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Background: Cross-sensitization of pelvic organs is one theory for why symptoms of gut 
sickness and interstitial cystitis/bladder pain syndrome overlap. Experimental colitis has been 
shown to trigger bladder hyperactivity and hyperalgesia in rats. The chemokine receptor 
CXCR4 plays a key role in bladder function and central sensitization. We aim to study the 
role of CXCR4 and its inhibitor AMD3100 in colon-bladder cross-organ sensitization.
Methods: The colitis model was established by rectal infusion of trinitrobenzene sulfonic 
acid. Western blot and immunofluorescence were used to assess the expression and distribu-
tion of CXCR4. Intrathecal injection of AMD3100 (a CXCR4 inhibitor) and PD98059 (an 
ERK inhibitor) were used to inhibit CXCR4 and downstream extracellular signal-regulated 
kinase (ERK) in the spinal cord and dorsal root ganglion (DRG). Intravesical perfusion of 
resiniferatoxin was performed to measure the pain behavior counts of rats, and continuous 
cystometry was performed to evaluate bladder voiding function.
Results: Compared to the control group, CXCR4 was expressed more in bladder mucosa 
and colon mucosa, L6-S1 dorsal root ganglion (DRG), and the corresponding segment of the 
spinal dorsal horn (SDH) in rats with colitis. Moreover, intrathecal injection of the 
AMD3100 suppressed bladder overactivity, bladder hyperalgesia, and mastocytosis symp-
toms caused by colitis. Furthermore, AMD3100 effectively inhibited ERK activation in the 
spinal cord induced by experimental colitis. Finally, treatment with PD98059 alleviated 
bladder overactivity and hyperalgesia caused by colitis.
Conclusion: Increased CXCR4 in the DRG and SDH contributes to colon inflammation- 
induced bladder overactivity and hyperalgesia partly via the phosphorylation of spinal ERK. 
Treatment targeting the CXCR4/ERK pathway might provide a potential new approach for 
the comorbidity between the digestive system and the urinary system.
Keywords: pain, visceral hypersensitivity, sensory afferents, urgency, colitis, ERK

Introduction
Interstitial cystitis/bladder pain syndrome (IC/BPS) is an etiologically unclear 
chronic pain condition characterized by bladder-related pain and discomfort, 
troubled frequent urination, and nocturia.1 Growing evidence shows that chronic 
bladder dysfunction represented by IC/BPS is closely related to gut diseases.2,3 

Gut diseases are ten to one hundred times more frequent in IC/BPS patients 
compared to the general population.4 Similarly, as reported in a recent long-term 
cohort study, patients diagnosed with irritable bowel syndrome (IBS) are more 
likely to have IC/BPS.5
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The “cross-organ sensitization” hypothesis is currently 
a widely accepted hypothesis to describe and explain the 
common pathogenesis of abnormal urination diseases and 
intestinal diseases.2 The part of neurons in DRG and spinal 
cord that can receive afferents from the bladder and colon 
at the same time is the anatomical basis of this hypothesis, 
and peripheral and central sensitization are the key 
events.6,7 In rats with colitis, the excitability of sensory 
afferent fibers and corresponding dorsal root ganglion 
(DRG) neurons in the bladder increased significantly, and 
the bladder was more sensitive to chemical stimuli such as 
capsaicin, carbachol, and bradykinin.8,9 At the spinal cord 
level, evidence suggests that the activation of microglia 
promotes bladder hypersensitivity caused by colitis.10 

These studies indicate the important role of central and 
peripheral sensitization in bladder hypersensitivity after 
colitis. However, the mechanism leading to sensitization 
of the common neural pathways of the bladder and colon 
remains unclear.

CXCR4 is a key receptor for the chemokine CXCL12 
and is widely involved in inflammation and neuroregula-
tion. Evidence shows that CXCR4 participates in the 
induction of central and peripheral sensitization.11 It is 
widely distributed in neurons and glial cells of DRG and 
spinal cord, and intrathecal injection of CXCL12 to acti-
vate CXCR4 contributes to mechanical hyperalgesia.12 

CXCR4 knockdown results in significantly higher noci-
ceptive thresholds than wild-type rats in response to intra-
plantar complete Freund’s adjuvant injection.13 In 
addition, AMD3100 prevents bladder hyperalgesia 
induced by PAR activating peptides.14 The significant 
increase in voiding interval caused by the CXCR4 receptor 
antagonist AMD3100 indicates that the CXCR4 receptor 
has a promoting effect on the voiding reflex.15 Together, 
these findings suggest that CXCR4 is critical for central 
and peripheral sensitization and is involved in overactive 
bladder and bladder hyperalgesia. A previous study found 
that the number of bladder sensory-related neurons sensi-
tive to CXCR4 signals in the DRG significantly increased 
after sciatic nerve injury,16 suggesting a possible link 
between CXCR4 and mutual interference involving differ-
ent diseases. However, it is less clear whether CXCR4 
contributes to colon-bladder cross-organ sensitization.

