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Abstract 

Background Syringomyelia was a rare condition characterized by the formation of fluid-filled cysts (syrinx) 
within the spinal cord, resulting in sensory and motor dysfunction. Currently, there was no satisfactory treatment 
for syringomyelia. Ependymal cells were integral to water transport and may represent a promising therapeutic target.

Methods Induction of syringomyelia occurred in 8-week old female rats followed by histological analyses at 3-, 7-, 
14-, 30-, 60-, 180-, and 365-days later. Scanning electron microscope (SEM) and transmission electron microscope 
(TEM) were performed to visualize cilia on rat central canal membrane cells at 30-day post-induction. Syringomy-
elia was induced via compression at T12-T13 using a sterile cotton ball. Each rat underwent MRI scanning one day 
before induction and one day prior to sacrifice. In vivo magnetic resonance imaging (MRI) was utilized to measure 
syrinx enlargement in eight-week-old syringomyelia rats. Histological Analysis and immunofluorescence staining were 
performed for changes of cilia, neurons, expression of AQP4 and infiltration of immune cells into spinal tissue.

Results In the current study, the cell junctions between ependymal cells of syringomyelia rats were absent, 
and the cilia on ependymal cells were reduced significantly on day 30 post syringomyelia. The number of ependymal 
cells kept increasing lasting for 1–2 months and begin to decrease. Edema and vacuolation in the spinal cord tissue 
are significant in syringomyelia rats. Furthermore, AQP4 expression was elevated in astrocytes of syringomyelia rats, 
and  IBA1+ immune cells infiltrated spinal tissue. Furthermore, neuronal necrosis began in the acute stage of syringo-
myelia, and reached its peak one month later. Pathological changes in axonal rupture at anterior commissure (con-
nection of the left and right white matter) could be observed in syringomyelia spinal tissue.

Conclusions These findings underscored the significance of cilia on ependymal cells and the evolving microenviron-
ment post-syringomyelia, providing valuable insights for clinical treatment strategies for this condition.
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Background
Syringomyelia is frequently defined as the develop-
ment of an expansive, fluid-filled cyst within the spinal 
cord. Syringomyelia is associated with Chiari malfor-
mation, intramedullary tumor or spinal cord injury etc.
[1–3]. Cavity formation within the spinal cord was first 
recognized by a pupil of Sylvius, Stephanus in 1545 and 
Charles-Prosper Ollivier d’Angers coined the term "syrin-
gomyelia" in 1827 [4]. Patients with syringomyelia usually 
present weakness of the arms or hands associated with 
a loss of pain and temperature sensation, and some may 
have neck discomfort related with also spine deformity, 
Charot joint and wound non-healing or long-term infec-
tion caused by denervation [5–8]. Despite the widespread 
attention given to this ancient disease, treatment options 
for syringomyelia remain limited [9, 10]. Clinicians often 
find themselves perplexed about how to treat syringo-
myelia, especially when it comes to neurological deficits 
such as pain, muscle atrophy in the limbs, alterations in 
pain and temperature sensation, and Charcot arthropa-
thy [11]. Even with surgical intervention, many patients 
do not experience improvement in their syringomyelia 
[12], and surgical treatment often does not reverse any 
neurological deficits [13]. These symptoms, which sig-
nificantly impact the survival and treatment of patients, 
appear to be irreversible. Moreover, surgery is invasive 
and is associated with a high risk of recurrence of the syr-
inx [14]. Therefore, it is crucial to elucidate the mecha-
nisms underlying the development of syringomyelia and 
to explore experimental models in search of better thera-
peutic options.

Ependymal cells lining the central canal separate the 
cerebrospinal fluid (CSF) filling the cavity (such as ven-
tricles, central canal of spinal cord) from the developing 
or mature spinal cord parenchyma. A prominent struc-
tural feature of ependymal cells is the cilia which beat in a 
coordinated manner to propel CSF flow. Cilia are divided 
into primary (9 + 0 microtubules) and motile cilia (9 + 2 
microtubules) [15], and they show distinct structural and 
functional characteristics. Primary cilia are involved in 
sensing extracellular signals and are present on nearly 
all cells, in contrast, motile cilia are primarily present 
on the respiratory epithelium for example, and ependy-
mal lining of the brain ventricles [16, 17]. Malfunctioning 
ependymal cilia could disrupt normal CSF flow, raising 
the risk of hydrocephalus. Dysfunction of normal cilia 
on the choroid plexus which produces CSF results in 
aberrant cAMP-regulated chloride transport, leading to 
enhanced fluid movement into the ventricle lumen and to 
excess CSF production [18]. Previous reports have shown 
ependymal cilia are required for directional migration of 
neuroblasts in brain [19]. In hydrocephalus, atrophy of 
ependymal cilia occurs prior to loss of ependymal cells 

