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Study design: Cervical spondylotic myelopathy (CSM) represents the most commonly acquired cause
of spinal cord dysfunction among individuals over 55 years old. The pathophysiology of the disease
involves static and dynamic mechanical factors, which are the result of chronic degeneration. The
clinical course of the disease remains unpredictable. In the past, many experimental animal models have
been developed to study the cellular and molecular mechanisms underlining the pathophysiology of
the disease.
Objectives: To create a new animal model of CSM, which will reproduce the temporal course of the
disease and the local microenvironment at the site of spinal cord compression.
Methods: We performed posterior laminectomy to New Zealand rabbits at the level of C7, and a thin
sheet (5–7 mm) of aromatic polyether was implanted with microsurgical technique at the epidural space
underneath C5–C6 laminae. Motor function evaluation was performed after the operation and once a
week thereafter.
Results: After 20 weeks, the animals were killed, and the histological evaluation of spinal cord at the
site of compression above and below it, using eosin hematoxylin, immonohistochemistry and Kluver–
Barrera techniques reveals axonal swelling and demyelination, interstitial edema and myelin sheet
fragmentation. Moreover, histological evaluation of C5 and C6 laminae reveals osteophyte formation.
Conclusion: We believe that this CSM model reproduces the temporal evolution of the disease and
creates a local microenvironment at the site of spinal cord compression, which shares the same
characteristics with that of human disease.
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Introduction

Cervical spondylotic myelopathy (CSM) is the most serious

condition of cervical spondylosis, representing simultaneously

the most commonly acquired cause of spinal cord dysfunction

among individuals over 55 years old. Both static and dynamic

factors are involved in this condition. Static factors represent

acquired or developmental stenosis of the cervical vertebrate

canal.1 Dynamic factors are involved in repetitive damage on

spinal cord, which aggravate the catastrophic effect of static

factors and are the result of vertebral segmental instability.2,3

These mechanical factors in turn converge in direct injury to

neurons, axons and glial cells of the spinal cord via a

combination of events including ischemia, excitotoxicity,

apoptosis and demyelination.4,5 Histological studies on au-

topsy specimens have showed loss of neurons and vacuolar

degeneration in the gray matter along with demyelination,

myelin fragmentation and swelling of the axons in white

matter.6–8 Despite advances in diagnosis and surgical treat-

ment of CSM, little is known about the cellular and molecular

pathophysiology of the disease, and many patients still suffer

from severe permanent neurologic deficits postsurgically.

Therefore, it is not surprising that many studies have been

conducted to establish an experimental model, which could

efficiently reproduce myelopathy reflecting the disease process

seen in humans and thus, to be useful in the investigations of

myelopathy due to chronic spinal cord compression.9

Herein, we present a new experimental rabbit model for

CSM, using a synthetic aromatic polyether as the gradually
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compression material of cervical spinal cord. In our effort to

assess if this new model reproduces the pathological features

of CSM, we evaluated histological, histochemical and

immunohistochemical parameters in the spinal cord of 15

rabbits with CSM and in 15 control animals, and assessed

possible differences between the two groups.

Materials and methods

Experimental animals

Thirty 8-week-old New Zealand rabbits weighing 2.5–3.5 kg

were used in this study. The animals were kept in cages at

18–22C1, with a 12h light/12h dark cycle, and were allowed

to move freely inside the room twice a day. They were given

an ordinary laboratory diet and water. Before surgery, the

animals were kept in their cages to get familiar with the

environment. Throughout the entire study, the animals were

kept in their cages under pathogen-free conditions, with

regulated air and humidity conditioning under the super-

vision of a veterinarian. Our study protocol has been

reviewed and approved by the Bioethical Committee

Aristotle University of Thessaloniki.

Experimental groups

For the present study, we used 30 rabbits that were divided to

the following two groups. The first group (n¼15) was the

control group, which involved animals that underwent

sham surgery with the passage, but not implantation of the

compressive material. The second group (n¼15), the

‘compression group’ involved animals that underwent

aromatic polyether sheet implantation (see below). All

animals were perfused 20 weeks after surgery.

Surgical procedure

A total of 15 animals underwent posterior lower cervical

laminectomy, with microsurgical technique under surgical

microscope and sterile conditions. The procedure was

performed under general intravenous anaesthesia using

propofol (2.5mgkg�1). A laryngeal mask was used for

mechanical ventilation. An antibiotic agent (Cefazolin) was

administrated intravenously at the beginning of the opera-

tion. The animals were positioned on the operating table

lying on face down and immobilized. Fur on cervical area

was shaved; the area was scrubbed and sterilized with

sterilium and a midline longitudinal incision was performed.