Thus, in the present study, we established 
a trinitrobenzene sulfonic acid (TNBS)-induced chronic 
colitis model in rats and investigated whether CXCR4 is 
altered in the lumbosacral spinal cord and corresponding 
ganglia. Additionally, we examined the impact of 

AMD3100 on bladder hyperactivity and hyperalgesia, 
and whether ERK signals in the lumbosacral spinal cord 
and corresponding ganglia are involved as possible 
downstream.

Materials and Methods
Animal
Female Sprague Dawley rats (200-250g) were obtained 
from the Laboratory Animal Center of the Army Medical 
University. Animals were raised between 22–24°C and 
given unrestricted access to food and water. All animal 
tests were conducted according to the Guidelines for the 
Care and Use of Laboratory Animals of the Chinese 
Animal Welfare Committee and approved by the Animal 
Care and Use Committee of the Army Military Medical 
University (approval No. AMUWEC20212093).

Induction of Experimental Colitis by 
TNBS
As previously described,17 isoflurane was used to anesthe-
tize the rats following a 24-hour fast. Next, a PE-50 
catheter was introduced into the colon from the anus and 
the end was 8cm deep. Then an equal volume of mixed 
TNBS solution and absolute ethanol was injected into the 
colon at a final concentration of 80 mg/kg. The rats were 
then positioned supine with the lower body elevated to 60° 
to reduce drug leakage. Correspondingly, the same volume 
of 50% ethanol was administered to the control (CON) 
group.

Drugs and Intrathecal Injection
Intrathecal administration was similar to those reported 
before.18 CXCR4 inhibitor AMD3100 and ERK inhibitor 
PD98059 were purchased from MCE (MCE, China). 
Following intraperitoneal anesthesia of rats with 100 mg/ 
kg pentobarbital, the skin at the level of the fourth through 
fifth lumbar vertebrae on the back of the mouse was 
incised. A partial laminectomy at L4/L5 was performed 
to expose the dura and a 30-gauge needle was placed in 
the midline into the L4/5 intervertebral region. A catheter 
with an external diameter of 0.2mm was inserted into the 
needle hole, and its end was pushed into and terminated at 
the L6/S1 vertebral level. Subsequently, a 6–0 silk thread 
was used to secure the catheter’s insertion end to the 
surrounding tissue. To facilitate administration, the free 
end of the catheter is sent subcutaneously to the back of 
the neck to be exposed and fixed. After the catheter 
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implantation, all rats recovered for 2 days prior to experi-
ments. AMD3100 (10ug/20ul), PD98059 (5ug/20ul), or an 
equivalent amount of solvent were delivered to rats 
through the intrathecal catheter for 7 consecutive days in 
separate groups.

Tissue Sections and Staining
One week after the colitis model was established, the rats 
were slaughtered and tissues including the bladder, distal 
colon, DRG, and spinal cord were taken. A part of these 
tissues used for tissue staining was fixed in 4% paraformal-
dehyde and embedded in paraffin. The fixed bladder, colon, 
and spinal cord tissues were cut into 5μm thick sections, and 
DRG tissue was cut into 20μm thick sections. The histomor-
phological changes of the colon and bladder were analyzed 
by hematoxylin-eosin (HE) staining and mast cell enumera-
tion was performed by toluidine blue staining. The above 
staining was carried out following the standard procedures.

MPO Activity Measurement in the 
Bladder and Colon
The activity of myeloperoxidase (MPO) in bladder and 
colon tissues was measured using a kit purchased from 
Nanjing Jiancheng Institute of Bioengineering. In brief, 
the harvested bladder and colon were homogenized with 
the MPO assay buffer and centrifuged at 12000g for 5 
minutes, and then the supernatant was used to determine 
MPO activity according to the kit instructions.