[20], which reports participating in the pathogenesis of 
hydrocephalus in earlier studies [21, 22]. However, in the 
field of syringomyelia research, there is a limited amount 
of research investigating the roles of ependymal cilia due 
to the lack of appropriate animal models. Recently, we 
successfully established the rat syringomyelia models and 
found a reduction of cilia induced by loss of cell junctions 
and a proliferation of ependymal cells in syringomyelia 
[23–25]. Reports have shown that spinal cords with PTS 
displayed extracellular edema, cell death, loss of tissue 
integrity and alterations to endothelial tight junctions, 
suggested perturbations to blood-spinal cord barrier 
(BSCB) function [26]. Loss of cell junctions might lead to 
abnormal fluid infiltration, resulting in edema or cellular 
necrosis, as we hypothesized. Here we found the ciliary 
dysfunction of ependymal cells and edema of astrocytes 
around ependymal layer aggravate syrinx formation after 
syringomyelia, providing some important information 
for understanding the new insights of ependymal layer in 
central canal.

Methods
Experimental design
The experiment consisted of two groups (syringomyelia 
group and sham-operated group). After induction, the 
rats in the syringomyelia group were executed accord-
ing to the time points (3 days, 7 days, 14 days, 1 month, 
2 months, 6 months, and 12 months, n = 3/group at each 
time-point), and were subjected to immunohistochemis-
try and immunofluorescence staining. The longest obser-
vation time was 12  months after induction. Electron 
microscopy was used to visualize cilia on rat ventricular 
membrane cells at 30 days. 7 T MRI was used to dynami-
cally visualize changes in syrinx at multiple time points.

Animal care and ethics statement
Eight-week old female Sprague Dawley (SD) rats weigh-
ing 250–300  g were purchased (Charles River, China) 
for this study. The rats were housed in standard sterile 
pathogen-free facilities (temperature: 24 ± 2 °C, humidity: 
50–60%, 12-h light/dark cycle) with free access to food 
and water. All of the animal experiments were approved 
and performed in accordance with the standards of the 
Experimental Animal Center of Xuanwu Hospital Capital 
Medical University (no. XWH2019002).

Surgical procedure
The detailed surgical procedure was performed according 
to our previously published methods [25]. Briefly, the rats 
were anesthetized byenflurane inhaling anesthesia (2% 
enflurane in 70% nitrous oxide and 30% oxygen), and a 
3-cm skin incision was performed on the back. Retracted 
the paravertebral muscle of T12-L1with micro-retractor 
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(LOGAN 3 × 3, RWD, Shenzhen, China) under a surgi-
cal microscope (OPMI pico, Carl Zeiss, Oberko Chen, 
Germany). Ligamentum flavum between the T12-T13 
intervertebral space was cut by micro-scissors without 
injuring the dura. The integrity of dura must be protected 
and pay attention on CSF leakage. After the confirma-
tion, a sterile aseptic cotton ball in an appropriate size 
was reshaped to a long strip and stuffed into the epidural 
space below the T13 lamina with a nerve stripper. After 
flushing with saline, muscles and skin were sutured and 
closed. Rats in normal group only received skin incision, 
muscle exposure and ligamentum flavum incision as 
same as the experimental group. After the surgery, anti-
biotics (cefuroxime sodium, Sinopharm group Zhijun 
pharmaceutical co. LTD, China) was injected intraperito-
neally every 8 h for 1 week.

In vivo MRI and measurements of syrinx enlargement
Each rat was subjected to MRI scanning 1  day prior to 
induction and 1  day before at sacrifice. Detailed MRI 
parameter has been described in our previous report 
[25]. Briefly, all rats underwent serial MRI scanning 
according to the experiment roadmap. In vivo MRI was 
performed using a 7.0 Tesla MRI scanner (PharmaScan 
7 T, Bruker Corp., Karlsruhe, Germany) with 400 mT/m 
gradients. 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. Each MRI scan took about 12  min. In the 
axial T2-weighted images of all rats, the anteroposterior 
diameter and circular area of the largest syrinx was meas-
ured. The anteroposterior diameter and circular area of 
the spinal cord at the same level was also measured. The 
ratio of syrinx area to spinal cord area at the same level 
was calculated to evaluate the enlargement of the syr-
inx dynamically. All measurements were made using the 
Horos software platform (v3.3.5, https:// horos proje ct. 
org).

