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Chronic extradural compression of spinal 
cord leads to syringomyelia in rat model
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Abstract 

Background: Syringomyelia is a common spinal cord lesion. However, whether CSF blockage is linked to the forma-
tion and enlargement of syringomyelia is still controversial. The current model of syringomyelia needs modification to 
more closely mimic the clinical situation.

Methods: We placed cotton strips under the T13 lamina of 40 8-week-old rats and blocked CSF flow by extradural 
compression. After 4 and 8 weeks, MRI was performed to evaluate the morphology of syringomyelia and the ratio of 
spinal cord diameter to syrinx diameter calculated. Locomotor function was evaluated weekly. Spinal cord sections, 
staining and immunohistochemistry were performed 8 weeks after surgery, the ratio of the central canal to the spinal 
cord area was calculated, and ependymal cells were counted. In another experiment, we performed decompression 
surgery for 8 rats with induced syringomyelia at the 8th week after surgery. During the surgery, the cotton strip was 
completely removed without damaging the dura mater. Then, the rats received MRI imaging during the following 
weeks and were sacrificed for pathological examination at the end of the experiment.

Results: Syringomyelia formed in 82.5% (33/40) of rats at the 8-week follow-up. The Basso, Beattie and Bresnahan 
(BBB) scores of rats in the experimental group decreased from 21.0±0.0 to 18.0 ±3.9 in the first week after operation 
but returned to normal in later weeks. The BBB score indicated that the locomotor deficit caused by compression 
is temporary and can spontaneously recover. MRI showed that the syrinx is located in the center of the spinal cord, 
which is very similar to the most common syringomyelia in humans. The ratio of the central canal to the spinal cord 
area reached (2.9 ± 2.0) × 10−2, while that of the sham group was (5.4 ± 1.5) × 10−4. The number of ependymal cells 
lining the central canal was significantly increased (101.9 ±  39.6 vs 54.5 ± 3.4). There was no syrinx or proliferative 
inflammatory cells in the spinal cord parenchyma. After decompression, the syringomyelia size decreased in 50% (4/8) 
of the rats and increased in another 50% (4/8).

Conclusion: Extradural blockade of CSF flow can induce syringomyelia in rats. Temporary locomotor deficit occurred 
in some rats. This reproducible rat model of syringomyelia, which mimics syringomyelia in humans, can provide a 
good model for the study of disease mechanisms and therapies.
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Background
Syringomyelia refers to cystic dilatation in the spinal cord, 
usually secondary to various diseases, such as Chiari mal-
formation, spinal cord injury, tumor, spinal arachnoidi-
tis, tethered cord, etc [1–4]. Despite the extensive use of 
imaging studies, animal experiments and clinical stud-
ies, the pathophysiological mechanism for syringomy-
elia is still unclear [5–7]. Some studies have shown that 
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the formation of syringomyelia may be closely related to 
obstruction of CSF flow [8, 9]. Clinically, after the factors 
causing syringomyelia are removed and CSF circulation 
is restored, the prognosis of patients is variable, and the 
syringomyelia of many patients does not resolve [10, 11]. 
This phenomenon is unclear and requires further study.

To study a disease, researchers must establish a repro-
ducible animal model that displays high similarity to 
human disease. Previous methods for establishment of a 
model of syringomyelia include injecting excitotoxic acid 
into the spinal cord parenchyma [9, 12] or kaolin into the 
subarachnoid space [13] and cisterna magna [6, 14–19], 
or inducing spinal cord injury by a spinal cord impactor 
[20]. Kaolin can spread in the vertebral canal and cause 
wide intraspinal inflammation. But the induction with 
kaolin is irreversible, the damage to spinal cord is persis-
tent, and it is impossible to observe any recovery process. 
Therefore, we need a reversible syringomyelia model to 
demonstrate whether recovery from syringomyelia can 
occur after surgical treatment. In addition, previous 
models have been limited by difficult operations and a 
high incidence of complications. These factors have lim-
ited the experimental study of the molecular mechanisms 
and therapeutics for syringomyelia. Previous models have 
used both canalicular [13, 16, 21, 22] and noncanalicular 
[23] syringomyelia to mimic different causes. Most syrin-
gomyelia in humans is located in the central canal. In our 
study, extradural compression was used to obstruct CSF 
flow and duplicate canalicular syringomyelia in rats.

Methods
Experiment 1

Animals and surgical procedures
A total of 50 female 8-week-old Sprague–Dawley rats 
(WeiTongLiHua Corp., Beijing, China) were used in this 
study. The body weight of the rats ranged from 230 to 
280 g. The experimental group consisted of 40 rats, while 
the sham (control) group included 10 rats. The experi-
mental group received extradural compression (Fig.  1a, 
b), while the control group were sham operated. The ani-
mal experiments were approved by the Animal Ethics 
Committee of our institution and conformed to China 
Animal Management Regulations. Rats were bred under 
standard housing conditions at the Animal Experiment 
Center of Xuanwu Hospital.

Enflurane (Yipin Corp., Hebei, China), nitrous oxide and 
oxygen mixed gas were used for general anesthesia. Anes-
thesia induction was performed in an anesthesia chamber 
at a dose of 2% enflurane in 70% nitrous oxide and 30% oxy-
gen. A rat respiratory mask was used to maintain anesthe-
sia during the operation with a dose of 1.0–2.5% enflurane 
in 70% nitrous oxide and 30% oxygen (Bickford veterinary 