Immunohistochemistry
Immunohistochemistry was performed as previously 
described.19 The rat bladder section was deparaffinized in 
a gradient concentration of ethanol solution, and then 
heated for antigen retrieval. At room temperature, 3% 
hydrogen peroxide was used to block endogenous perox-
idase. After blocking with 5% BSA for 1 hour, the sections 
were incubated with 1:100 PBS containing anti- 
cytokeratin 20 antibody (Abcam, UK) and kept at 4°C 
overnight. On the second day, the sections were incubated 
with HRP-labeled anti-rabbit secondary antibody. After 
washing the section again, DAB chromogen was used to 
mark target proteins, and the nucleus was counterstained 
with haematoxylin.

Immunofluorescence Staining
The tissue sections were washed in PBS and blocked with 
5% BSA in PBS for 100 minutes. The sections were 

washed three times and incubated with the primary anti-
body CXCR4 (Abcam, UK) or p-ERK1/2 (Abcam, UK) at 
4°C for 12 hours. Then the sections were washed again in 
PBS and treated with the secondary antibody diluted in 
PBS for 100 minutes at room temperature. Goat anti- 
mouse Alexa Fluor 555 secondary antibody (Thermo 
Fisher, USA) was used at 1:1000 dilution. After that, the 
sections were rinsed with PBS and counterstained with 
DAPI, then analyzed using an inverted fluorescence micro-
scope (Olympus, Denmark).

Western Blot
RIPA buffer containing proteinase inhibitors (Beyotime, 
China) was used to create tissue extracts, which were 
then used to perform the analyses., and the concentration 
of protein was measured by BCA Protein Assay Reagent 
(Beyotime, China). The tissue lysate containing 40μg of 
total protein was loaded onto the SDS-PAGE gel and 
electrophoresed at 120V for 90 minutes, and then the 
protein to be tested in the gel was transferred to a 0.45m 
polyvinylidene fluoride membrane (Merck Millipore, 
Germany). After blocking the membrane in TBST buffer 
containing 5% skimmed milk powder for 30 minutes, the 
membranes were incubated for 12 hours at 4 °C with the 
following antibodies: CXCR4 (Abcam, UK), GAPDH 
(Proteintech, China), β-tubulin (Proteintech, China), 
ERK1/2 (Abcam, UK), p-ERK1/2 (Abcam, UK). The 
membranes were rinsed three times with TBST (5 min-
utes/wash) the next day before being incubated with goat 
anti-rabbit secondary antibody (Thermo Fisher, USA) or 
goat anti-mouse secondary antibody (Thermo Fisher, 
USA) in 5% skimmed milk powder /TBST, and then 
rinsed 3 times. Membrane development was carried out 
using ECL Substrate (Thermo Fisher, USA), and the che-
miluminescence was captured using the bioanalytical ima-
ging system C300 (Azure Biosystems, USA) and analyzed 
using ImageJ software.

Continuous Cystometry
Cystometry was performed on unconscious rats 7 days 
after induction of experimental colitis to evaluate the uro-
dynamic contraction pressure and time as previously 
described.18 Briefly, rat bladders were exposed through 
a 2cm suprapubic incision after they were anesthetized 
with urethane. Then, through a minimally invasive inci-
sion on the top of the bladder, a PE-50 catheter was 
connected to the bladder lumen and the connection was 
fixed with surgical sutures. At the end of the operation, the 
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PE-50 tube was attached via a three-way connector to 
a data acquisition system (Chengdu Instrument Factory, 
China) for recording voiding frequency and pressure, and 
to a microperfusion pump (Smiths Medical, USA) for 
infusing saline (10 mL/h, room temperature). After 20– 
30 minutes of continuous perfusion, at least 8 stable urina-
tion waveforms for each animal were observed and 
recorded. The maximum bladder pressure (MBP) and 
inter contractile interval (ICI) were measured and com-
pared between different groups.

Nociceptive Behavior Observation
Assessment of bladder nociceptive behavior was performed as 
described previously,20 with slight modification. Rats were 
adapted to the experimental environment 7 days after receiv-
ing TNBS or vehicle treatment, and they were placed in a clear 
plastic box for at least 2 hours before testing. Thereafter, rats 
were restrained on the rat fixator and urethral catheterization 
was performed. After confirming that the bladder is empty, 
resiniferatoxin (RTX, 0.3μM, 0.3mL, dissolved in 80% phy-
siological saline, 10% ethanol, and 10% Tween 80, Cfwlabs, 
USA) was then instilled into the bladder through the PE-10 
tube. The transurethral catheter remained in place for 1 min 
before removal. Following this, the rats were placed back in 
the plastic box and their behavior was recorded. During this 
time, an observer counted the number of harmful behaviors. 
The number of licking behaviors of licking the lower abdomen 
and freezing behavior of turning the head to the abdomen was 
recorded. According to 5 seconds as a time unit, the number of 
time units in which the above behavior occurs in 15 consecu-
tive minutes was recorded separately.