Histological analysis
After the animals were killed by overdose of pentobarbi-
tal sodium (150 mg/kg IP) according to the experimental 
roadmap, the animals were perfused with 4% paraform-
aldehyde in 0.01 mol/L Phosphate buffered saline (PBS), 
and the whole spinal column was removed after adequate 
perfusion and fixed in 4% paraformaldehyde for 24  h. 
Then, the spinal cord was removed carefully. The integ-
rity of spinal cord and dura mater needs to be guaran-
teed. 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 hema-
toxylin and eosin (H&E). On the axial plane of the largest 

syrinx, the area of central canal and spinal cord were 
measured at the maximal diameter of the syrinx, and the 
ratio of central canal to spinal cord area was calculated to 
evaluate the size of syrinx histologically. Ependymal cell 
count was also performed on H&E-stained sections. All 
slices are scanned by a high-resolution scanner (Pano-
ramic MIDI, 3DHISTECH, Hungary). Measurements 
were made in ImageJ with FIJI installed (NIH, https:// 
imagej. nih. gov/ ij/).

Immunohistochemistry and immunofluorescence staining
Since the syrinxes were located 1–2 segments cephalad 
of the site of compression (i.e., segments T11-12), the 
spinal cord tissue used for immunohistochemistry and 
immunofluorescence staining was collected from this 
region. Then, spinal cord samples were fixed with 4% 
paraformaldehyde and cryoprotected with 30% sucrose. 
Twenty-micrometer spinal cord slices were obtained 
using a cryomicrotome. Slices were fixed in 4% paraform-
aldehyde for 15  min, and then washed three times with 
PBS with 0.1% Triton X-100. Slices were blocked with 5% 
bovine serum albumin (BSA) in PBS for 1  h, and incu-
bated with the primary antibodies (diluted with 3% BSA) 
overnight at 4  °C. The primary antibodies used were 
rabbit anti-Tuj1 (CST, 5568S, 1:200), rabbit anti-IBA1 
(Abcam, ab178847, 1:8000), rabbit anti-NeuN (CST, 
24307S, 1:1000), rabbit anti-AQP4 (CST, 59678S, 1:200), 
and mouse anti-GFAP (CST, 3670  T, 1:200). Sections 
were washed three times and incubated in the corre-
sponding secondary antibodies for 50 min. For immuno-
histochemistry staining, slices were stained with DAB 
chromogenic reagent and dehydrated. Images for immu-
nofluorescence staining were visualized by a Zeiss 880 
laser-scanning confocal microscope. Fluorescence results 
were measured by selecting 3 rats at least in each group. 
For each section, 9 positions were randomly selected to 
take pictures at confocal system, at the same parameters. 
And for each target protein, typical signals are chosen for 
cell counting, which is conducted using ImageJ software.

Scanning electron microscope (SEM) and transmission 
electron microscope (TEM)
For scanning electron microscopy, spinal cord tissue was 
harvested after perfusion with 4% paraformaldehyde 
from 1–2 segments cephalad of the site of compression 
(i.e., segments T11-12), and then fixed with 2.5% gluta-
raldehyde overnight. The tissue surrounding the central 
canal of the spinal cord was selected and trimmed to the 
size of 1  mm3. The tissue was washed with PBS, and then 
fixed with 1% OsO4 solution for 2  h. The tissues were 
treated with the following solutions in sequence: PBS, 
50% ethanol for 15 min, 70% ethanol overnight, 90% etha-
nol + 90% acetone for 15 min, 90% propanone for 15 min, 

https://horosproject.org
https://horosproject.org
https://imagej.nih.gov/ij/
https://imagej.nih.gov/ij/
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anhydrous propanone for 4 × 15 min, propanone-soaking 
agent intermixture for 4 h and pure soaking agent over-
night. Then tissues were embedded, sliced, and stained. 
Images were captured using a scanning electron micro-
scope (S-3400N, Hitachi, Japan) was used to observe, and 
were collected for analysis.