anesthesia equipment model no. 61010; AM Bickford, Inc., 
Wales Center, NY, USA). The rats were placed in the prone 
position with their limbs fixed on a thermostatic operating 
bed at a temperature of 36  °C. After the hair on the back 
was shaved, 1% iodophor solution was used for skin steri-
lization. A skin incision was made along the middle of the 
back with T13 as the center, with a length of approximately 
3 cm (Fig. 1c). Subcutaneous tissue was carefully separated, 
muscle tissue was stripped from the lamina, and the T12, 
T13 and L1 vertebral laminae were completely exposed 
(Fig.  1d). The T12–13 laminae interval space was care-
fully separated, exposing the ligamentum flavum. Then, 
the T13 spinous process was gently lifted with a hemostat, 
and the ligamentum flavum was gently cut along the mid-
dle position of the T12–13 intervertebral space with micro-
scissors. After these steps, the transparent dura mater was 
exposed, and CSF under the dura mater was observed. 
Aseptic absorbent cotton balls (Chuangxin Corp., Shan-
dong, China) were weighed using an electronic analyti-
cal balance (measuring range: 1 mg-120 g, LiChen Corp., 
Hunan, China). These cotton balls are common absorbent 
cotton balls widely used in hospitals and laboratories and 
are not limited to a specific manufacturer, were shaped 
into a long strip by hand and placed under the T13 spinous 
process (Fig. 1e). Cotton strips weighing 15 mg were gen-
tly stuffed into the extradural space below the T13 lamina 
from the incision of the ligamentum flavum in the T12–13 
lamina space with a homemade bending nerve stripper 
(Fig. 1f). We ensured that the metal stripper did not directly 
contact the dura mater because the dura mater is very 
thin and extremely fragile. During the procedure, the dura 
mater must remain intact. After the cotton strip was com-
pletely placed, the compressed dura mater was observed 
to be on the surface of the spinal cord, and the CSF space 
was obstructed (Fig. 1g). After this the region was flushed 
with saline, the muscles and skin were sutured and closed. 
Ten rats in the sham group were given a sham operation, 
which also exposed the T12–13 interlaminar space and 
dura mater but did not involve cotton strips. All operations 
were performed according to the principle of aseptic opera-
tion and under a surgical microscope (OPMI Pico, Carl 
Zeiss, Oberko Chen, Germany) using a magnification of 16 
times or 25 times. Intraperitoneal cefuroxime was admin-
istered for 2 days after the operation to prevent infection. 
All rats were kept and observed in conventional and clean 
rat houses.

Behavioral testing
For all rats in the experimental group and the sham 
group, locomotor functions were evaluated weekly after 
operation until sacrifice. We used Basso, Beattie and 
Bresnahan (BBB) scoring of open field walking to evalu-
ate the hind limb locomotor function of the rats [24].
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In vivo MRI
All rats (experimental group: n = 40 and sham group: 
n = 10) underwent serial MRI scans 4 and 8 weeks after 
the operation.

In vivo MRI was performed using a 7.0 Teslan MRI 
scanner (PharmaScan 7T, Bruker Corp., Karlsruhe, Ger-
many) with 400 mT/m gradients in the Animal Imaging 
Experimental Center at Capital Medical University. The 

Fig. 1 Schematic and intraoperative photos of the procedure to induce syringomyelia. a Dorsal view and b lateral view: a cotton strip was stuffed 
under the T13 lamina from the T12–13 laminae interval space by bending the nerve stripper. c Procedure: A 3 cm long incision was made in the 
middle of the rat’s back. d T12–13 lamina were exposed. e The ligamentum flavum was cut open with micro-scissors. Fifteen milligrams of cotton 
were weighed and molded into cotton strips. f After the cotton strip (black arrow and area marked with black dotted lines) was added, the dura mater 
was directly attached to the spinal cord, and CSF flow was blocked (g, white arrow; The black dotted line outlines the interlaminal space). h The incision 
was sutured
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rats were placed prone on the table with two restraining 
belts to fix the trunk. General anesthesia was induced by 
4% isoflurane in oxygen before scanning and maintained 
by 2% isoflurane in oxygen via a rat mask during scan-
ning. The body temperature, heart rate and respiration 
were closely monitored during imaging.

After we performed rapid whole-body localization 
scans in all three planes, sagittal and axial T2 weighted 
images were acquired with the operation area as the 
center by using a fat-saturated RARE sequence. A 
rat volume coil with a diameter of 89  mm was used 
for transmission and to obtain data. Imaging param-
eters for sagittal acquisition were TR/TE = 3000/33 ms, 
matrix size = 256 × 256, field of view (FOV) = 60 × 
40 mm2, slice thickness = 600 μm with no gap, number 
of slices = 10, NEX = 8, and resolution = 0.147 × 0.147 
× 1  mm3. The imaging parameters for axial acquisition 
were TR/TE = 4500/33  ms, matrix size = 256 × 256, 
FOV = 60 × 40 mm2, slice thickness = 1 mm with no gap, 
number of slices = 30, NEX = 8, and resolution = 0.147 
× 0.147 × 1  mm3. Each MRI scan took approximately 
12 min.

The anteroposterior diameter of the syrinx every 1 mm 
from the full length of the syrinx was measured in sag-
ittal T2-MRI images. And the largest diameter among 
the above data was selected and the AP diameters of the 
spinal cord in the same plane were measured to calculate 
the ratio. All measurements were made using the Horos 
software platform (v3.3.5, https ://horos proje ct.org).

Histological analysis
Eight weeks after the operation, all rats in both groups 
were euthanized by an overdose of pentobarbital sodium 
(150  mg/kg IP). They were perfused with 4% paraform-
aldehyde in 0.01  mol/L PBS, and the whole spinal col-
umn was removed and fixed in 4% paraformaldehyde for 
24 h. Then, the spinal cord (approximately 6 cm long and 
centered on the operation site) of the operation segment 
was harvested carefully to maintain its integrity. After 
dehydration, the spinal cord was embedded in melted 
paraffin and then sectioned at a thickness of 3 μm in the 
axial plane. Sections were stained with hematoxylin and 
eosin (HE), Luxol fast blue (LFB) and Nissl under stand-
ard procedures. On HE-stained sections, the areas of the 
central canal and spinal cord were measured at the max-
imal diameter of the syrinx and the ratio of the central 
canal to the spinal cord area was calculated to evaluate 
the size of the syrinx. The number of ependymal cells in 
the two groups was also counted manually on the trans-
verse sections. Three slices were selected for counting 
for each rat, namely the largest part of syringomyelia and 
the 5 mm plane above and below it. All stained sections 
were scanned with a high-resolution pathological section 

scanner (Panoramic MIDI, 3DHISTECH, Hungary). All 
measurements were made in ImageJ with FIJI installed 
(NIH, https ://image j.nih.gov/ij/).