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 
8.0. Results were expressed as median (min-max). 
Pairwise comparisons were performed using a non- 
parametric Mann–Whitney test. A Kruskal–Wallis test 
was used in comparisons between four groups and 
Dunn's post hoc test was used following the Kruskal– 
Wallis test. P < 0.05 was indicated statistically significant 
(NS: not significant, *P < 0.05, **P < 0.01, ***P < 0.001).

Results
Histopathological Features of the Colon 
and Bladder
Compared with the CON group, rats after one week of 
TNBS administration had hypomotility, debilitation and 

their body weight decreased. The colon of the TNBS 
group presented with ulceration, mucosal erosion, intersti-
tial congestion, and focal infiltration of inflammatory cells. 
However, the colon tissues of the control group showed 
complete epithelial surfaces. The structure of bladder tis-
sues in both groups was intact. The overall structure of the 
bladder tissue in both groups appeared normal, and the 
cells were tight and tidy without inflammatory cell infil-
tration (Figure 1A). TNBS significantly increased the 
destructive inflammation and tissue damage of the colon 
but not the bladder as measured by histological score and 
tissue myeloperoxidase (MPO) levels (Figure 1B and C). 
The umbrella cell layer is the cell layer in the urothelium 
that is in direct contact with urine.21 We labelled the 
umbrella cell with cytokeratin 20 (CK20) by immunohis-
tochemistry and found that the umbrella cell layer in the 
TNBS group was continuous and complete, which was 
comparable to the CON group (Figure 1D).

Colon Inflammation Increases CXCR4 
Expression in the Distal Colon and 
Bladder
Immunofluorescence and Western blotting techniques were 
used to examine the differences in the expression of 
CXCR4 in the distal colon and bladder under normal and 
colitis conditions. By immunofluorescence in colon sec-
tions from CON and TNBS rats, we observed enhanced 
immunoreactivity of CXCR4 in the mucous layer from 
TNBS compared to CON rats (Figure 2A and C). 
Mucosal CXCR4 immunoreactivity was also increased in 
the bladder after colonic inflammation (Figure 2B and D). 
The Western blot results indicate that colonic inflammation 
upregulated CXCR4 expression in the colon and bladder 
by 1.90-fold and 1.89-fold, respectively (Figure 2E–H).

TNBS Induces CXCR4 Upregulation in 
the Dorsal Root Ganglion and Spinal 
Cord
Due to the neural crosstalk at the level of DRG and 
spinal cord is the pathophysiological basis of colon-to- 
bladder crosstalk, we investigated whether experimental 
colitis upregulates the expression of CXCR4 in the com-
mon afferent pathway of the bladder and colon. 
Immunofluorescence results showed that DRG sections 
from TNBS treated rats had enhanced immunoreactivity 
of CXCR4, and a higher number of CXCR4 positive 
neurons as compared to CON rats (Figure 3A and B). 
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Figure 1 Changes in histology and MPO activity in the colon and bladder during experimental colitis. (A) Colon and bladder tissues are stained with HE. (B) Injury score for 
colon and bladder tissues (n = 5). (C) Units of MPO activity per gram of the colon and bladder (n = 5). (D) CK20 immunohistochemistry in the bladder. **P < 0.01. 
Abbreviation: NS, not significant.
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Figure 2 The expression of CXCR4 was increased in the colon and bladder after TNBS-induced colitis. (A) Immunofluorescence staining of CXCR4 in the colon and fusion 
picture of DAPI and CXCR4. (B) Immunofluorescence staining bladder sections, CXCR4 (red), DAPI (blue) are shown. Quantification of the fluorescence intensity in the colon 
(C) and bladder (D) tissue (n = 5). (E) Western blot results of CXCR4 in the colon and (F) quantitative analysis of Western blot analysis normalized to GAPDH (n = 6). (G) 
Western blot results of CXCR4 in the bladder and (H) statistical analysis of Western blotting results (n = 6). **P < 0.01.
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In the SDH of the CON group, there was a low-level 
expression of CXCR4, which was very prominent by the 
7th day after TNBS induction (Figure 3A and C). To 
further support this conclusion, Western blot analysis 
confirmed that experimental colitis upregulated the 
expression of CXCR4 in the lumbosacral spinal cord 
and corresponding ganglia (Figure 3D–G).

