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A B S T R A C T

Background: Lumbar spinal canal stenosis (LSCS) plays a crucial role in neurogenic claudication and neuropathic 
pain. Recent studies suggest that changes in sphingolipid metabolism are linked to neuropathic pain. To explore 
the association between sphingolipids and LSCS, we measured the levels of sphingolipids and sphingolipid- 
associated molecules in an animal model of cauda equina compression (CEC), a typical type of LSCS.
Methods: By placing silicon blocks within the lumbar epidural space, CEC model were constructed in which motor 
disfunction had already been confirmed in our previous study. Quantitative measurements of various sphingo
lipids were conducted using LC-MS/MS in spinal cord and cerebrospinal fluid (CSF) samples on days 1, 7, and 28 
following insertion of silicon blocks. Additionally, gene expression was analyzed in spinal cord tissue.
Results: In the CEC model, there was a significant increase ceramide levels in the CSF with upregulation of 
ceramide synthase 1 in the spinal cord tissue samples on day 1. Further, S1P levels in the CSF increased on day 7 
and in the spinal cord significantly increased on day 28, and there was an increase in mRNA expression levels of 
sphingosine kinases (SphK)1 on days 1,7, and 28, while SphK2 on days 7 and 28. Regarding S1P receptors, there 
was an increase in mRNA expression levels of S1P1 on days 1,7, and 28 and S1P3 on day1.
Conclusion: The production and activation of the sphingolipid signaling pathway could play a pivotal role in 
neuropathic pain related to LSCS.

1. Introduction

Low back pain and numbness in the legs are main symptoms of 
Lumbar spinal canal stenosis (LSCS) and these symptoms intensify while 
walking, leading the reduced walking distance, i.e., neurogenic claudi
cation. Prolonged LSCS can result in permanent damage to cauda equina 
nerves leading to persistent neurogenic claudication and neuropathic 
pain [1–4]. Neuropathic pain due to LSCS become refractory to treat
ment with nonsteroidal and anti-inflammatory drugs and opioids. 
Reportedly, the incidence of LSCS is approximately 10 % in individuals 
aged ≥70 [2–4].

Bioactive lipids, such as sphingolipids, glycerophospholipids, and 
eicosanoids, have been shown to have powerful physiological effects 
and play a role in the development of disease conditions. Recent tech
nological advances in mass spectrometry and chromatography have 
enabled the analysis of diverse lipid profiles and applied to elucidate the 
mechanism of disease progression and search the novel biomarkers 

through the analysis of reproducible animal models and human cohorts 
[5–11]. In our previous studies, we developed a cauda equina 
compression (CEC) model, which stimulated the main cause of LSCS 
along with motor dysfunction and intermittent claudication and mea
sure lysophosphatidic acid (LPA) and its precursor lysophosphati
dylcholine (LPC) using liquid chromatography-mass spectrometry 
(LC-MS/MS). LPA have been known as a potent bioactive lipids involved 
in neuropathic pain initiation and maintenance [12]. In these studies, 
we observed significantly increased LPC and LPA levels in the cerebro
spinal fluid (CSF) from day 1, which was consistent with CSF data from 
patients with LSCS [13]. We also explored the importance of the 
LPC/autotaxin/LPA axis as one of the main mechanisms in neuropathic 
pain using a rat model of LSCS [14,15].

In addition to LPA, other bioactive lipids, sphingosine 1-phosphate 
(S1P) and ceramide, reported to play versatile roles in cellular re
sponses. S1P is a sphingolipid involved in regulating various cellular 
responses such as growth, proliferation, migration, survival, and 
inflammation through the recruitment of immune cells. When secreted 
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to the extracellular milieu, S1P acts as an extracellular messenger by the 
activation of five specific G protein-coupled receptors (S1P1–S1P5) 
[16–18]. S1P is produced from sphingosine phosphorylation by sphin
gosine kinases (SphK) 1 and 2, which are found in most tissues, while its 
precursor sphingosine is produced from ceramide by a ceramidase. 
Ceramide plays a role in various cellular responses involved in cell cycle 
arrest and apoptotic cell death, being a central hub in sphingolipid 
metabolism. There are three pathways of ceramide synthesis: the de 