Immunohistochemistry
Immunohistochemistry was carried out in both the 
experimental group and the sham group rats. Sections 
were deparaffinized in xylene for 3 changes and sequen-
tially incubated in pure ethanol and graded ethanol solu-
tion for dehydration. Slides were immersed in sodium 
citrate antigen retrieval solution (pH 6.0) and maintained 
at a sub-boiling temperature to retrieve antigen. Sec-
tions were immersed in 3%  H2O2 to block endogenous 
peroxidase and blocked with 3% BSA at room tempera-
ture for 30 min. Slides were incubated with primary anti-
bodies (diluted with 3% BSA appropriately) overnight at 
4 °C. The primary antibodies used were rabbit anti-IBA1 
(Abcam, ab178847, 1:8000) and rabbit anti-MBP (CST, 
78896T, 1:200). The secondary antibody (HRP labeled) 
corresponding to the primary antibody was added to 
cover the tissue and incubated at room temperature 
for 50  min. Sections were stained with DAB chromog-
enic reagent, stained with hematoxylin, dehydrated, and 
sealed. The average optical density (AOD) of the two 
groups of sections was calculated and compared. The 
formula AOD= IOD/area was used for AOD calcula-
tion (integrated optical density, IOD). All sections were 
scanned using a high-resolution pathological section 
scanner (Panoramic MIDI, 3DHISTECH, Hungary) and 
analyzed using ImageJ with FIJI installed (NIH, https ://
image j.nih.gov/ij/).

Experiment 2
Decompression operation
We induced syringomyelia in another 8 rats using the 
same method as above and then tried to reverse this 
operation 8 weeks after the first operation. The presence 
of syringomyelia was confirmed on MRI in all rats. The 
procedure was as follows: anesthesia, disinfection and 
position placement were performed as described above, 
and then, the skin, fascia and muscle of the first opera-
tion site were cut to expose the T13 lamina. The T13 
lamina was carefully ground with a high-speed micro-
drill. After the cotton strip was completely exposed 
(Fig. 2a), it was carefully cut off using micro-tweezers and 
micro-scissors. In this way, the T13 lamina and cotton 
were removed, creating enough space to restore the CSF 
flow. CSF refilling the subarachnoid space was observed 
under the transparent dura mater, indicating success-
ful decompression (Fig.  2b). Four and eight weeks after 
decompression, MRI scanning was performed to observe 
spinal cord decompression and changes in syringomyelia. 
Eight weeks after the decompression operation, all 8 rats 

https://horosproject.org
https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
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were sacrificed to obtain the spinal cord and perform his-
tological evaluation.

Statistical analysis
All of the experimental values are expressed as the 
mean ± SD. BBB scores and the ratio of the central canal 
to the spinal cord diameter between the experimental and 
sham groups were compared using two-way RM ANOVA 
followed by a post hoc test using the Tukey test. The 
Mann-Whitney test was used for the intergroup com-
parison of the ratio of the central canal to the spinal cord 
area and the number of ependymal cells. Additionally, 
comparisons of MBP and IBA1 expression between the 
control and experimental animals were performed using 
unpaired t tests. All quantification was performed blindly 
by assigning a code letter to each rat and deciphering this 
code only after all data analyses were complete. Statisti-
cal evaluations were conducted using GraphPad Prism 
6 (GraphPad Software, San Diego, USA), and a P value 
<0.05 was considered statistically significant.

Results
A total of 40 rats underwent an operation to induce 
syringomyelia. Cotton strips weighing 15 mg were stuffed 
under the T13 lamina to compress the spinal cord from 
the extradural space and block CSF flow. Ten rats under-
went a sham operation. No rats died during or after the 
operation.

BBB locomotor scores were determined in all experi-
mental group and sham group rats to evaluate motor 
function. The BBB scores of the rats in the experimen-
tal group decreased significantly from 21.0 ± 0.0 to 
18.0 ± 3.9 in the first week after the operation, while the 
rats in the sham operation group only showed a decrease 
to 20.8 ± 0.4, with a significant difference between the 
two groups. These results indicate that the compres-
sion caused by the operation, rather than an operation 
only, causes certain damage to the spinal cord, causing 
a decrease in locomotor function. However, the BBB 
scores in the experimental group increased significantly 
at 2 and 3 weeks after operation, reaching 19.2 ± 2.9 and 
19.6 ± 2.7, respectively, and finally recovered to 20.6 ± 1.0 
at 8 weeks. From the second week onwards, there was no 
significant difference between the experimental group 
and the sham operation group. At the end of 8 weeks, the 
lower limb motor function of the rats in the experimental 
group returned to normal, and only 2 rats had residual 
unilateral motor dysfunction. These results showed that 
the spinal cord injury caused by compression was tempo-
rary and could recover spontaneously (Fig. 3).

After extradural compression in the experimental 
group, 27 (67.5%) rats and 33 (82.5%) rats showed syrin-
gomyelia on T2-weighted MRI at 4  weeks and 8  weeks, 
respectively. The sham group did not show any syrin-
gomyelia after the sham operation. In all rats with 
syringomyelia, the syrinx was located rostral to the com-
pression site, at approximately T10-12, with a length of 

Fig. 2 Photos of the decompression operation. a After the T13 lamina was ground off with a high-speed microdrill, the cotton strip (black arrow 
and area surrounded by black dotted lines in the magnified picture) was completely exposed. b The cotton strip was carefully removed with 
microscopic tweezers. Because the dura mater is very weak, care was taken to prevent rupture of the dura mater during the removal. After the 
cotton strip was completely removed, CSF was seen to refill the subarachnoid space under the transparent dura mater (white arrow). The blue arrow 
refers to the transparent dura mater. The black arrow refers to blood vessels on the surface of spinal cord. All procedures were performed under a 
×16 surgical microscope
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2–3 spinal segments. The syrinx was located in the center 
of the spinal cord and appeared bead like (Fig.  4a). On 
T2-weighted MRI, CSF flow was obstructed by cotton 
strips (Fig.  4b). After the size of the syrinx increased, 
the separation disappeared and merged into one longer 
syrinx. The ratio of the diameter of the central canal to 
the spinal cord in the experimental group by MRI was 
0.088 ± 0.070 at 4  weeks and increased to 0.17 ± 0.10 
at 8  weeks (Fig.  4c). There was a significant difference 
between the experimental group and the sham group at 
two time points (P < 0.0001). These results indicate that 
the syrinx gradually increased in size after the operation 
to induce syringomyelia. In our results, the largest syrinx 
reached 32% of the spinal cord diameter.