For transmission electron microscopy, the speci-
mens were fixed in 2.5% glutaraldehyde solution for 2 h, 
washed with 0.1 mol/L PBS 3 times, and then dehydrated 
with 50%, 70%, 80% and 90% tert-butyl alcohol for 15 min 
respectively, and then dehydrated with 100% tert-butyl 
alcohol 3 times for 10 min. Then the samples were soaked 
in pure tert-butyl alcohol at 0 °C. After tert-butyl alcohol 
is crystallized, the sample is dried using a vacuum filter 
bottle. The sample was sprayed with gold by using an ion 
sputtering machine (IONSPUTTERJFC-1100). Images 
were captured using a transmission electron microscope 
(HT7700, Hitachi, Japan) at 100  kV, and collected for 
analysis.

Statistical analysis
GraphPad Prism 6 (GraphPad Software, San Diego, 
USA) was used for statistical analysis. Two-way repeated 
measures (RM) ANOVA followed by a post hoc test 
using the Tukey test was used for comparing syrinx size 
between two groups. If the data do not follow a normal 
distribution or exhibit homogeneity of variances, non-
parametric tests (Kruskal–Wallis H test) was used for 
comparing number of AQP4 + and  IBA1+ cells between 
the syringomyelia group and the control group. If the 
data meet the criteria for normal distribution (using the 
Shapiro–Wilk test) and homogeneity of variances (using 
Mauchly’s test), ANOVA was used to compare the cell 
counts between two groups. All data are presented as 
means ± standard deviation (SD). P < 0.05 was considered 
statistically significant.

Results
Ependymal cilia decline in syringomyelia
Cellular connections between ependymal cells sur-
rounding the central canal contain multiple types, such 
as adherens junctions, gap junctions and tight junc-
tions. Our previous results have shown that decon-
struction of gap junctions between ependymal cells 
initiated cilia decline in syringomyelia rats [23]. In 
the current study, cilia of the ependymal cells in syr-
inx were decreased sharply along the inner surface 
of the central canal, in contrast, dense cilia could be 
observed in normal rats (Fig.  1A). In syringomyelia 
rats, scanning electron microscopy revealed that two 
rostrocaudal adjacent syrinxes were interconnected, 

to facilitate the CSF flow under compression (Fig. 1B). 
A dilation of central canal could be observed between 
the syrinx, however, cilia seemed denser than that in 
syrinx (Fig. 1B). Furthermore, the morphologies of the 
residual cilia under syringomyelia were changed into 
lying and curling (Fig. 1C, left) with 9 + 2 microtubules 
of motile cilia remaining (Fig.  1C, right). Ependymal 
cells were bare in syringomyelia rats (Fig.  1D). Trans-
mission electron microscope showed that cell junc-
tions between ependymal cells were loose and broken 
(Fig. 1E).

Cilia decline might play roles on the proliferation 
of ependymal cells around central canal
Next we detected the proliferation of ependymal cells 
since forced induction/suppression of cilia can affect 
cell cycle progression [27]. We have previously have 
shown that ependymal cells proliferate in the acute 
stages of syringomyelia [24], however, it is not yet clear 
whether this is related to cilia decline. In the current 
study, ependymal cells around the central canal prolif-
erated significantly from 3  days to 2  months after sur-
gery to induce syringomyelia (Fig.  2A, B). In addition, 
MRI results and H&E staining showed that the syrinx 
kept expanding from day 3 to 12 months in syringomy-
elia rats (Fig. S1). Ependymal cells accumulated, pro-
truded into the central canal and were loosely distributed 
around the central canal (Fig. 2A), which was consistent 
with previous report, showing a proliferation of ependy-
mal cells by injection of kaolin into spinal cord [28]. At 
6 and 12 months, ependymal cells surrounding a syrinx 
decreased significantly and were arranged more loosely 
by a single layer around the central canal (Fig.  2A and 
1D). In normal rat spinal cord, the ependymal cells 
around the central canal are uniformly arranged. How-
ever, in syringomyelia rats, the ependymal cells around 
the central canal are not uniformly arranged. Frequently, 
there is cell aggregation in some areas, while cells are 
reduced and sparse in others. These changes continue 
for up to 6  months. The total cell count lining the cen-
tral canal is more reflective of changes in the total num-
ber of ependymal cells rather than a localized area of the 
central canal. The number of ependymal cells gradually 
increased to 104 ± 9 from day 3 onward to 2  months in 
each section, and then decreased to 51 ± 8 at 12 months 
(p < 0.0001) (Fig.  2B). The number of ependymal cells 
gradually increased to 104 ± 9 from day 3 onward to 
2 months in each section, and then decreased to 51 ± 8 at 
12 months (P < 0.0001) (Fig. 2B). Our results suggest that 
reduction of cilia might induce proliferation of ependy-
mal cells.
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Absence of cilia leads to elevated inflammatory response 
in syringomyelia
Ependymal cell might contribute to immunological pro-
cesses [29]. In brain, the specialized ciliated ependymal 
cells lining the choroid plexus have tight junctions and 
form the blood-CSF barrier. Even though ependymal cells 
lining the central canal have adherens junctions and do 
not form a true barrier between CSF and spinal cord tis-
sue, they are considered one of the main routes of cellular 
infiltration into the CNS during normal conditions, sug-
gesting contribution to immunological processes. In our 
animal models, compression on the spinal cord induced 