novo pathway, the sphingomyelinase (SMase) pathway, and the salvage 
pathway [19–21]. The de novo pathway is initiated in the endoplasmic 
reticulum by the action of serine palmitoyl transferase (SPT) using serine 
and Palmitoyl-CoA as a substrate, following the production of dihy
drosphingosine (dhSph) as an intermediate. Then N-acylation of dhSph 
is carried out by ceramide synthase (CERS), yielding dihydroceramide 
and ceramide is synthesized by the action of desaturases. SMase are 
enzymes responsible for generating ceramide and Phosphocholine by 
hydrolyzing sphingomyelin at the plasma membrane. In the salvage 
pathway, sphingosine produced by sphingolipid metabolism is con
verted to ceramide by the action of CERS again and reused. The SMase 
and salvage pathways are responsible for supplying ceramide, enabling 
prompt cellular signaling in response to various stimuli [22,23]. Finally, 
the ceramide produced by these pathways is rapidly metabolized and 
converted to sphingosine and S1P (Fig. 1).

Emerging evidence indicates that S1P and ceramide share potent 
inflammatory and nociceptive effects [24–26]. Both S1P and ceramide 
were reported to induce hyperalgesia when provided through intrader
mal injection [27,28], and their levels increased in the spinal cord of a 
rodent model of peripheral nerve injury, indicating that both are po
tential treatment targets for neuropathic pain [29–31]. To induce 
neuropathic pain, these studies used direct approach to the nerves, such 
as peripheral nerve ligation and chemical-induced peripheral nerve re
sponses. However, it remains unclear whether S1P or ceramide was 
involved in the LSCS model, which spinal cord were compressed from 
epidural space. In our study, we used an LSCS model similar to human 
CEC, which indirectly compresses the spinal cord and induces the 

List of abbreviations

CEC Cauda equina compression
CERS Ceramide synthase
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S1P sphingosine 1-phosphate
dhS1P dihydrosphingosine 1-phosphate
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Fig. 1. S1P and Ceramide synthesis and metabolic pathway 
Ceramide is central hub of sphingolipid metabolism. There is three ways to produce ceramide, one from sphingomyelin (SM) by the action of the sphingomyelinases 
(SMase), one is the de novo biosynthesis by the action of the serine palmitoyl transferase (SPT) using serine and Palmitoyl-CoA as a substrate, following the pro
duction of dihydrosphingosine (dhSph) as an intermediate.dhSph is acylated by the action of ceramide synthase (CERS) to produce dihydroceramide and finally, 
ceramide is synthesized by the action of desaturase. Another one is salvage pathway by which recycling of free sphingosine produced from the degradation of pre- 
formed sphingolipids by the action of CERS. Sphingosine is phosphorylated by the enzyme SphKs to produce S1P. S1P plays a various cellular function through its five 
specific G-protein coupled receptors, i.e. S1P1 and S1P3. Of the S1P receptors, S1P1, S1P2 and S1P3 are expressed in sensory neurons, where S1P1 and S1P3 have 
been reported to play important roles in regulating nociceptor function. S1P1 and S1P3 are also expressed in both microglia and astrocytes. S1P: sphingosine 1-phos
phate, SPPase: sphingosine phosphate phosphatase, SphKs: sphingosine kinases, CerS: ceramide synthase, SMS: SMase: sphingomyelinase SPT: serine palmitoyl 
transferase.
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reduced walking distance, i.e., neurogenic claudication.
To investigate the involvement of S1P and ceramide in LSCS, we 

analyzed the sphingolipid profiles of the spinal cord tissue and CSF using 
advanced lipidomics accompanied with LC-MS/MS and measured the 
expression of S1P receptors and sphingolipid-producing enzymes by 
qPCR in the spinal cord in the CEC model.

2. Methods

2.1. Animals

Adult female Sprague–Dawley rats (8–10 weeks old, 200–250 g) 
obtained from Japan SLC (Shizuoka, Japan) was used in this study. Rats 
were maintained in a 12 h light/12 h dark cycle with free access to food 
and water. Animal experiments were performed in compliance with the 
guidelines for the Care and Use of Laboratory Animals and were 
approved by the Ethics Committee for Animal Experiment of the Uni
versity of Tokyo (approval No. P15-100).