Furthermore, we measured the ratio of the central 
canal to the spinal cord area in all rats at 8 weeks on his-
tological sections to evaluate the size of the syrinx. The 
ratios were (2.9 ± 2.0) × 10−2 and (5.4 ± 1.5) × 10−4 in 
the experimental group and sham group, respectively 
(Fig.  5b). There was a significant difference between 
the two groups (P < 0.0001). This result indicates that 
the central canal in the experimental group is signifi-
cantly expanded. In the 8-week syringomyelia induction 
experiment, the area of the central canal was increased 
53 times. Of the 40 rats in the experimental group, only 
4 rats had the central canal area expanded by less than 

fivefold. If expansion of the central canal area by five-
folds is defined as the criteria of syringomyelia, 90% of 
the rats had successfully induced syringomyelia, which 
is higher than the positive rate on MRI. On pathological 
sections, our models all showed syringomyelia formed 
by central canal dilatation. There were no vacuoles in 
the spinal cord parenchyma and no scar formation on 
the dura mater, arachnoid or spinal cord surface. The 
morphology of the spinal cord remained intact with an 
undamaged outer surface of the spinal cord and antero-
median and posteromedian grooves. The central canal 
with the ependymal cells lining it was not ruptured, but 
the gray matter of the spinal cord was displaced laterally 
by the enlarged central canal to varying degrees (Fig. 5c, 
d). There was no difference in IBA1 staining between the 
experimental group and the sham group, and there was 
no significant difference in the AOD value between the 
two groups (0.10 ± 0.01 vs 0.10 ± 0.01, P = 0.72). There 
was also no difference in MBP staining between the 
experimental group and the sham group, and there was 
no significant difference in the AOD value between the 
two groups (0.21 ± 0.01 vs 0.20 ± 0.01, P = 0.61). With 
the enlargement of the central canal, the arrangement 
of ependymal cells became detached, and the intercellu-
lar space increased. There is obvious edema in ependy-
mal region. The number of ependymal cells increased 
significantly: 101.9 ± 39.6 in the experimental group and 
54.5 ± 3.4 in the sham group. There was a significant dif-
ference between the two groups (P < 0.0001) (Fig. 5d).

Of the 8 rats that underwent the decompression opera-
tion, the syrinx gradually decreased in 4 rats and con-
tinued increasing in size in the other 4 rats during the 
follow-up period of 8 weeks. Due to tight adhesion and 
scar formation, decompression operations are difficult, 
but the 8 rats achieved good decompression (the stand-
ard is that CSF refilled between the dura mater and spi-
nal cord) (Fig. 6b, c, f, g). On the following pathological 
sections, we found adhesion between the dura mater, 
arachnoid and spinal cord surface caudal (L1) to the 
compression site of the rats with continuously enlarging 
syringomyelia, and the subarachnoid became very nar-
row. However, the subarachnoid space at the same site 
of the rats with reduced syringomyelia was much wider, 
and the arachnoid did not adhere to the spinal cord. This 
finding suggested that after blocking CSF circulation for 
a long time (such as 2  months), the arachnoid caudal 
to the compression site may adhere to the spinal cord, 
and even if compression is relieved, the CSF circulation 
cannot return to normal. Notably, arachnoid adhesion 
was not found at the rostral compression site, probably 
because CSF above the compression was never com-
pletely blocked (Fig. 6d, h).

Sham group

Experimental group

Fig. 3 BBB locomotor scores of the experimental group and sham 
groups weekly after induction of syringomyelia. Two-way RM 
ANOVA followed by a post hoc test using the Tukey test was used for 
intergroup comparisons. During the follow-up period of 8 weeks, the 
BBB score of the rats in the sham group did not change significantly, 
but in the first week, the locomotor function of the rats in the 
experimental group decreased significantly (BBB score decreased 
from 21.00 ± 0.00 to 17.95 ± 3.88), and there was a significant 
difference between the two groups. However, from the second week 
to the 8 week, the motor function of the rats in the experimental 
group gradually improved, and there was no significant difference 
from the sham group from the second week. This result shows 
that the motor function of the experimental group could recover 
spontaneously without treatment. ***P < 0.001
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Discussion
At present, the mechanism for syringomyelia forma-
tion is controversial and in the past few decades, many 
hypotheses have been proposed to explain it. Gardner 
[25] believed that CSF flows from the fourth ventri-
cle into the central canal due to increased craniospinal 
pressure. However, later imaging and autopsy studies 
found that central canal enlargement rarely occurred 
between the syrinx and the fourth ventricle [26, 27]. Oth-
ers believe that different types of syringomyelia, such as 
Chiari malformation, arachnoid inflammation, post-trau-
matic, tethered spinal cord, etc., have the same mecha-
nism of syringogenesis [28]. These diseases all lead to 
changes in the fluid dynamics of CSF in the subarachnoid 
space, thus favoring the flow of CSF from the subarach-
noid space into the central canal [29, 30]. Some studies 
have confirmed that CSF passes through the spinal cord 
to communicate between the subarachnoid space and 
central canal [13, 26, 31–33]. In our model, CSF flow was 
blocked due to extradural compression. Thus, turbulence 
increased and precipitated CSF flow to the central canal 
through the perivascular spaces (Virchow-Robin space), 
causing the central canal to expand.

In previous models that tried to induce syringomyelia 
by injecting kaolin solution or excitatory acid, syringomy-
elia was difficult to replicate [34, 35]. The heterogeneity of 
syringomyelia was relatively high. Kaolin and excitatory 
acid can kill neurons and induce inflammatory reactions 
and metabolic changes in the spinal cord [36]. In contrast 
to previous syringomyelia animal models, our model did 
not involve disruption of the dura mater to treat the spi-
nal cord but only used extradural compression to block 
CSF flow. IBA1 is a marker of microglial cells, our result 
shows that syringomyelia induced by extradural compres-
sion will not cause obvious inflammatory reactions. MBP 
is a marker of oligodendrocytes and no change in the 
myelin sheath was obvious in our model. Similarly, there 
is no significant difference in GFAP between the two 
groups of rats. In the experimental group, compared with 
the sham group, the spinal cord had no obvious inflam-
matory reaction, and microglial cells showed no obvious 
proliferation. However, previous studies have shown that 
neuroinflammatory reactions may play a role in the pro-
gression of syringomyelia [37]. According to our results, 
it is impossible to conclude whether neuroinflammatory 
reactions participate in the formation of syringomyelia. 