ependymal cilia decline which subsequently resulted 
in the loss of ependymal cells, indicating destruction of 
immunological barrier under syringomyelia. We found 
 IBA1+ microglia cells in spinal cord of syringomyelia rats 
generally increased and showed amoeba-like activation 
(Fig. 3A). The number of  IBA1+ cells in the syringomyelia 
group was 2657 ± 389, while that in sham-operated rats 
was 354 ± 128 (P < 0.0001) (Fig.  3B). In addition, inflam-
matory cells, mainly macrophages, infiltrated into the 
cotton strips in the compressed spinal tissue (Fig.  3B). 
Our results show that syringomyelia induces an inflam-
matory response.

Fig. 1 Loss of cilia in ependymal cells of syringomyelia rats at day 30. A, Scanning electron microscope of the central canal in normal 
and syringomyelia groups. Dense cilia completely covered the inner surface of ependymal cells in normal rats and reduced sharply in syringomyelia 
rats. SM, syringomyelia. B, The connecting tunnel between two syringomyelia syrinxes were shown, with cilia decline in syrinxes. The yellow stars 
indicate syrinxes. Bi-directional arrows indicate dilation of central canal. C, Morphology of cilia in syringomyelia rats. The cilia are lying and winding 
seriously (left), and 9 + 2 microtubules could be seen (right). Red arrows indicate the 9 + 2 microtubules. D, The number of cilia on the inner surface 
of the central canal is greatly reduced in syringomyelia rats. E, Cell junctions between ependymal cells are loose and broken (red box), mitochondria 
and Golgi apparatus in ependymal cells are abnormal, and the nerve tissue adjacent to ependymal cells is severely edematous. The fourth small 
image in Figure 1E is another view of the same slice as the second small image.
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Tissue edema and AQP4 upregulation around the syrinx 
in syringomyelia
Loss of functional cilia on ependymal cells exacerbated 
the abnormal CSF flow in the central canal, and may 
have led to excess CSF in the spinal parenchyma and 

subsequent tissue edema. H&E staining showed that 
there was a large area of edema around the syrinx, with 
a large number of necrotic cells in the ventral spinal tis-
sue (Fig.  4A). By transmission electron microscope, we 
observed edema in the astrocytic foot processes adjacent 

Fig. 2 Changes in ependymal cells in a rat model of syringomyelia at different time points. A, H&E stained images of spinal cord demonstrate 
that the syrinx gradually enlarged at each time point, and ependymal cells were unevenly distributed around the central canal. The number 
of local ependymal cells increased sharply and gathered. At 12 months, ependymal cells became very sparse. The dotted lines at Day 14, 
indicate ependymal cells protruding into the central canal and arrows indicate the loss of ependymal cells. Arrowheads indicate the proliferation 
of ependymal cells. B, The ependymal cell count showed the dynamic change of ependymal cell number around the central canal. *, p < 0.05; **, 
p < 0.01; ***, p < 0.001
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Fig. 3 Inflammatory response in a rat model of syringomyelia. A, Immunofluorescence and immunohistochemical staining of IBA1 indicated 
microglia proliferation and morphological changes in syringomyelia group. Scale bars, 300 µm. B, The count of IBA1 positive cell indicated 
that the number of microglia in syringomyelia group was significantly higher than that in control group. C, IBA1 staining of the spinal cord 
at the compressed part of cotton strip is used to distinguish the morphological differences of inflammatory cells in spinal cord tissue (black box) 
from cotton strip (red box) in epidural space. *p < 0.05; **p < 0.01; ***p < 0.001
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to the ependymal cells (Fig. 4A). At the same time, GFAP 
staining showed that there were a lot of vacuoles in the 
abnormal astrocytes in the tissues around the syrinx 
(Fig. 4B).

