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Abstract. Studies have shown that the cerebrospinal 
fluid‑contacting nucleus (CSF‑CN) may be associated with 
the transduction and regulation of pain signals. However, 
the role of the CSF‑CN remains to be elucidated. Emerging 
evidence has suggested that neurokinin 1 receptor (NK1R) is 
important in the development of visceral pain and hyperal-
gesia, however, whether NK1R exists in the CSF‑CN and its 
exact role in visceral pain remain to be fully elucidated. In the 
present study, double‑labeled immunofluorescence staining 
and western blot analysis were performed to investigate this. 
It was revealed that NK1R was distributed in the CSF‑CN. 
Following the induction of visceral pain by formalin instilla-
tion, NK1R in the CSF‑CN was upregulated. In addition, by 
observing the behaviors of rats subjected to visceral pain, it 
was found that visceral pain was relieved by lateral intracer-
broventricular injection of the NK1R antagonist, RP67580. 
These data provided a broader understanding of the role of 
NK1R in the CSF‑CN and demonstrated that the CSF‑CN 
was involved in acute visceral pain via the regulation of 
NK1R.

Introduction

Visceral pain refers to a type of pain, which occurs following 
noxious stimulation surrounding internal organs. Accompanied 
by ambiguous location and internal organ cramps, it causes 
severe pain and causes muscle pain in referred areas, which 
affects the quality of life of patients and substantially 
increases medical treatment burden. At present, how visceral 
pain occurs and the pathway of visceral noxious information 
transmission remain to be fully elucidated due to limitations in 
experimental techniques (1‑4).

Substance P (SP), first identified in 1931, is a type of 
neurokinin. It is well documented that SP is an excitatory 
neurotransmitter released by the first stage of peripheral noci-
ceptive afferent fibers and is involved in pain transmission. As 
its specific receptor, neurokinin 1 receptor (NK1R) has been 
demonstrated to be important in the development of pain and 
hyperalgesia. However, how NK1R functions when visceral 
pain occurs remains to be elucidated (5,6). The cerebrospinal 
fluid (CSF)‑contacting nucleus (CSF‑CN), the neurons of 
which contact the internal CSF, was first identified and named 
at the Jiangsu Province Key Laboratory of Anesthesiology, 
Xuzhou Medical College (Xuzhou, China). Using cholera 
toxin B subunit conjugated to peroxidase (CB‑HRP), CSF‑CN 
was successfully labeled and distributed in the ventral peri-
aqueductal central gray matter of the brainstem (7,8). The 
CSF‑CN is unique owing to its specific structure. The cell 
bodies of these neurons are in the brain parenchyma, whereas 
their projections are in contact with the CSF (9,10). Previous 
studies have demonstrated that there are subtle changes in 
the chemical composition of CSF when pain occurs (11,12). 
Considering the specific structure of the CSF‑CN, the 
present study hypothesized that the CSF and the CSF‑CN 
have certain indivisible connections. Evidence from previous 
studies has supported this hypothesis, and suggested that the 
CSF‑CN is involved in the transduction and regulation of pain 
signals (13,14). However, the role of CSF‑CN remains to be 
fully elucidated. The present study aimed to investigate the 
possible functions of NK1R within the CSF‑CN under condi-
tions of visceral pain in order to provide a feasible solution for 
the clinical treatment of visceral pain.

Materials and methods

Animals. All experiments were performed according to the 
regulations of The Committee for the Ethical Use of Laboratory 
Animal of Xuzhou Medical College. Male Sprague‑Dawley 
rats provided by the Experimental Animal Center of Xuzhou 
Medical College (license number, SYXK 2002‑0038) were 
8‑9 weeks old and weighed 250‑300 g. The rats were randomly 
assigned into three groups, each containing six animals. The 
rats in the visceral pain group were subjected to lower colon 
instillation of 5% formalin; in the sham group, rats received 
instillation of saline; in the RP67580 group, a specific NK1R 
antagonist was injected into the lateral ventricle (LV) of 
rats 24 h prior to visceral pain induction. All animals were 
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placed in separate rooms, in which conditions and light were 
controlled (23±1˚C; 12/12 h dark/light cycle with light on at 
8:00 a.m.), and food and water were available ad libitum.