This needs extensive study. These findings are conducive 
to maintaining the original microenvironment inside the 
spinal cord and are the basis for studying the pathologi-
cal process of diseases using animal models. In addition, 
compared with previous spinal cord injury models, such 
as contusion, impact and excitatory amino acid injection, 
our rat model had fewer postoperative complications 
[38, 39]. Some rats had lower limb dyskinesia early after 
the operation but gradually recovered. Spinal cord injury 
caused by the compression was temporary and could 
spontaneously recover. No rat suffered bladder or intes-
tinal dysfunction. Our method of establishing syringo-
myelia is safe and causes few complications. In addition, 
the lesions were all located in the central canal instead of 
the spinal cord parenchyma. This finding is very different 
from previous models of syringomyelia. CSF flow occurs 
in the central canal, subarachnoid space and ventricles, 
which are anatomically closely related. Syringomyelia is 
often accompanied by hydrocephalus, especially in Chi-
ari malformation [40, 41]. However, no hydrocephalus 
occurred in rats in this study, and we do not have suf-
ficient evidence to explain the reason. We suspect that 
this is related to the compression site located in the 
thoracolumbar segment and the CSF flow in the occipital 
regions not directly blocked.

Some studies have tried to compress the spinal cord with 
various substances (such as silicon and metal plates), but 
the pathological changes were mostly spinal cord injury, 
not syringomyelia [42, 43]. We used cotton strips to com-
press and obtained a high positive rate. Compared with 
rigid substances such as plastic pipe, cotton has good plas-
ticity and can be reshaped according to the epidural space 
during the stuffing process so that the cotton is better fit-
ted to the dura mater, and the subarachnoid space is more 
thoroughly blocked; furthermore, injury to the spinal cord 
is less likely. By quantitatively weighing cotton strips, we 
could accurately control the degree of compression on 
the spinal cord so that severe spinal cord injury caused by 
excessive compression could be avoided, as well as inad-
equate CSF flow blocking due to insufficient compres-
sion. This material is one of the key factors for successful 
modeling.

Interestingly, the locomotor function was partially dam-
aged 1 week after the operation in our study, at which time 
the syringomyelia was not yet formed, and the locomo-
tor function recovered naturally during the progression 

(See figure on next page.)
Fig. 4 Serial T2-weighted MRIs of rats. a MRI shows the process of central canal dilatation and syringomyelia enlargement. Four weeks after the 
operation, Sagittal and axial T2-weighted MRI showed the cotton strip was added (red arrow), and syringomyelia enlarged gradually (white arrow). 
At 8 weeks, syringomyelia was significantly larger than that of 4 weeks. b CSF signal disappears after cotton strip compression in experimental 
group, while CSF signals in the sham group were obvious. c n/m represents the ratio of the central canal diameter to the spinal cord diameter on 
MRI in the plane of the largest syrinx. Linear trend of n/m at 4 and 8 weeks. ****P < 0.0001
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of syringomyelia. We speculate that the locomotor defi-
cit we observed is caused by spinal cord compression, 
not syringomyelia. Clinically, locomotor impairment in 
patients with syringomyelia usually occurs later than sen-
sory disturbance [44], which is related to a longer course 
of disease (maybe 10–20  years). The life span of rats is 
about 18 months, and our experimental observation time 
is 2  months. In addition, rats walk on four limbs. It may 
require longer observation times and the use of more accu-
rate locomotor evaluation methods (such as gait analysis) 
for future research. In this study, we unified the overall 
experimental conditions to eliminate the interference from 
various confounding factors. Although all the rats received 
same weight of cotton strip (15 mg) and 82.5% of the rats 
showed syringomyelia, the volume and length of syringo-
myelia was still heterogeneous. However, in humans, the 
rate of progression of syringomyelia and the time of onset 
of symptoms vary greatly [44]. This is very confusing and 
more extensive research is needed in the future.

In our study, ependymal cells increased with the develop-
ment of syringomyelia, which confirmed previous findings 
[13]. On the one hand, our results indicate that ependymal 
cells play an important role in the pathophysiological pro-
cess of syrinx formation; on the other hand, ependymal cell 
proliferation may also be one of the secondary pathological 
results of syringomyelia. We found extensive edema in the 
subependymal region which has been described in other 
animal models of syringomyelia [19, 45]. In hydrocepha-
lus, there are similar changes in the subependymal region, 
which suggests that syringomyelia and hydrocephalus are 
related in pathogenesis [19]. Edema and cell damage in 
the subependymal region may be closely related to sec-
ondary neuronal damage, thus causing sensory and motor 
disorders [22]. We counted ependymal cells in our study, 
but did not track the origin of these cells, which is very 
important for the pathophysiology of syringomyelia. The 
ependymal cells usually lie in a resting state [46], but they 
become activated and proliferative by spinal cord injury 
via Ngn2, Notch1 and BMP4 pathways [47, 48]. Then, the 
proliferated ependymal cells migrated into the injury sites 

to form a neurogenic niche and differentiate into various 
neural cells, including glial cell, neurons and oligodendro-
cytes. This process aims to repair the injured spinal cord. 
However, the repair is limited due to the formation of a 
glial scar and a deficiency of newly differentiated neurons 
[49], which may contribute to the central canal oblitera-
tion. According to Rodriguez el. al cell junction pathology 
of ependymal cells in lateral ventricle leads to the denuda-
tion of ependymal cells, resulting in a disruption of the ven-
tricular zone and subventricular zone to trigger the onset 
of congenital hydrocephalus [50–54]. Based on our own 
observation and Rodriguez’s studies, we speculate that both 
of the proliferation and denudation of ependymal cells may 
have adverse effect on neurological repair and contribute to 
formation of syringomyelia and hydrocephalus. Therefore, 
appropriate manipulation of ependymal cells would be a 
promising therapeutic strategy to treat CSF disorder, and 
perhaps there is a common ependymal mechanism in the 
pathophysiology of syringomyelia and ventriculomegaly. 
Given that the ependymal region is the main aggregation 
site of spinal cord endogenous stem cells, future research 
on the effect of syringomyelia on endogenous stem cells 
should be performed.