AQP4 is a water channel and has been shown to main-
tain CSF homeostasis [30]. AQP4 has been implicated 
in PTS. Expression of AQP4 at the syrinx border was 

strongly associated with syrinx size, while syrinx vol-
ume and length were not altered with AQP4 modula-
tion, since the increases AQP4 levels was likely due to the 
increased number of reactive astrocytes, in which AQP 
was expressed [31]. AQP4 is expressed in astrocytes and 
has been proposed as a possible CSF biomarker for the 
diagnosis and prognosis of hydrocephalus [32]. Enhanced 

Fig. 4 AQP4 is overexpressed in syringomyelia. A, A large number of vacuoles and edema appeared around the central canal, and the tissue 
structure was obviously destroyed (left). Scale bar, 50 µm. Transmission electron microscopy of ependymal cells and spinal cord tissue 
around the central canal showed edema of astrocytic foot processes, cell necrosis, axonal injury and tissue disintegration (middle and right). B, 
GFAP.+ astrocytes around the central canal. Scale bar, 50 µm. C, Expression of AQP4 in cells around the syrinx was significantly higher than control 
group. Scale bar, 20 µm. D, AQP4 was co-stained with GFAP. Scale bar, 20 µm. E, The number of AQP4-positive cells was significantly higher 
in syringomyelia rats. *p < 0.05; **p < 0.01; ***p < 0.001
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AQP4 expression causes cytotoxic edema [33]. AQP4 
deletion reduces spinal cord oedema and improves out-
come after compression spinal cord injury in mice [34]. 
Reports have shown a significant higher expression of 
AQP4 around all syrinx cavities in post-traumatic syrin-
gomyelia [31, 35] and in spinal cord injury [36, 37]. AQP4 
expression was significantly increased in the cells around 
the central canal, and concentrated in the 1–2 layers of 
cells lining the central canal (Fig. 4C) in rats with syrin-
gomyelia.  GFAP+ astrocytes around the central canal 
expressed AQP4 (Fig.  4D) and the number of  AQP4+/
GFAP+ positive cells was increased in syringomyelia 
(Fig. 4E). The results suggest that AQP4 may be involved 
in the alleviation of the enlargement of central canal in 
syringomyelia.

Neuronal necrosis and disorders of neural function 
in syringomyelia rats
A previous study demonstrated that AQP4 knockdown 
resulted in reduced spinal cord water content and recov-
ery of sensory and locomotor function within 1 week fol-
lowing spinal cord injury [38]. In our study, we found that 
the central canal was obviously dilated, so that the gray 
matter of the spinal cord was compressed by the syrinx 
(Fig. 5A). The number of mitochondrial cristae decreased 
or even disappeared, and the mitochondria swelled obvi-
ously. In terms of morphology, we observed cilia lying, 
bending and winding together in the inner surface of 
central canal of the spinal cord. The number of neu-
rons decreased as syringomyelia progressed (2  days to 
12 months), most notably in the first 2 months, ranging 
from 423 ± 15 at 3 days to 403 ± 7 at 2 months (Fig. 5B). In 
the spinal cord gray matter surrounding the central canal, 
neurons displayed obvious characteristics of necrosis, 
such as disappearance of dendrites, pyknosis of nuclei, 
and vacuoles around cells (Fig.  5C). The number of 
necrotic neurons increased lasting for a long period and 
reached the peak at 1  month (24 ± 3), (Fig.  5D). Immu-
nofluorescence staining of neurons showed the reduced 

neurons in syringomyelia spinal cord (Fig. 5E). Moreover, 
Tuj1 staining showed the conductive tract in the ante-
rior commissural area of white matter were interrupted 
continuously (Fig. 5E). The transmission electron micro-
scope of neurons showed that mitochondria of necrotic 
neurons with the disappeared cristae swelled obviously, 
and the Golgi apparatus appeared edema (Fig.  5G and 
Fig. S2). The axons were lamellar loosening, suggesting 
damage to nerve fibers (Fig. 5G). These findings suggest 
that syringomyelia induces spinal cord injury, leading to 
destruction of neural functions.