Formalin instillation. In the animal experiments, visceral 
pain was induced by rectal infusion with dilute formalin. 
In order to allow the rats to regain consciousness as soon as 
possible, a small quantity of halothane (induction at 3%, then 
1.5% in a mixture of 2:3 nitrous oxide and 1:3 oxygen) was 
used. While under anesthesia, the animal was suspended by 
its tail (<5 min). Subsequently, a polyethylene tube, which 
was wrapped in surgical tape at ~30 mm from the edge, was 
inserted through the anus. A 5% formalin solution or saline 
(100  µl) was injected through the tube slowly to prevent 
leakage (15).

Visceral pain behavior score assessment. All animals were 
placed in separate observation boxes for adaptation 30 min prior 
to the behavioral assessments. On regaining consciousness, the 
rats were observed for 3 h to record pain‑associated behaviors. 
The visceral pain‑associated behaviors included licking of the 
abdomen (A), back stretching (B), contraction of flanks (C), 
and contraction of whole body (D). Based on the duration of 
the contraction, the contraction of the whole body was divided 
into three levels of <30 sec (W1), 30‑60 sec (W2) and >1 min 
(W3). Using the following formula, the visceral pain score 
(PS) was calculated: PS=L+2B+3C+4W1+5W2+6W3 (16).

Nociceptive assessment. The animals were placed in 
grid‑bottomed cages for 30  min for adaption prior to the 
evaluation of allodynia. Subsequently, to determine the 
hyperalgesia of the referred area, von Frey hairs (VFHs; 
Semmes‑Weinstein Monofilaments, North Coast Medical, Inc., 
San Jose, CA, USA) were used. On stimulation of the abdomen 
with increasing force (0.16, 0.4, 0.6, 1, 1.4, 2, 4, 6, 8, 10 and 
15 g), the rats showed withdrawal responses, which included 
sharp abdominal retraction, licking or scratching the site of 
application of the hair and jumping with all four paws off the 
floor (17). Each VFH test lasted for 6 sec, or until a withdrawal 
response was observed. Once a withdrawal reaction occurred, 
the next descending force of VFH was applied to retest the 
area where the former VFH was placed until no response was 
detected. The minimum force was recorded as the abdomen 
withdrawal threshold in grams. If the result of allodynia was 
≤2 g VFH, it was considered innocuous to the rats.

Drugs administration. The animals were anesthetized with 
sodium pentobarbital (40 mg/kg, i.p.). When immobilized 
in stereotaxic instrument, the rat was injected with 3 µl of 
30% CB‑HRP (Sigma‑Aldrich; Merck KGaA, Darmstadt, 
Germany) into the LV according to stereotaxic coordinates 
(Brega, ‑1.2±0.4 mm; depth, 3.2±0.4 mm; right to median 
sagittal plane, 1.4±0.2 mm) 48 h prior to the behavioral assess-
ments. The NK1R antagonist, RP67580 (Tocris Biosciences, 
Bristol, United Kingdom) was dissolved in dimethyl sulfoxide, 
and 100 pmol was injected into the LV of rats in the RP67580 
group 24 h prior to the behavioral assessments.

Immunohistochemistry and imaging. Following the intracer-
broventricular injections, the rats were administered with the 

formalin instillation and visceral pain behavioral assessments 
were performed. Subsequently, the rats were deeply anesthe-
tized by injection of pentobarbital sodium (50 mg/kg, i.p.) and 
then successively perfused with 150 ml of phosphate buffered 
saline (PBS; 0.01  M; pH 7.4) and 4% paraformaldehyde. 
Following isolation and overnight fixation, the brainstem was 
immersed in 30% sucrose solution for 2 days. On a cryostat 
microtome (Leica CM1900; Leica Microsystems GmbH, 
Wetzlar, Germany), all tissues were successively cut into 35 µm 
slices in the transverse plane. The sections were then incubated 
in donkey serum (1:100 dilution; cat. no. 566460; Merck KGaA) 
for 1 h at 37˚C, following which the sections were treated with 
goat anti‑CB (1:400 dilution; cat. no. 227040; Merck KGaA) 
and anti‑rabbit NK1R (1:100 dilution; cat. no. BA3678; Wuhan 
Boster Biological Technology Ltd., Wuhan, China). Following 
reaction with goat anti‑IgG coupled to Alexa 546 (1:400 dilu-
tion; cat no. A11056; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) and rabbit anti‑IgG coupled to Alexa 488 (1:400 
dilution; cat. no. A21206; Thermo Fisher Scientific, Inc.), the 
slices were thoroughly rinsed three times with 0.01 mol/ml 
PBS at the end of each step. The tissue sections were transferred 
onto slides and allowed to air dry, prior to sealing with glycerol. 
Finally, ultrathin sections (75x25x1 mm) were prepared and 
examined under a laser‑scanning confocal microscope (TCS 
SP2; Leica Microsystems). Using Image‑Pro Plus (version 6.0; 
Media Cybernetics, Inc., Rockville, MD, USA), images were 
captured, cropped and adjusted.