2.2. Surgical procedure

The CEC model was created after anesthesia with intraperitoneal 
pentobarbital injection (Kyoritsu Seiyaku, Tokyo, Japan) and isoflurane 
inhalation (Abbott, Illinois, USA). Animals were placed in the prone 
position and midline incision was made using a Leica M80 stereomi
croscope (Leica Microsystems, Buffalo Grove, IL, USA). After separation 
of the paraspinal muscles from the spinous processes at L3 to L5, two 
silicon blocks (King Works CO., Ltd., Osaka, Japan) were put in the 
epidural space at L3 and L5 levels. Following the suturing the incision, 
the rats were kept on a 37 ◦C heating mat for 1 h and returned to their 
cage. Samples were harvested from naïve, days 1,7, and 28 following 
surgeries. In this model, motor disfunction, a typical symptom of LSCS, 
was previously confirmed through rotarod behavior tests following a 
surgery [14]. Since there were no significant differences in lipids levels 
between the naïve control and sham groups in the previous study, the 
present analysis was limited to the naïve control group and CEC group 
[14].

2.3. Quantitative real-time polymerase chain reaction

Total RNA was extracted from spinal cord tissues of CEC models or 
naïve control using the GenElute mammalian total RNA minipump kit 
(Sigma Aldrich, St Louis County, Missouri, USA). Extracted total RNA 
was reverse transcribed using a Superscripts First-Strand Synthesis Sys
tem for RT-PCR (Roche Molecular Diagnostics, CA, USA). TaqMan qPCR 
was performed with TaqMan universal master mix using ABI7300 Real- 
Time PCR Instrument (Applied Biosystems) via the 2-ΔΔCt method. 
SphK1, SphK2, S1P1, S1P3, CERS, CERS2, and internal control 18s ri
bosomal primers and probes (TaqMan Gene Expression Assays) were 
obtained from Applied Biosystems (Rn00682794_g1, Rn01457923_g1, 
Rn02758712_s1, Rn02758880_s1, Rn01408085_s1, Rn00572952_s1, 
Rn01420078_m1, Rn01762797_g1 and HS99999901_s1). The samples 
were incubated for 10 min at 95 ◦C, followed by 40 cycles at 95 ◦C for 15 
s and 60 ◦C for 1 min. The target gene expression level was presented as 
a relative expression level to ribosomal 18s mRNA.

2.4. CSF collection for sphingolipid measurements

The CSF was obtained from the cisterna magna under a Leica M80 
stereomicroscopy (Leica Microsystems, Buffalo Grove, IL, USA), 
following a previously described method [14,15] with slight modifica
tions. The animals were positioned prone on a stereotaxic device (David 
Kopf instrument, Tujunga, California, USA) under the inhaled isoflurane 
anesthesia. Superficial muscles were separated with bipolar forceps and 
underlying muscle layers were meticulously separated to confirm the 
dura exposure. CSF was obtained using 30G 1/2 needles (Dentronics, 

Tokyo, Japan) attached to a 1-mL syringe. The acquired samples 
(50–120 μL) were labeled and stored at − 80 ◦C.

2.5. Measurement of sphingolipids and ceramides

Sphingolipids and ceramides were quantified using a previously 
described method with slight modification [32]. Homogenized spinal 
cord samples or CSF samples in PBS were mixed with 0.1 % formic acid 
in methanol (Wako Pure Chemical Industries, Japan) containing internal 
standards. For the internal standards, C17 S1P, C17 dihydro S1P, C17:1 
Sphingosine (Sph), C17:1 dihydrosphingosine (dhSph) and d18:1/17:0 
Ceramide (Avanti Polar Lipids, Alabama) at 1.0 ng/mL (final concen
tration) were added. After sonication, the samples were centrifuged at 
12,000 g for 10 min at 4 ◦C.The collected supernatants were subjected 
for LC-MS/MS analysis.