Overall, dysfunction of cilia on ependymal cells 
induced by syringomyelia lead to loss of ependymal 
integrity and neuron necrosis, which subsequently 
resulted in loss of neuronal function (Fig.  6). Our find-
ings suggest that ependymal cilia play a crucial role in 
syringomyelia pathology and might be a potential target 
in clinical therapy.

Conclusion
Our results showed that reduction of cilia on ependy-
mal cells, the infiltration of immune cell into spinal tis-
sue and the increased necrotic neurons in syringomyelia 
rats, leading to secondary SCI. Upregulation of AQP4 in 
astrocytes may be involved in syringomyelia.

Discussion
In this study, we observed a significant reduction of cilia 
in ependymal cells at day 30 in a rat model of syringomy-
elia. However, the number of ependymal cells increased 
up until 1  month in animals with syringomyelia which 
was consistent with our previous reports [24] and 
decreased continuously from Day 7. Our colleagues have 
shown that cilia declined from day 7 to day 28 post syrinx 
induction [23], and the ependymal cells were proliferative 
and increased in the same period, presenting an opposite 
tendency. We hypothesized 2 possibilities to explain the 
finding: (1) the proliferation rate of ependymal cells with 
cilia cannot keep up with the rate of cilia shedding; (2) 

(See figure on next page.)
Fig. 5 Syringomyelia leads to neuron necrosis and axonal injury around the central canal. A, The transverse sections of the spinal cord 
of syringomyelia rat were stained by immunohistochemistry and labeled with NeuN (high magnification insets of the areas delineated 
by the red boxes are shown in A1-A6). Neurons near the central canal of syringomyelia rats are sparsely distributed and abnormal in shape. B, 
The number of neurons in the transverse section of spinal cord showed that the number of neurons gradually decreased during the progression 
of syringomyelia. C, The gray matter neurons of the spinal cord around the central canal showed karyopyknosis, dendrite disappearance, vacuole 
around the cells and other necrosis phenomena (black arrows). The lower panels showed the high magnifications. D, The number of necrotic 
neurons around the central canal increased and this trend tends to be stable after one month. E, Immunofluorescence showed that neurons 
decreased (left) at 1 month of syringomyelia. Tuj1 immunofluorescence staining of spinal cord sections showed that the continuity of nerve fibers 
was interrupted in the anterior commissure of white matter (red box) adjacent to the syrinx (right), with low and high magnifications. Scale bar, 
300 µm. DAPI, blue; NeuN and Tuj1, green. F, Diagram of nerve fibers. G, Transmission electron microscopy of spinal cord showed that mitochondria 
in neurons of normal (yellow arrow) and syringomyelia rats were swollen, disintegrated, cristae disappeared (red arrow), and Golgi apparatus 
was in edema state (red asterisk). *p < 0.05; **p < 0.01; ***p < 0.001
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Fig. 5 (See legend on previous page.)
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Fig. 6 Schematic diagram of secondary SCI induced by syringomyelia in our study. Cilia in ependymal cells played key roles during the process 
(upper). Cilia decline led to deconstruction of ependymal barrier and increased pressure in central canal. AQP4 upregulation may be 
a compensatory effect of spinal cord on water transport disorders like syringomyelia (lower)
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the newly generated unhealthy ependymal cells lack cilia. 
These findings indicated loss of cilia might be involved in 
increase of ependymal cells and lead to dilation of central 
canal to form syrinx.

Increasing number of ependymal cells in syringomyelia 
might be associated cilia decline
Reports have shown that spinal cord stem cell potential 
is restricted to ependymal cells surrounding the central 
canal during adulthood, and silent/non-active ependy-
mal cells are activated/proliferative by spinal cord injury 
[39–41]. In our study, we observed an increasing number 
of ependymal cells while a reduction of ependymal cilia. 
Reports have shown that cilia initiate disassembly as cells 
re-enter the cell cycle at G1-S transition [42–44], and 
are completely resorbed at early prophase [45], indicat-
ing ciliary dynamics control cell cycle entry or cell cycle 
progression. In addition, cilia grow from the centrosome 
that organizes the mitotic spindle during cell division, 
indicating that ependymal cell proliferation is associ-
ated with the assembly and disassembly of cilia. Previous 
studies have shown that forced retention of cilia imposes 
a brake on cell cycle progression [46]. Loss or dysfunc-
tion of cilia may allow activation of cAMP signaling 
which promotes cell cycle progression [45]. Furthermore, 
previous studies have indicated cilia in stem cells func-
tion as signal hub of pathways, including receptor tyros-
ine kinase (RTK), transforming growth factor-β (TGF-β), 
G-protein coupled receptor (GPCRs), Hedgehog (Hh), 
Wingless/int (Wnt), Notch, and mechanistic target of 
rapamycin (mTOR) [47–49]. For example, loss of cilia 
leads to activation of canonical Wnt and non-canonical 
Wnt/Ca2+ pathways, implying cilia suppress Wnt signal 
[50] which is important for stem cells, including ependy-
mal cells proliferation. Further investigation of interac-
tions between cilia and proliferation of ependymal cells is 
needed in future.

