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