Under X-ray, we identified the lower cervical spinous process

performed and the paravertebral muscles were stripped from

the spinous process. C7 lamina and the yellow ligaments

C6–C7 and C7–C8 were removed. With a microhook,

periosteal removal of the inner surface of C6 lamina was

performed. A small sheet of aromatic polyether (0.5 cm

width, 1 cm length, 0.7mm thick) sterilized at 1201C was

introduced under C6 laminae at the epidural space. The

wound was closed in anatomic order, using dexon suture for

cervical aponeurosis and nylon for dermal closure. At the

end of the procedure, an analgetic agent (Paracetamol) was

given intramuscularly. The animals allocated to the control

group (n¼15) were subjected to laminectomy and the

aromatic polyether was placed underneath the laminae once

and then removed (sham operation). Before and during the

procedure, electrophysiological monitoring was performed

and no changes in wave pattern were detected. The day after

the operation, the walking pattern of the examined animals

was normal.

Compression material

As compressive material, we used a 0.5–0.7-mm thick,

fine sheet of aromatic polyether.10 The most characteristic

property of this material is its capacity to absorb phosphate

anions and induce new bone formation. Moreover, aromatic

polyether has the ability to increase calcium phosphate

sedimentation. Previous studies have showed that this

material accelerates bone fracture healing.10

Motor function evaluation

Motor function was evaluated by using the modification

of Tarlov’s classification (Table 1). Evaluation was made

before and immediately after the surgery, and once a week

thereafter.

Tissue preparation and immunochemistry

All the animals were perfused 20 weeks after the operation.

Spinal cord and cervical vertebral column from each animal

was extirpated immediately after perfuse. Surgically removed

spinal cord tissue was fixed in 10% buffered formalin and

embedded in paraffin. Section of 4mm thick were obtained

from each paraffin block and placed on SuperFrost (Menzel-

Gläser, Braunschweig, Germany) plus glass slides. After

deparaffinization and rehydration in graded alcohols, he-

matoxylin–eosin and Kluver–Barrera histological stainings

were applied. Moreover, conventional immunohistochemis-

try was performed using the two-step peroxidise technique,

with a peroxidase-conjugated polymer (DAKO Envision kit,

DAKO, Carpinteria, CA, USA). The primary antibodies that

were used are described in details in Table 2. Sections were

counterstained with Harris’ hematoxylin, dehydrated and

Table 1 Tarlov’s classification

Grade Motor characteristics

0 Unable to have voluntary movements
1 Perceptible movements at joints, the hindlimbs follow
2 Good movements to joints, but unable to stand up
3 Can stand up and walk, but unable to start running quickly
4 Normal

Table 2 Immunohistochemistry protocol characteristics

Antibody Source Antigen retrieval Dilution Incubation

NF Cell Marque Microwave 1:40 in TBS–BSA Overnight
S100 Cell Marque Microwave 1:30 in TBS–BSA Overnight
GFAP Neo Marker Microwave 1:40 in TBS–BSA Overnight

Abbreviations: BSA, bovine serum albumin; GFAP, glial fibrillary acidic protein;

NF, neurofilaments; TBS, tris-buffered saline.
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mounted permanently. Finally, vertebral arch slices under-

went hematoxylin–eosin staining.

Immunohistologic evaluation

Each slide was independently evaluated by one experienced

pathologist (EP) and one investigator (GK). The evaluators

were blinded to the study groups. The intensity of the

immunostaining for all the antibodies was scored as follows:

3þ , normal staining; 2þ , moderate staining; 1þ , weak

staining and 0, negative staining. The distribution of

immunostaining was scored according to the following

assumption: 3þ , 480% of cells display positive immuno-

reactivity; 2þ , 30–80% of cells display positive immuno-

reactivity; 1þ , 10–30% of cells display positive

immunoreactivity; and 0, o10% of cells display positive

immunoreactivity for the examined protein. The total score

combined the intensity and the distribution of immunos-

taining was calculated as follows: 1: intensity 0, 1þ and

distribution of staining 0, 1þ , 2þ , 3þ or intensity 2þ and

distribution 1þ ; 2: intensity 2þ and distribution 2þ , 3þ or

intensity 3þ , distribution 2þ , 3þ .

Kluver–Barrera staining was used to evaluate the extent of

myelin damage in sites of myelopathy, in comparison with

normal spinal spinal cord.

Statistical analysis

Statistical analysis was performed using 12.0 SPSS for

Windows (SPSS Inc., Chicago, IL, USA). To test the signifi-

cance of differences of the protein expression levels between

the two experimental groups, we performed Mann–Whitney

tests. The significance level was defined as Po0.05.