Eight weeks after the compression was relieved, 4/8 
of the syrinxes in the rats were reduced, while the other 
4 increased. This result is consistent with the various 
clinical outcomes of syringomyelia after decompression. 
Pathological sections showed that the dura mater below 
the compression site of the rats without a reduced syrinx 
was adherent to the spinal cord surface, while the space 
over the spinal cord of the rats with a reduced syrinx was 
unobstructed. Previous clinical [55] and animal [34] stud-
ies have also proven that spinal arachnoiditis can lead to 
syringomyelia. This finding suggested that after CSF cir-
culation is blocked for a long time (such as 2 months), the 
arachnoid caudal to the compression site may adhere to 
the spinal cord, and even if compression is relieved, the 
CSF circulation cannot return to normal. Our results also 
demonstrated that the obstruction of CSF flow in the 

Fig. 5 Histopathological and immunohistochemical evaluation of syringomyelia. a After fixation for 24 h, the spinal cord was carefully harvested. 
The red arrow indicates the cotton strip. b The ependyma of the central canal is outlined with red dashed lines, and the area is calculated to 
represent the cross-sectional area of the central canal (S1). The outer border of the spinal cord is outlined with black dashed lines, and the area 
is calculated to represent the cross-sectional area of the spinal cord (S2). The ratio of the central canal to the spinal cord area = S1/S2. c Local 
magnification of the central canal in the sham group (HE staining) shows that the ependymal cells are closely arranged around the central canal. 
The area of the central canal is very small, close to the recessive space. The ependymal cells lining the central canal of rats in the sham group were 
distributed in one layer, and the intercellular space was larger than that of the sham group. Ependymal cells were counted in the entire margin of 
the central canal. d At 8 weeks, the spinal cords of rats in both groups were removed and transected. Routine HE staining, Nissl staining, and IBA1 
and MBP immunohistochemistry were performed. In the experimental group, the central canal of the spinal cord was obviously dilated, and the 
surrounding gray matter was pushed to all sides. There was no difference in IBA1 staining between the experimental group and the sham group. 
There was no difference in MBP staining between the experimental group and the sham group. ****P < 0.0001

(See figure on next page.)
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subarachnoid space is an important factor in the forma-
tion of syringomyelia.

This study is an exploration of a new animal model of 
syringomyelia, which inevitably has some limitations. In 
human syringomyelia, neonates and infants account for 
a large proportion of cases [56]. However, our research 
used 8-week-old adult rats. The main consideration is 
that the adult rats are fully grown and the compressed 
cotton strip will not loosen during the observation 
period. However, it is still necessary to conduct syringo-
myelia induction experiments in younger rats. Our study 
focused on the pathogenesis and morphology of syringo-
myelia, which mimics human diseases, but further stud-
ies are needed on symptomatology and therapeutics. In 
addition, in human syringomyelia, symptoms usually 
occur after suffering from syringogenic factors for a long 
time, and the time dimension of formation and progno-
sis of syringomyelia is often as long as several decades 
[57]. In this study, the follow-up time of the rats was 
not sufficiently long (8  weeks). Also, when measuring 
the number of ependymal cells, we selected three levels 

of measurement for each rat, namely the largest part of 
syringomyelia and the 5  mm plane above and below it. 
However, the number of slices used for counting may still 
have been insufficient to eliminate bias. Further research 
is needed on the deeper mechanism of the formation and 
molecular pathological changes of syringomyelia.

Conclusion
Chronic extradural compression of spinal cord can 
induce syringomyelia in rats. After compression was 
relieved, syringomyelia had different outcomes, similar to 
human disease. Compared with the noncanalicular syrin-
gomyelia model, our canalicular syringomyelia rat model 
can mimic the nontraumatic clinical situation more 
closely and provide a novel model for the study of disease 
mechanisms and therapies.
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volume increased significantly. Many syrinxes appeared to merge into one. g Eight weeks after decompression, the volume of the syrinx increased 
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Page 12 of 13Ma et al. Fluids Barriers CNS           (2020) 17:50 

Acknowledgements
We acknowledge the help of Mr. Jianfeng Lei, Mr. Zhanjun Wang, and Ms. 
Wenqi Wu in the magnetic resonance imaging of the rats and image process-
ing. We thank Prof. Deyu Guo and Zixin Zhu of Xuanwu Hospital Animal Exper-
iment Center for providing excellent technical support in the animal experi-
ment. We are also grateful to Dr. Xiaojing Dong from the Institute of Pathogen 
Biology, Chinese Academy of Medical Sciences and Dr. Wen Chen from the 
California Institute of Technology for useful discussions and comments on the 
manuscript. We thank the personnel in the neurosurgery department, particu-
larly Ms. Yu Qian, who provided some surgical instruments. We are profoundly 
grateful to all experimental animals in this experiment.

Authors’ contributions
All authors contributed to the study conception and design. Material prepara-
tion, data collection and analysis were performed by LM, QY, LC, ML, CZ. The 
first draft of the manuscript was written by ML and all authors commented 
on previous versions of the manuscript. FJ was involved in the planing and 
conceptualization of the study, providing resources and primary supervision, 
funding acquisition, performed substantial revision, and manuscript finaliza-
tion. All authors read and approved the final manuscript.

Funding
This work was funded by China Postdoctoral Science Foundation (No. 
2018M641412) and Beijing Postdoctoral Research Foundation (No. ZZ2019-17).

Availability of data and materials
The datasets supporting the conclusions of this article are available from the 
corresponding author on reasonable request.

Ethics approval and consent to participate
All applicable international, national, and/or institutional guidelines for the 
care and use of animals were followed. All procedures performed in studies 
involving animals were in accordance with the ethical standards of the institu-
tion or practice at which the studies were conducted. (Experimental Animal 
Welfare Ethics Committee, Xuanwu Hospital, Capital Medical University, no. 
XWH2019002).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Neurosurgery, China International Neuroscience Institute, 
Xuanwu Hospital, Capital Medical University, 45 Changchu Street, Bei-
jing 100053, China. 2 Cell Therapy Center, Xuanwu Hospital, Capital Medical 
University, Beijing, China. 3 Research Center of Spine and Spinal Cord, Beijing 
Institute for Brain Disorders, Capital Medical University, Beijing, China. 

Received: 9 February 2020   Accepted: 20 July 2020

References
 1. Guo A, Chitayat D, Blaser S, Keating S, Shannon P. Fetal syringomyelia. 

Acta Neuropathol. Commun. 2014;2(1):91.
 2. Samii M, Klekamp J. Surgical results of 100 intramedullary tumors 

in relation to accompanying syringomyelia. Neurosurgery. 
1994;35:865–73.

 3. Ravaglia S, Moglia A, Bogdanov EI. Presyrinx in children with Chiari 
malformations. Neurology. 2009;72:1966–7.

 4. Moriwaka F, Tashiro K, Tachibana S, Yada K. Epidemiology of syrin-
gomyelia in Japan–the nationwide survey. Rinsho Shinkeigaku. 
1995;35:1395–7.