The LC-MS/MS analysis with multiple-reaction monitoring (MRM) 
was conducted using HPLC and LC-8060 combined with quantum triple- 
quadrupole mass spectrometer (SHIMADZU, Japan). Seven ceramide 
species (Cer d18:1/16:0, Cer d18:1/18:0, Cer d18:1/18:1, Cer d18:1/ 
20:0, Cer d18:1/22:0, Cer d18:1/24:0, Cer d18:1/24:1), dhSph, dhS1P, 
Sph and S1P were measured. Samples were separated on an InertSustain 
Swift C8 PEEK column (3 μm 150 × 2.1 mm, GL Science, Japan) with a 
gradient elution of solvent A (MilliQ water/0.3 % formic acid) and 
solvent B (acetonitrile/0.3 % formic acid) at temperature 45 ◦C. Sepa
ration of analytes was accomplished using a 12-min binary gradient. The 
proportion of solvent B was 40 % at first, linearly increased to 85 % over 
1 min, held at 85 % for 1–3 min, increased to 95 % for 3–5 min, and re- 
equilibrated at 40 % for 5–10 min. Compounds were measured in the 
electrospray ionization positive ion mode under the following analytical 
protocol: nebulizer gas flow set at 3.0 L/min, drying gas flow set at 8.0 
L/min, heating gas flow set at 8.0 L/min, interface temperature at 
100 ◦C, desolvation temperature at 150 ◦C, and heat block temperature 
at 250 ◦C. The data were analyzed using the Lab Solution software 
(SHIMADZU), with standard curves employed to calculate the area ratio 
(peak area of analyte/peak area of internal standard).

2.6. Statistical analysis

Data processing and analysis were performed using R statistical 
software version 3.3.1 (http://www.r-project.org) and GraphPad Prism 
8.0 software (GraphPad Software, San Diego, CA).

A paired t-test, one-way ANOVA, and mixed-effect analysis were 
used to analyze differences in mRNA levels of all measured markers and 
sphingolipids levels in CSF. The sphingolipids results are expressed as 
means and standard deviations. A P-value <0.05 was considered to 
indicate statistical significance.

3. Results

3.1. In the CEC model, S1P levels increased in the compressed part of the 
spinal cord

At each time point, sphingolipid concentrations were measured in 
the spinal cord tissue samples collected from the area compressed by the 
silicon block (Fig. 2A and B n = 4–6). The S1P level was significantly 
higher at day 28 than in the naïve group, and the sphingosine level 
increased transiently (Fig. 2A). Conversely, there were no significant 
differences in the levels of dhSph and dihydrosphingosine 1-phosphate 
(dhS1P) in the spinal cord samples (Fig. 2A). Among the detected cer
amide species, ceramide 24:1 was most abundant species in the 
epicenter spinal cord tissues. The level of Ceramide 24:1 tend to increase 
at day1 and significantly decreased at day7 and day 28 compared with 
the day1 group (Fig. 2 B).
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3.2. In the CEC model, S1P, ceramide 22:0, and ceramide 24:1 level was 
elevated in the CSF

Sphingolipids were measured in CSF samples obtained at a similar 
sampling time as the tissue samples (Fig. 3A and B n = 3–8). The S1P 
level gradually increased after surgery and reached a significantly high 
level at day 7 compared with the naïve group, returning to the same 
level as the naïve group by day 28 (Fig. 3A). The sphingosine level was 
significantly low throughout the study period in the CEC model 
(Fig. 3A), suggesting that sphingosine was consumed for S1P produc
tion. The ceramide 24:1 level increased 20-fold compared with the naïve 
group, with significant increases on days 1 and 7 compared to the naïve 
group. Similarly, ceramide 22:0 levels increased in CSF samples of CEC 

models throughout the study period, being significantly higher at day 1 
compared with the naïve group (Fig. 3B). There were no significant 
differences in dhSph and dhS1P levels in CSF samples (Fig. 3A).

3.3. In the CEC model, there was increased SphKs and CERS expression

We further studied the sphingolipid metabolic pathway to investi
gate the underlying enzymes contributing to the observed increase in 
S1P and ceramide levels (Fig. 1). Since motor dysfunction was induced 
by spinal cord compression, we exclusively used spinal cord tissue 
samples from the CEC model. First, we measured expression levels of 
SphK1 and SphK2 at days 1, 7, and 28 after the surgery and compared 
them to the naïve group (Fig. 4A and B n = 3–6). SphK1 expression in the 