Results

Evaluation of animals

Clinical evaluation of animals after operation reveals no

symptoms and signs of acute spinal cord injury. The motor

function level of animals, which underwent the implanta-

tion of the compression material, was gradually decreased

throughout the 20 weeks. The motor function level just

before the killing was graded as ‘3’ in 7 out of 15 myelopathic

animals, and graded as ‘2’ in 8 out of 15 myelopathic

animals. In contrast to the above data, the motor function

level was grade 4 in all of the control animals throughout the

whole period of the experiment.

Evaluation of spinal cord specimens

Gross appearance of spinal cord reveals flattening at the

anterior–posterior direction at the site of material implanta-

tion, indicating chronic compression (Figures 1a–c). Histo-

logical evaluation demonstrated characteristic lesions of

chronic myelopathy. More specifically, hematoxylin–eosin

staining revealed that at the compression site, spongy

degeneration in white matter was observed. In the gray

matter, we observed flattening of the anterior horn, neuronal

ischemic changes and alterations of anterior horn cells, such

as nuclear centralization, dense nucleoli and Nissl chroma-

tolysis (Figures 2a and b).

Kluver–Barrera staining evaluation

Kluver–Barera staining reveals myelin sheath fragmentation,

enlargement of myelin ring and decrease width of

myelin findings that strongly suggest demyelination (Figures

2c and d).

NF protein expression

In spinal cord specimens obtained from control animals,

enhanced immunostaining for neurofilaments (NF) was

Figure 1 (a) Tranverse section of vertebral body demonstrates
osteophyte formation, (b) Saggital section of vertebral body.
Vertebral canal stenosis was produced by osteophyte. (c) Spinal
cord compression at the site of material insertion.

Figure 2 (a) Hematoxylin–eosin (HE) staining of normal spinal
cord. (b) HE staining of spinal cord at the site of compression reveals
interstitial edema and vacuolar degeneration. (c) Kluver–Barrera (KB)
staining of normal spinal cord. (d) KB staining of spinal cord at the
site of compression reveals spinal cord edema, myelin sheath
fragmentation, axon swelling (enlargement of myelin rings) and
demyelination.
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observed in 14/15(93.3%) the cases. On the contrary, low

cytoplasmic expression of NF was observed in all the spinal

cord specimens derived from animals with CSM, but only in

1/15 (6.6%) of the non-myelopathic animals. Mann–Whit-

ney test revealed that the expression levels of NF were

significantly lower (P¼0.001) in animal with CSM, com-

pared with the controls (Figures 3a and b).

S-100 protein expression

Strong cytoplasmic expression of S100 was observed in the

spinal cord specimens of all the control animals 15/15

(100%); nonetheless, high S100 protein expression was

detected in only 2/15 (13.3%) spinal cord specimens from

myelopathic animals. Weak S100 immunostaining was

detected in 13/15 (86.6%) of myelopathic animals, but in

none (0%) of the control animals. The expression levels of

S100 were significantly higher in the control animals

(P¼ 0.001), as compared with CSM rabbits (Figures 3c and d).

GFAP protein expression

Immunohistochemical analysis revealed weak cytoplasmic

immunoreactivity for glial fibrillary acidic protein (GFAP) in

15/15 (100%) of the control, but in 3/15 (20%) of the

diseased animals. High cytoplasmic expression was not

detected in any of the control animals. However, it was

observed in 12/15 (80%) of myelopathic animals. Statistical

analysis revealed that the expression levels of GFAP were

significantly higher in CSM, compared with the control

group (Figures 3e to f).

Histologic evaluation of vertebral arch at the site of material

insertion

Histological evaluation of vertebral arch at the site of

material implantation was performed using hematoxylin–

eosin staining. No evidence of tissue reactions such as

inflammation or granulation tissue surrounding the implant

was observed. Interestingly, at the site of material implanta-

tion, we observed numerous activated osteoblasts, chondro-

blasts, as well as newly formed osteoid (Figure 4).

Discussion

CSM is a very common manifestation of cervical spondy-

losis. Despite the severity of the disease, very few studies

have been conducted in order to investigate the pathobiol-

ogy of this disease.8,11–13 In the present study, we present a

new animal model of CSM that simulates the temporal

profile, as well as the local microenviroment of the disease.

In order to assess the presence and the extent of the

demyelination in the present model, we performed the

myelin-specific Kluver–Barrera histochemical staining. Our

findings showed that the demyelination of axons was

dramatically increased in CSM, compared with normal

tissues.

In order to document the presence of myelopathic changes

of the examined animals, we performed a series of immu-

nohistochemical analyses and had several notable results.