 5. Hemley SJ, Bilston LE, Cheng S, Chan JN, Stoodley MA. Aqua-
porin-4 expression in post-traumatic syringomyelia. J Neurotrauma. 
2013;30:1457–67.

 6. Yamada H, Yokota A, Haratake J, Horie A. Morphological study of experi-
mental syringomyelia with kaolin-induced hydrocephalus in a canine 
model. J Neurosurg. 1996;84:999–1005.

 7. Zhang C, Chen K, Han X, Fu J, Douglas P, Morozova AY, et al. Diffusion ten-
sor imaging in diagnosis of post-traumatic syringomyelia in spinal cord 
injury in rats. Med Sci Monit. 2018;24:177–82.

 8. Bertram CD, Heil M. A poroelastic fluid/structure-interaction model of 
cerebrospinal fluid dynamics in the cord with syringomyelia and adjacent 
subarachnoid-space stenosis. J Biomech Eng. 2017;139:1–10.

 9. Wong J, Hemley S, Jones N, Cheng S, Bilston L, Stoodley M. Fluid outflow 
in a large-animal model of posttraumatic syringomyelia. Neurosurgery. 
2012;71:474–80.

 10. Batzdorf U, Klekamp J, Johnson JP. A critical appraisal of syrinx cavity 
shunting procedures. J Neurosurg. 1998;89:382–8.

 11. Parker F, Aghakhani N, Tadie M. Non-traumatic arachnoiditis and syringo-
myelia. A series of 32 cases. Neurochirurgie. 1999;45(1):67–83.

 12. Hu Z, Tu J. The roads to mitochondrial dysfunction in a rat model of post-
traumatic syringomyelia. Biomed Res Int. 2015;2015:1.

 13. Zhang Y, Zhang YP, Shields LBE, Zheng Y, Xu XM, Whittemore SR, et al. 
Cervical central canal occlusion induces noncommunicating syringomy-
elia. Neurosurgery. 2012;71:126–37.

 14. Voelz K, Kondziella D, Berens von Rautenfeld D, Brinker T, Lüdemann W. 
A ferritin tracer study of compensatory spinal CSF outflow pathways in 
kaolin-induced hydrocephalus. Acta Neuropathol. 2007;113:569–75.

 15. Liao S, Ni S, Cao Y, Yin X, Wu T, Lu H, et al. The 3D characteristics of 
post-traumatic syringomyelia in a rat model: a propagation-based 
synchrotron radiation microtomography study. J Synchrotron Radiat. 
2017;24:1218–25.

 16. Rascher K, Booz KH, Donauer E, Nacimiento AC. Structural alterations in 
the spinal cord during progressive communicating syringomyelia. An 
experimental study in the cat. Acta Neuropathol. 1987;72:248–55.

 17. Chuma A, Kitahara H, Minami S, Goto S, Takaso M, Moriya H. Structural 
scoliosis model in dogs with experimentally induced syringomyelia. 
Spine. 1997;22:589–95.

 18. Chakrabortty S, Tamaki N, Ehara K, Takahashi A, Ide C. Experimental syrin-
gomyelia: late ultrastructural changes of spinal cord tissue and magnetic 
resonance imaging evaluation. Surg Neurol. 1997;48:246–54.

 19. Chakrabortty S, Tamaki N, Ehara K, Ide C. Experimental syringomyelia in 
the rabbit: an ultrastructural study of the spinal cord tissue. Neurosurgery. 
1994;35:1112–20.

 20. Najafi E, Bilston LE, Song X, Bongers A, Stoodley MA, Cheng S, et al. 
Longitudinal measurements of syrinx size in a rat model of posttraumatic 
syringomyelia. J Neurosurg Spine. 2016;24:941–8.

 21. Hemley SJ, Bilston LE, Cheng S, Stoodley MA. Aquaporin-4 expression 
and blood-spinal cord barrier permeability in canalicular syringomyelia: 
laboratory investigation. J Neurosurg Spine. 2012;17:602–12.

 22. Milhorat TH, Nobandegani F, Miller JI, Rao C. Noncommunicating syrin-
gomyelia following occlusion of central canal in rats. Experimental model 
and histological findings. J Neurosurg. 1993;78:274–9.

 23. Takahashi A, Tamaki N, Kurata H, Nagashima T, Fujimoto E. Effect of 
cerebrospinal fluid shunting on experimental syringomyelia: magnetic 
resonance imaging and histological findings. Neurol Med Chir (Tokyo). 
1999;39:668–76.

 24. Basso DM, Beattie MS, Bresnahan JC. A sensitive and reliable locomotor 
rating scale for open field testing in rats. J Neurotrauma. 1995;12:1–21.

 25. Gardner WJ, Angel J. The cause of syringomyelia and its surgical treat-
ment. Cleve Clin Q. 1958;25:4–8.

 26. Heiss JD, Jarvis K, Smith RK, Eskioglu E, Gierthmuehlen M, Patronas NJ, 
et al. Origin of syrinx fluid in syringomyelia: a physiological study. Clin 
Neurosurg. 2019;84:457–68.

 27. Milhorat TH, Miller JI, Johnson WD, Adler DE, Heger IM. Anatomical 
basis of syringomyelia occurring with hindbrain lesions. Neurosurgery. 
1993;32:748–54.

 28. Greitz D. Unraveling the riddle of syringomyelia. Neurosurg Rev. 
2006;29:251–63.

 29. Ball MJ, Dayan AD. Pathogenesis of Syringomyelia. Lancet. 
1972;300:799–801.

 30. Stoodley MA, Jones NR, Brown CJ. Evidence for rapid fluid flow from the 
subarachnoid space into the spinal cord central canal in the rat. Brain Res. 
1996;707:155–64.



Page 13 of 13Ma et al. Fluids Barriers CNS           (2020) 17:50  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

 31. Liu S, Lam MA, Sial A, Hemley SJ, Bilston LE, Stoodley MA. Fluid outflow 
in the rat spinal cord: the role of perivascular and paravascular pathways. 
Fluids Barriers CNS. 2018;15:1–14.

 32. Brodbelt AR, Stoodley MA, Watling AM, Tu J, Jones NR. Fluid flow 
in an animal model of post-traumatic syringomyelia. Eur Spine J. 
2003;12:300–6.

 33. Berliner JA, Woodcock T, Najafi E, Hemley SJ, Lam M, Cheng S, et al. Effect 
of extradural constriction on CSF flow in rat spinal cord. Fluids Barriers 
CNS. 2019;16:1–15.