Western blot analysis. Following the behavior assessments, the 
rats were sacrificed and the CSF‑CN region of rat brain was 
removed and stored at ‑80˚C. The tissues were homogenized 
by an electric homogenizer for 20 sec at room temperature. 
Following centrifugation at 13,523 x g for 15 min at 4˚C, 
supernatant collection and denaturation, the lysates were 
electrophoresed on 8% SDS‑polyacrylamide gel. According 
to the analysis, the semi‑dry western blot transfer method 
was used, and the polyvinylidene difluoride membranes were 
blocked with 5% skim milk for 1 h at room temperature. 
The membranes were then incubated with anti‑rabbit NK1R 
(1:500 dilution; cat. no. BA3678; Wuhan Boster Biological 
Technology Ltd.) and anti‑rabbit GAPDH (1:5,000 dilution; 
cat. no. sc‑25778; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA) at 4˚C overnight. The membranes were washed with 
TBS‑Tween 3 times and incubated with secondary anti‑rabbit 
IgG antibody (1:1,000 dilution; cat. no. A0545; Sigma‑Aldrich; 
Merck KGaA) for 2 h at room temperature. The densities of 
the bands were analyzed using ImageJ software (version 1.47; 
National Institutes of Health, Bethesda, MD, USA).

Statistical analysis and image analysis. Quantitative immu-
nohistochemistry was used to assess the expression of NK1R 
in the CSF‑CN. Image analysis software (Image‑Pro Plus 
Version 6.0; Media Cybernetics, Inc.) was used for digital 
image analysis. On examination of every tissue section, details 
were recorded on the number, area and density of immunore-
active cells. Dual labeling of neurons with CB‑HRP/NK1R 
enabled counting via a yellow fluorescence reaction, with 
areas between 40 and 1,000 µm2. Data are expressed as the 
mean ± standard deviation and were imported into Microsoft 
Excel 2003 (Microsoft Corporation, Redmond, WA, USA). 
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Using SPSS v.13.0 (SPSS, Inc., Chicago, IL, USA), all data 
were analyzed using one‑way analysis of variance or Student's 
t‑test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

Behavior in formalin‑induced visceral pain. Prior to surgery, 
the PS of visceral pain behavior at baseline was determined in 
untreated rats, which was 0.8±0.7. Following formalin instil-
lation, a series of discrete behavioral episodes were observed, 
including licking of the upper abdomen, stretching of the whole 
body and arching of the back against the floor. Compared with 
the PS of rats in the sham group, the PS of rats in the visceral 
pain group presented with a typical biphasic time course. The 
first peak occurred at ~15 min post‑instillation (PS=87.8±5.4), 
which was 15 times higher, compared with that in the saline 
instillation group (P<0.05). The second PS peak occurred at 
60 min post‑instillation (PS=36.7±3.3), which was 12 times 
higher, compared with that of the sham group (P<0.05). The 
PS of the RP67580 group was significantly decreased at 
60 min post‑formalin instillation, compared with that of the 
visceral pain group (P<0.05; Fig. 1A).

Mechanical allodynia in rats following formalin instillation. 
In the present study, the von Frey assessment was used to 
measure the abdomen withdrawal threshold. The values of 
the abdomen withdrawal threshold in rats of the visceral pain 
group were significantly lower 60 min post‑formalin instil-
lation, compared with that of the sham group (P<0.05). The 
values were significantly upregulated in rats pretreated with 
RP67580 (P<0.05; Fig. 1B).