More specifically, the expression levels of S-100 in the spinal

cord specimens derived from animals with CSM were

significantly weaker in comparison with the cellular levels

of S100 in the control animals. Our data are in symphony

with previous autopsy studies of the cervical spinal cord

subjected to long-term compression, having shown myelin

destruction, loss of axons and oligodendrocytes, and sub-

Figure 3 (a) Immunohistochemical staining of normal spinal cord
with anti-NF antibody. (b) Immunohistochemical staining of
compressed spinal cord with anti-NF antibody demonstrates inter-
stitial edema, axonal swelling and decreased intensity of the staining.
(c) Immunohistochemical staining of normal spinal cord with anti-S-
100 antibody. (d) Immunohistochemical staining of compressed
spinal cord with anti-S-100 antibody reveals significant demyelina-
tion. (e) Immunohistochemical staining of normal spinal cord with
anti-GFAP antibody (f) Immunohistochemical staining of com-
pressed spinal cord with anti-GFAP antibody shows interstitial
edema.

Figure 4 (a, b) Hematoxylin–eosin staining of osteophyte demon-
strates osteoblasts proliferation, and new osteoid formation.
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sequent demyelination of the ascending and descending

tracts.14

In the present study, we showed that the cellular levels of

NF were significantly lower in the myelopathic, as compared

with normal spinal cords. It is known that the morphologic

stability and plasticity of neuronal processes depend upon

the integrity of the neuronal cytoskeleton and its compo-

nents (that is, actin filaments, neurofilaments, microtubules

and their associated proteins).15 Neurofilaments are key

structural elements of the white matter axons and represent

a very important group of structural proteins, which support

the architecture of the axons of peripheral and central

nervous system.16 Our results suggest that the proposed

animal model reproduces the insidious loss of neurofila-

ments indicating axonal degeneration, which is one of the

main histopathological features of human CSM.

Our experiments also showed that GFAP expression levels

were significantly higher in the pathological tissues com-

pared with the normal tissues. Glial scar is usually observed

after CNS lesions and consists mainly of reactive astrocytes.

Histopathologically, it is characterized by intense GFAP

immunostaining. In addition to forming a non-permissive

physical barrier to the regenerative axons, glial scar also

secretes inhibitory molecules such as chondroitin sulfate

proteoglycans, which chemically arrest the re-growth of

injured axons across the lesion.17 Formation of the glial scar

is a complex process that is primarily attributed to astrocyte

aggregation in the vicinity of the lesion. Astrocyte prolifera-

tion also contributes to this process.18–21 The expression

pattern of GFAP in the tissues evaluated in our study

indicates that there is an extensive aggregation of reactive

astrocytes in the pathological tissues in contrast to normal

tissues. The astrocytes aggregation and proliferation is the

premature phase of the glial scar formation, which is one of

the main histopathological features of human CSM.

Various animal experiments have been conducted in order

to deepen the understanding on the pathology and patho-

physiology of the CSM. In Kim et al.20 model, the

compressive material has a rapid expansion rate during the

first 24h and after that, it remains stable compressing

constantly the spinal cord. Additionally, the local micro-

environment at the compression site does not resemble

human CSM. In the experimental model proposed by

Kanchiku et al.21 there is a more realistic temporal profile

of compressing force on spinal cord, but the manner by

which the compression takes place does not correspond to

human disease. Therefore, in the aforementioned models,

the characteristic temporal profile of the disease as well as

the local microenvironment at the site of spinal cord

compression may not be adequately reproduced. In contrast

to the previous models, our model has specific advantages.

First, it reproduces the clinical course and the characteristics

of human CSM that include absence of acute myelopathy or

immediate neurological deficit after induction of cord

compression, insidious and delayed onset of symptoms and

progression once the process becomes symptomatic due to

the distinctive characteristics of the used material. Second, it

recapitulates the histopathological characteristics of human

CSM, which are demyelination, axonal degeneration and

glial scar formation. Third, in this study, we demonstrate for

the first time osteoid formation, fibroblasts, chondrocytes

and osteoblasts presence at site of material insertion,

findings that suggest active bone remodeling. This finding

suggests that in our model, the mechanism of spinal cord

compression is based upon the formation of new osteophyte,

resembling the local microenvironment of the compression

site of human CSM.

In summary, our findings suggest that the proposed model

ensures a local microenvironment at the site of spinal cord

compression that resembles human CSM and mimics spatial

and temporal profile of the disease. Clearly, additional

studies at the cellular and molecular levels are needed to

understand the mechanisms that are responsible for the

pathogenesis of this devastating disease.
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