Fig. 2. Quantitative analysis of changes in sphingolipid and ceramide levels over time in the spinal cord tissue subjected to spinal cord compression. Quantitative 
measurements of A) four sphingolipids (dhSph, dhS1P, Sph, and S1P) and B) six ceramides (Cer16:0, Cer18:0, Cer20:0, Cer22:0, Cer24:0, and Cer24:1) in the spinal 
cord of naïve rats and rats subjected to silicone compression for 1, 7, and 28 days. n = 4–6. A significant increase in S1P was observed on day 28 compared with the 
naïve controls. Conversely, the Cer24:1 level tends to increase on day1 and significantly decreased on days 7 and 28 compared to day 1. Statistical analyses were 
conducted using two-way ANOVA followed by Tukey’s multiple comparison test. P < 0.05*, <0.0001****.
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CEC model increased significantly from day 1 and remained consistently 
high until day 28 (Fig. 4A). Similarly, SphK2 expression gradually 
increased, with significant changes detected from day 7 (Fig. 4B).

Based on the significant increase in the ceramide level, we measured 
the levels of CERS as described in Figure 1. CERS has six family members 
that differ based on the synthesized ceramide acyl chain lengths. Of 
these, CERS1 is commonly and CERS2 is moderately expressed in 
neuronal system [33]. Based on this, we measured CERS1 and CERS2 
expression in the CEC model’s tissues (Fig. 4C and D n = 4–10). CERS1 
expression significantly increased on days 1 and 28; however, CERS2 
expression remained unchanged. It was expected that ceramide syn
thesis, especially through CERS1, increased following the spinal cord 
compression.

3.4. S1PR1 and S1PR3 upregulation in the spinal cord in the CEC model

S1P released to the extracellular milieu initiates signaling through a 

family of five cognate G protein-coupled receptors (S1PR1-5) facilitating 
various cellular responses [34,35]. We next measured S1P1 and S1P3 
expression in the spinal cord of the CEC model. S1P1 and S1P3 are the 
predominant subtypes in astrocytes and microglia, and their levels in
crease following glial cell activation [36]. We found that S1P1 and S1P3 
levels increased in the epicenter spinal cord tissue (Fig. 5A and B n =
3–6).

It was suggested that S1P could act through its receptors S1P1 and 
S1P3 and enhance the activation of microglia and astrocytes following 
spinal cord compression.

4. Discussion

In this study, we analyzed sphingolipid profile of spinal cord tissue 
and CSF by using advanced lipidomics combined with LC-MS/MS and 
mRNA expression levels of sphingolipid-related factors in the CEC 
model. There was a significant increase ceramide levels in the CSF with 

Fig. 3. Quantitative analysis of changes in sphingolipid and ceramide levels in cerebrospinal fluid (CSF) subjected to spinal cord compression over time. Quantitative 
measurements of A) four sphingolipids (dhSph, dhS1P, Sph, and S1P) and B) six ceramides (Cer16:0, Cer18:0, Cer18:1, Cer20:0, Cer22:0, and Cer24:1) in the CSF of 
naïve rats and rats subjected to spinal cord compression for 1, 7, and 28 days. A significant decrease in Sph was observed on days 1 and 28 compared to the naïve 
controls. S1P also increased significantly after 7 days. Cer22:0 levels increased on day1, and the Cer24:1 level significantly increased on days 1 and 7 compared to 
naïve. n = 3–8. Statistical analyses were conducted using two-way ANOVA followed by Tukey’s multiple comparison test. P < 0.05*, <0.0001****.
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upregulation of CERS1 in the spinal cord tissue samples on day 1. 
Additionally, S1P levels in the CSF significantly increased on day 7, and 
there was upregulation of SphK1 on days 1,7, and 28, while SphK2 on 
days 7 and 28. Regarding S1P receptors, there was an increase in mRNA 

expression levels of S1P1 on days 1,7, and 28 and S1P3 on day1. These 
results suggest that ceramide and S1P produced in the spinal cord tissues 
were potently involved in the mechanism of LSCS.

S1P has been shown to play a potent role in neuropathic pain through 

Fig. 4. mRNA expression of various sphingosine kinases (SphKs) and ceramide synthase (CERS) in the spinal cord after spinal cord compression. Quantitative PCR 
analysis revealed A) a significant increase in SphK1 mRNA expression throughout the experimental period (days 1, 7, and 28). B) significant upregulation of SphK2 
mRNA expression at days 7 and 28, C) and of CERS1 mRNA expression at 1- and 28-days post-suegery. Conversely, D) CERS2 mRNA levels did not differ from the 
controls. A) B) n = 3–6. C)D) n = 4–10. Statistical analyses were conducted using one-way ANOVA followed by Tukey’s multiple comparison test. P < 0.05*, 
<0.01**, <0.001***, <0.0001****.