 34. Brodbelt AR, Stoodley MA, Watling A, Rogan C, Tu J, Brown CJ, et al. The 
role of excitotoxic injury in post-traumatic syringomyelia. J Neurotrauma. 
2003;20:883–93.

 35. Ki Hong C, Iwasaki Y, Imamura H, Hida K, Abe H. Experimental model of 
posttraumatic syringomyelia: the role of adhesive arachnoiditis in syrinx 
formation. J Neurosurg. 1994;80:133–9.

 36. Mohrman AE, Farrag M, Huang H, Ossowski S, Haft S, Shriver LP, et al. 
Spinal cord transcriptomic and metabolomic analysis after excitotoxic 
injection injury model of syringomyelia. J Neurotrauma. 2017;34:720–33.

 37. Kobayashi S, Kato K, Rodríguez Guerrero A, Baba H, Yoshizawa H. Experi-
mental syringohydromyelia induced by adhesive arachnoiditis in the 
rabbit: changes in the blood-spinal cord barrier, neuroinflammatory foci, 
and syrinx formation. J Neurotrauma. 2012;29:1803–16.

 38. Seki T, Fehlings MG. Mechanistic insights into posttraumatic syringomy-
elia based on a novel in vivo animal model: laboratory investigation. J 
Neurosurg Spine. 2008;8:365–75.

 39. Najafi E, Stoodley MA, Bilston LE, Hemley SJ. Inwardly rectifying potassium 
channel 4.1 expression in post-traumatic syringomyelia. Neuroscience. 
2016;317:23–35.

 40. Bond AE, Jane JA, Liu KC, Oldfield EH. Changes in cerebrospinal fluid flow 
assessed using intraoperative MRI during posterior fossa decompression 
for Chiari malformation. J Neurosurg. 2015;122:1068–75.

 41. Hayhurst C, Osman-Farah J, Das K, Mallucci C. Initial management of 
hydrocephalus associated with Chiari malformation Type I-syringomyelia 
complex via endoscopic third ventriculostomy: an outcome analysis. J 
Neurosurg. 2008;108:1211–4.

 42. Nyström B, Berglund J-E, Bergquist E. Methodological analysis of an 
experimental spinal cord compression model in the rat. Acta Neurol 
Scand. 1988;78:460–6.

 43. Uranbileg B, Ito N, Kurano M, Saigusa D, Saito R, Uruno A, et al. Alteration 
of the lysophosphatidic acid and its precursor lysophosphatidylcholine 
levels in spinal cord stenosis: a study using a rat cauda equina compres-
sion model. Sci Rep. 2019;9:16578.

 44. Awai L, Curt A. Preserved sensory-motor function despite large-scale 
morphological alterations in a series of patients with holocord syringo-
myelia. J Neurotrauma. 2015;32:403–10.

 45. Hu HZ, Rusbridge C, Constantino-Casas F, Jeffery N. Histopathological 
investigation of syringomyelia in the cavalier king Charles spaniel. J Comp 
Pathol. 2012;146:192–201.

 46. Moore SA. The spinal ependymal layer in health and disease. Vet Pathol. 
2016;53:746–53.

 47. Yamamoto SI, Nagao M, Sugimori M, Kosako H, Nakatomi H, Yama-
moto N, et al. Transcription factor expression and notch-dependent 
regulation of neural progenitors in the adult rat spinal cord. J Neurosci. 
2001;21:9814–23.

 48. Chen J, Leong SY, Schachner M. Differential expression of cell fate 
determinants in neurons and glial cells of adult mouse spinal cord after 
compression injury. Eur J Neurosci. 2005;22:1895–906.

 49. Ren Y, Ao Y, O’Shea TM, Burda JE, Bernstein AM, Brumm AJ, et al. Ependy-
mal cell contribution to scar formation after spinal cord injury is minimal, 
local and dependent on direct ependymal injury. Sci Rep. 2017;7:1–16.

 50. Domínguez-Pinos MD, Páez P, Jiménez AJ, Weil B, Arráez MA, Pérez-
Fígares JM, et al. Ependymal denudation and alterations of the subven-
tricular zone occur in human fetuses with a moderate communicating 
hydrocephalus. J Neuropathol Exp Neurol. 2005;64:595–604.

 51. McAllister JP, Guerra MM, Ruiz LC, Jimenez AJ, Dominguez-Pinos D, Sival 
D, et al. Ventricular zone disruption in human neonates with intraven-
tricular hemorrhage. J Neuropathol Exp Neurol. 2017;76:358–75.

 52. Páez P, Bátiz LF, Roales-Buján R, Rodríguez-Pérez LM, Rodríguez S, Jiménez 
AJ, et al. Patterned neuropathologic events occurring in hyh congenital 
hydrocephalic mutant mice. J Neuropathol Exp Neurol. 2007;66:1082–92.

 53. Jiménez AJ, García-Verdugo JM, Gonzalez CA, Bátiz LF, Rodríguez-Pérez 
LM, Páez P, et al. Disruption of the neurogenic niche in the subventricular 
zone of postnatal hydrocephalic hyh mice. J Neuropathol Exp Neurol. 
2009;68:1006–20.

 54. Rodríguez EM, Guerra MM. Neural stem cells and fetal-onset hydrocepha-
lus. Pediatr Neurosurg. 2017;52:446–61.

 55. Naito K, Yamagata T, Ohata K, Takami T. Safety and efficacy of syringop-
eritoneal shunting with a programmable shunt valve for syringomyelia 
associated with extensive spinal adhesive arachnoiditis: technical note. 
World Neurosurg. 2019;132:14–20.

 56. Menezes AH, Greenlee JDW, Dlouhy BJ. Syringobulbia in pediat-
ric patients with Chiari malformation type I. J Neurosurg Pediatr. 
2018;22:52–60.

 57. Hatem SM, Attal N, Ducreux D, Gautron M, Parker F, Plaghki L, et al. Clini-
cal, functional and structural determinants of central pain in syringomy-
elia. Brain. 2010;133:3409–22.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Chronic extradural compression of spinal cord leads to syringomyelia in rat model
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Methods
	Experiment 1
	Animals and surgical procedures
	Behavioral testing
	In vivo MRI
	Histological analysis
	Immunohistochemistry
	Experiment 2
	Decompression operation

	Statistical analysis

	Results
	Discussion
	Conclusion
	Acknowledgements
	References