Immunohistochemical analysis of NK1R in the CSF‑CN of 
rats following formalin instillation. The CSF‑CN was first 
identified by injecting CB‑HRP, as a fluorescent tracer, into 
the LV of the rats, which was used as a reliable method to 
label CSF‑CN. As shown in the images in Fig. 2, the neurons 
labeled by CB‑HRP were predominantly located around the 
midline of the aqueduct midbrain and ventral periaqueductal 
gray matter of the brainstem. In order to determine whether 
the CSF‑CN expressed NK1R, a double‑labeled immuno-
fluorescence technique was used. The results indicated that 
NK1R‑immunoreactive neurons (green) were distributed in 
the CSF‑CN. The total CSF‑CN sample of the visceral pain 
group did not differ from that of the sham group (P>0.05). The 
number of simple labeled NK1R‑containing neurons counted 
in the visceral pain group was significantly higher, compared 
with that in the sham group (P<0.05). Compared with the sham 
group, then number of dual‑labeled CB‑HRP/NK1R neurons 
counted in the visceral group was significantly upregulated 
(P<0.05; Fig. 2; Table I).

Western blot analysis of NK1R in the CSF‑CN of rats experi‑
encing visceral pain. Based on the above‑mentioned findings, 
the present study investigated the role of NK1R in visceral 
pain. Western blot analysis was used to examine the protein 
expression levels of NK1R, the result of which indicated that 
NK1R was upregulated 60 min following formalin instillation, 
compared with that of the sham group (P<0.05).

Following LV injection of RP67580, the rats experienced 
significant relief from pain on formalin instillation, which 

Figure 1. PS time course and abdomen withdrawal threshold assessment. 
(A) Time course of PS in animals in response to formalin instillation or 
saline instillation (sham). The PS of rats in the visceral pain group was 
higher, compared with that of rats in thesham group at all time points. At 
60 min post‑formalin instillation, the PS of rats pretreated with RP67580 was 
decreased, compared with that of rats in visceral paingroup. (B) Abdomen 
withdrawal thresholds in rats at 60 min following formalin or saline instil-
lation. The abdomen withdrawal threshold of the visceral pain group was 
significantly decreased, compared with that of the sham group. However, that 
of the RP67580 group was significantly upregulated. *P<0.05 vs. sham group; 
#P<0.05 vs. visceral pain group. PS, pain score.

Figure 2. Dual labeling of neurons using CB‑HRP/NK1R fluorescent immu-
nohistochemistry. Images showing labeling of neurons in (A) rats in the sham 
group and (B) rats in the visceral pain group. NK1R, neurokinin 1 receptor; 
CB‑HRP, cholera toxin B subunit conjugated to peroxidase.

https://www.spandidos-publications.com/10.3892/mmr.2017.6499
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suggested that NK1R in the CSF‑CN may be associated with 
the alleviation of visceral pain. Western blot analysis was 
performed to observe the expression of NK1R 24 h following 
the injection of RP67580. Compared with the rats in the 
visceral pain group, there was a significant downregulation 
in the expression of NK1 in the rats pretreated with RP67580 
(P<0.05; Fig. 3).

Discussion

In previous studies, acute colitis has been used as a model to 
simulate visceral pain of pelvis organs, including the lower 
colon, rectum and bladder (16,17). Through the rectal infusion 

of formalin, inflammatory pain can be successfully simulated 
in regions of regions of the pelvic organs (18). In the present 
study, this method was used to induce visceral pain. The results 
showed that the visceral pain behavior scores of rats in the 
visceral pain group were significantly increased at each time 
point, compared with those of rats in the sham group, which 
suggested establishment of the visceral pain model had been 
successful. The present study demonstrated that the intestinal 
perfusion of formalin mediated a biphasic reaction of visceral 
pain, which was similar to the reaction of formalin‑induced 
somatic pain (19). The specific mechanism underlying this 
biphasic pain remains to be fully elucidated and requires 
further investigation.

Our previous investigations demonstrated that the CSF‑CN 
participated in the transmission of information within the brain, 
with chemical messages transferred in a cell‑to‑cell manner 
or in the CSF (20). It has been found that the neurons of the 
CSF‑CN have a specific cell structure, with cell bodies located 
within the brain parenchyma and projections extending into 
the CSF through ependymal barriers (7). In addition, signal 
transmission by the CSF‑CN may affect the composition of 
the CSF, which may lead to neuromodulation or neuroendo-
crinal regulation (21).