Fig. 5. mRNA expression of the G-protein-coupled receptor for S1P (S1P1, S1P3) in the spinal cord after spinal cord compression. Quantitative PCR analysis revealed 
A) a significant increase in S1P1 mRNA expression throughout the experimental period (days 1, 7, and 28) and B) significant upregulation of S1P3 mRNA expression 
at day 1. n = 3–6. Statistical analyses were conducted using one-way ANOVA followed by Tukey’s multiple comparison test. P < 0.05*, <0.001***.
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its specific receptors, especially S1P1. S1P and S1P1 signaling has been 
involved in the regulation of pain pathways, its dysregulation can 
contribute to the development and maintenance of neuropathic pain 
[37,38]. Chen et al. reported that the S1P level in the spinal cord 
increased after nerve injury and during neuropathic pain attenuation by 
S1P1 antagonists, revealing that S1P–S1P1 signaling has an important 
role in neuropathic pain [30]. Similarly, our findings showed increased 
S1P levels in the CSF and epicenter of the spinal cord tissue samples 
along with consistently increased S1P1 expression in the spinal cord 
tissue samples of the CEC model (Figs. 2A, 3A and 5A). In addition to 
S1P1, S1P3 expression increased in this model, suggesting the involve
ment of S1P–S1P3 signaling in neuropathic pain. S1P1 and S1P3 are the 
most abundant receptor subtypes expressed in microglia and astrocytes, 
and their expression increases in response to glial activation, resulting in 
the release of interleukin-1 β and enhancing the neuroinflammatory 
responses [36]. In our previous work, we observed significantly 
increased presence of CD11b-positive microglial cells in the dorsal horn 
of the spinal cord in this CEC model [14]. We speculate that increased 
S1P production due to SphKs activation triggers signaling through S1P1 
and S1P3 receptors on microglia, releasing various inflammatory cyto
kines and mediators from microglia and potentially driving neuro
inflammation and hypersensitivity. Previously, S1P3 was shown to be 
highly expressed on cultured astrocytes and S1P induce inflammatory 
responses through S1P3 in astrocytes [39]. Despite the unclear 
involvement of astrocytes in this model, proof of astrocyte activation by 
evaluating the expression of Glial fibrillary acidic protein, one of the 
astrocyte markers, is expected in the future. Another study reported that 
S1P and its receptor, S1P1 play a role in the migration of neural stem 
cells toward the site of spinal cord injury and may contribute to damage 
repairing following spinal cord injury [40]. They confirmed that S1P 
concentration increased at the site of spinal cord injury in which 
microglia were accumulated. Additionally, S1P enhance the viability, 
and differentiation of neural stem cells through its receptor S1P1, 
indicating that S1P may be an important neuroprotective factor released 
from microglia. [40,41]. There are various studies, which employed the 
S1P1 agonist FTY720 to attenuate glial cell death and demyelination in 
vitro and ex vivo Multiple Sclerosis models and enhance remyelination 
[42–45]. Thus, S1P–S1P1 signaling not only increases the neuro
inflammation through the activation of microglia but also play a po
tential role in repairing the damage. Detailed evaluations at each time 
point are needed to determine whether elevated S1P levels are linked to 
neuroprotective or neurotoxic effects. By evaluating when the S1P/S1P1 
axis is tilting towards a balance between neuroinflammation and neu
roprotection, it may provide a new therapeutic approach tailored to the 
progression of LSCS.