Block of CSF flow by loss of cilia in ependymal cells may 
expedite syrinx formation
Ependymal cilia have a sensory function to regulate CSF 
homeostasis in central canal [17]. In the central canal, 
CSF-cNs (CSF-contacting neurons) possess an apical 
extension contacting the CSF to detect changes in CSF 
flow or content. PKD2L1 (polycystic kidney disease 2-like 
1) was specifically expressed in CSF-cNs and played key 
roles on CSF dynamic and bending of the spinal cord 
during locomotion [51]. In syringomyelia, compression 
of the spinal cord results in impaired CSF flow. In addi-
tion, loss of cilia in CSF-cNs deprives of sensory func-
tion to block CSF flow, accelerating forcing dilation of 
central canal. Furthermore, partial accumulation of CSF 
in central canal may lead to high concentration of signals 

activating ependymal cells proliferation that would assist 
syrinx formation. We planned to employ single-cell tran-
scriptome to explore more information regarding roles of 
CSF-cNs and PKD2L1 on monitoring CSF flow.

Aquaporin may be involved in the pathophysiologi-
cal process of syringomyelia, which can be confirmed by 
previous studies [52] and the current study. We found 
a large amount of edema in the foot processes of astro-
cytes with increasing AQP4 expression around the cen-
tral canal. moreover, disturbance to the homeostasis of 
ependyma is correlated with the formation of glial scar 
in both the brain and spinal cord [53] suggesting a spinal 
cord induced by syringomyelia. In our study, we found 
necrotic neurons increased and the total number of neu-
rons decreased in spinal cord of rats with syringomyelia 
rats. Most patients with syringomyelia present with a 
characteristic sensory disturbance, that is, a decrease or 
loss of pain and temperature sensation. Spinal neuro-
anatomy suggests that this is due to the destruction of 
anterior white matter commissure where the nerve fibers 
from sensory neurons in the anterior horn of the spinal 
cord cross to the contralateral thalamic tract. Our results 
provide evidence of destruction of anterior white matter 
commissure in animal models that previous studies have 
not reported.

Clinically, even if patients with syringomyelia undergo 
surgery, their symptoms often remain. Combined with 
the findings of this study, this phenomenon may be 
related to the uncompensated injury of ependymal cells, 
which leads to irreversible spinal cord injury. Therefore, 
early intervention will be beneficial to most patients with 
syringomyelia, to prevent irreversible spinal cord injury.

Limitations
It should be noted that the animal model of syringomy-
elia used in the current study has several limitations. 
Firstly, our syringomyelia models do not accurately rep-
resented the clinical condition. The biggest limitation 
would be that the model used is representing the canalic-
ular type of syringomyelia (a syrinx lined with ependymal 
cells) most often occurring in people with Chiari malfor-
mation. In this case the Chiari malformation is impair-
ing CSF flow at the craniocervical junction, and a syrinx 
generally forms in the cervical spinal cord. Our model 
depicted in this study uses a compression at T12-T13 in 
rats to impair CSF flow and the syrinx formed at thoracic 
spinal cord. This does not accurately represent the clini-
cal condition. In the future, we plan to improve animal 
models close to the clinical symptoms. Secondly, we did 
not use isometric time points to observe its morphologi-
cal changes because the development of syringomyelia is 
slow post-op 2-month. We plan to add more time points 
in our further research to depict the spatiotemporal 
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changes of syringomyelia more precisely. Thirdly, we 
lack enough data to demonstrate the cause-and-effect 
relationship between cilia decline, activation of ependy-
mal cells, edema, and AQP4 expression in syringomyelia. 
More trials should be carried out in the future. At last, 
the lack of gene experiments to directly verify the causes 
of syringomyelia and the difficulty of constructing gene 
knockout syringomyelia rats limit the exploration of the 
deep mechanisms.
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