NK1R is a G protein‑coupled receptor, which can specifi-
cally combine with SP. It has been well documented that SP 
is involved in the pain regulation process (6). Several studies 
have suggested that CSF‑CN is involved in the transmission 
of pain signals by the expression of SP, transient receptor 
potential cation channel, subfamily C, member 6 and extra-
cellular‑signal‑regulated kinase 5 (10,22,23). In the present 
study, using a double‑labeled immunofluorescent technique, 
it was observed that NK1R was expressed in the CSF‑CN 
when visceral pain occurred, and that there were alterations 
in the PS and abdomen withdrawal threshold in rats exposed 
to formalin instillation, compared with those of naive rats. 
To assess the involvement of NK1R of the CSF‑CN in the 
behavioral nociceptive symptoms due to visceral inflam-
mation and to semi‑quantitatively analyze variations in the 
expression ofNK1R in visceral pain, western blot analysis 
was used. The results showed that, at 60 min post‑formalin 
instillation, when the second phase of visceral pain occurred, 
the protein expression level of NK1R within the CSF‑CN 
was upregulated. In addition, RP67580, a specific NK1R 
antagonist, significantly alleviated visceral pain in rats and 
reduced the expression of NK1R, suggesting that the upregu-
lation of NK1R may be crucial in the process of establishing 
inflammation‑induced visceral pain. Based on these findings, 
it was hypothesized that NK1R was involved within the 
CSF‑CN in visceral pain.

Previous clinical and experimental studies have confirmed 
the presence of NK1R on postsynaptic dorsal column 
(PSDC) neurons in inflammation of the colon. These find-
ings may explain why DC lesions can relieve visceral pain 
in patients (16). Studies on NK1R gene‑deficient mice have 
shown that NK1R can mediate the central nociceptive and 
peripheral inflammatory response. It can cause neurogenic 
inflammation and regulate the peripheral inflammatory 
responses to noxious stimuli  (24). Evidence has suggested 
that the perception of visceral pain may be completed by an 
ascending excitatory pathway in the DC, particularly under 

Figure 3. Protein expression of NK1R in the CSF‑CN. (A) Blots showing 
the protein expression of NK1R in the CSF‑CN. (B) Results of western blot 
analysis for NK1R protein in the CSF‑CN. In the visceral pain group, the 
protein expression of NK1R in the CSF‑CN was higher, compared with 
that of the sham group. The protein expression of NK1R in the CSF‑CN of 
rats pretreated with RP67580 was lower, compared with that of the visceral 
pain group. *P<0.05 vs. sham group; #P<0.05 vs. visceral pain group. NK1R, 
neurokinin 1 receptor; CSF‑CN, cerebrospinal fluid‑contacting nucleus;  
S, sham; VP, visceral pain.

Table I. Expression of CB‑HRP, NK1R and CB‑HRP/NK1R in 
the sham group and visceral pain group.

Group	 CB‑HRP	 NK1R	 CB‑HRP/NK1R

Sham	 398±16	 114±7	  70±3
Visceral pain	 407±12	 604±12a	 353±7a

CB‑HRP is indicative of cerebrospinal fluid‑contacting nucleus. Data 
are presented as the mean  ±  standard deviation. aP<0.05. NK1R, 
neurokinin 1 receptor; CB‑HRP, cholera toxin B subunit conjugated 
to peroxidase.
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the conditions of peripheral inflammation. There is increasing 
evidence that this pathway may contain an amplification 
loop, which enhances the responsiveness of spinal cord 
neurons through a descending facilitatory pathway, possibly 
originating in the rostroventral medulla. PSDC and other 
projection neurons may be affected by this amplification loop 
and lead to potentiation (25). AsNK1R is expressed in PSDC 
neurons under conditions of visceral pain, PSDC neurons may 
be involved in the amplification mechanism mediated by the 
NK1R. NK1R may regulate visceral pain through the transfer 
of information between the brain parenchyma and CSF, or 
be involved in the DC pathway via its expression in PSDC 
neurons. Additionally, the results of the present study showed 
that the visceral pain was not completely relieved following 
pre‑injection of RP67580, which suggested that there may be 
other mechanisms for regulating visceral pain. A substantial 
number of neurons of the CSF‑CN did not express NK1R, and 
other neurotransmitters or signaling pathways may affect the 
regulation of visceral pain.

In conclusion, the present study provided novel evidence 
that NK1R was expressed in the CSF‑CN, and that NK1R 
within the CSF‑CN may be involved in the regulation of 
visceral pain. However, the way in which NK1R in the CSF‑CN 
affects the regulation of visceral pain remains to be elucidated 
in future investigations.
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