In addition to S1P, our findings strongly suggest the involvement of 
ceramide in LSCS as evidenced by the significant changes in ceramide 
levels observed in the CEC model (Figs. 2B and 3B). A significant in
crease in C24:1 and C22:0 ceramide levels were observed in the CSF 
samples. Long acyl chain ceramides comprise >80 % of the total cer
amide content in the spinal cord [8]. Our results suggest that C24:1 
ceramide and C22:0 ceramide, which are originally abundant in the 
spinal cord tissue, increased in the epicenter of the spinal cord tissue of 
the CEC model and leaked into the CSF. Moreover, our results of increase 
of CERS expression suggest acceleration of the pathway of ceramide 
synthesis in the spinal cord.CERS is a key enzyme to produce ceramide 
from dhSph or reproduce ceramide from sphingosine [21,23,46].The 
synthesis of the ceramide with very long acyl chains is known to be 
synthesized by CERS2 [46,47]. We observed an increase in CERS1 
expression, which mainly uses C18-CoA, but not of CERS2, which 
mainly uses C24-CoA and C22-CoA in the epicenter of the spinal cord. It 
has been also shown that C24:1 and C22:0 Sphingomyelin account for 
>50 % of the sphingomyelin in the spinal cord tissue [8]. Considering 
that the species of sphingomyelin with very long acyl chains are 
contributing to an increase in ceramides with very long acyl chains, 
there is a possibility that C24:1 and C22:0 ceramide produced through 

the SMase pathway, i.e., sphingomyelin degradation, is increased in this 
CEC model. SMase are activated by stress stimuli and inflammatory 
cytokines, and degraded ceramide by SMase is rapidly metabolized to 
sphingosine, which is then converted to S1P [19–21,23]. The increased 
ceramide level through the SMase pathway might be responsible for the 
increase in S1P in this CEC model. We speculate that in addition to the 
SMase pathway, the ceramide production pathway, i.e., salvage 
pathway also works simultaneously to regulate the amount of ceramide 
in this model. To ascertain whether the SMase pathway is the major 
ceramide synthesis pathway in the CEC model, further studies that 
confirm the activation of SMase and ceramidase in the epicenter of the 
spinal cord and precise lipid analysis of sphingomyelin species will be 
needed. It was reported that intrathecal injection of the neutral-SMase 
inhibitor GW4869 reduces microglial activation and tactile allodynia 
[29]. Enzymes in the ceramide synthesis pathway could be strong tar
gets for ameliorating the symptoms of neuropathic pain in the CEC 
model. Whereas another possible reason for the increase in ceramide 
levels in CSF might be the effect of change in sphingolipid metabolism in 
ependymal cells following spinal compression, and further research at 
the cellular level is also needed.

While ceramides with a C18 acyl chain have been related to 
apoptosis induction [48,49], there are few studies on the specific func
tions of ceramide species with different acyl chain lengths. Ceramide has 
also been noticed as a potential bioactive lipid involved in the devel
opment of various pain stimuli [24,26]. Intradermal injection of cer
amide into rat hind paw induces hyperalgesia [28,50,51], and 
intrathecal injection of the CERS inhibitor attenuated the neuropathic 
pain induced by partial sciatic nerve ligation [29]. Ceramide activates 
primary microglial cells [52,53]. Ceramide and S1P cause the activation 
of microglia, which may contribute to subsequent inflammatory medi
ator release and central sensitization in the spinal cord. Moreover, cer
amide has been reported to facilitate Tetrodotoxin -resistant sodium 
current in cultured rat sensory neurons [54]. Although most experi
mental studies have used ceramide with a C18 acyl chain, ceramide with 
a very long acyl chain has not been studied. Further studies need to focus 
on clarifying whether ceramides with long acyl chains are involved in 
neuroinflammation and the underlying mechanisms of neuropathic 
pain.

A noteworthy result of this study is that an increase in S1P and 
ceramide was observed in the CSF of a LSCS model. No change in 
sphingolipids was observed in the plasma (data not shown). Sphingoli
pids detected in the CSF may reflect the severity of the disease and the 
effectiveness of treatment as a potent new biomarker. To support this 
observation, it will be necessary to analyze CSF data from patients with 
LSCS in the future. Further precise lipid analysis of sphingolipids and 
altered expression of metabolite-producing enzymes will lead to new 
therapeutic strategies for LSCS.

5. Conclusion

In CEC rats, we observed increased S1P and ceramide levels in the 
CSF and increased SphKs, S1P1, S1P3, and CERS expression in the spinal 
cord tissue. Our results suggest that S1P and ceramides may play a 
crucial role in the pathophysiology of neuropathic pain and contribute 
to the development of new management strategies for CEC with 
neuropathic pain.
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