Intrathecal Injection of AMD3100 
Improves Colon Inflammation-Induced 
Bladder Overactivity
Owing to the expression of CXCR4 was increased in the 
primary afferent pathway following inflammation of the 
colon, we hypothesized that it may be related to colon-to- 
bladder neural crosstalk. We detected the effect of CXCR4 

Figure 3 Colonic inflammation increased CXCR4 expression level in the DRG and SDH. (A) Sections of L6-S1 DRG and spine were stained with anti-CXCR4 antibody. (B) 
Percentage of DRG neurons that were positive for CXCR4 expression (n = 5). (C) Quantification of the fluorescence intensity in L6-S1 segments of the spine (n = 5). (D) 
CXCR4 expression levels of L6-S1 DRG were detected by Western blotting. (E) Gray-scale analysis of Figure 3D (n = 6). (F) Western blot analysis of CXCR4 protein in the 
spine, and (G) gray-scale analysis of Western blot analysis results (n = 6). **P < 0.01.
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antagonist on bladder overactivity and hyperalgesia 
induced by TNBS. Cystometry was performed on con-
scious rats after colitis induction for 7 days. As shown in 
Figure 4A, the urodynamic curves from the four separate 
groups were recorded. Similar to previous reports,17 the 
TNBS group exhibited marked symptoms of bladder over-
activity when compared with the CON group.

The ICI in the TNBS group was substantially shorter 
than that in the CON and CON+AMD groups. AMD3100 
treatment significantly shortened the ICI of colitis rats 
(Figure 4B). Furthermore, AMD3100 can weakly decrease 
MBP, but differences in MBP between these four groups 
were less evident (Figure 4C).

AMD3100 Reversed Colon 
Inflammation-Induced Bladder 
Hyperalgesia and Mastocytosis
Two kinds of nociceptive behaviors caused by RTX in the 
bladder, freezing, and licking events were counted to evaluate 
bladder nociception (Figure 5A and B). In comparison to the 
CON group, the TNBS group had more freezing and licking 
events. There were no obvious differences in RTX-induced 
nociceptive behaviors between the CON and CON+AMD 

groups. However, intrathecal injection of AMD3100 treatment 
improved bladder hyperalgesia in rats induced by colon 
inflammation, with fewer licking and freezing events than the 
TNBS group. Because the activation of bladder mast cells after 
colitis promotes abnormal bladder function,22 we also assessed 
the effects of AMD3100 therapy on the number of bladder 
mast cells (Figure 5C). Toluidine blue staining indicates that 
colon inflammation caused bladder mast cells to increase by 2– 
3 times, which was reversed by blocking CXCR4 (Figure 5D).

Inhibition of TNBS-Mediated Spinal Cord 
ERK Activation by AMD3100
CXCR4 activation stimulated by ligands initiates multiple 
signal pathways, including the ERK pathway.23 To further 
investigate the possible molecular mechanisms of the anti- 
bladder-colon cross-organ sensitization effect of CXCR4, 
we used Western blot to check the protein level of ERK1/2 
and p-ERK1/2 in the spinal cord with or without 
AMD3100 treatment. The phosphorylation of spinal cord 
ERK1/2 in the TNBS group was 3 times that of the CON 
group, and this change was attenuated by AMD3100 
(Figure 6A and B). However, differences in p-ERK1/2 of 
DRG among these groups were less evident (Figure 6C 

Figure 4 Intrathecal AMD3100 improves bladder voiding function in colitis rats. (A) Pressure waveform during urination of the CON group, CON+AMD group, TNBS 
group, and TNBS+AMD group. (B) Data analysis of the intercontraction interval (ICI) (n = 5). (C) Data analysis of the maximum bladder pressure (MBP) (n = 5). *P < 0.05. 
Abbreviation: NS, not significant.
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Figure 5 Intrathecal AMD3100 reduces the number of nociceptive behavior and bladder mast cells. (A) The number of licking events caused by resiniferatoxin (RTX) (n = 6). 
(B) The number of RTX-induced freezing events during 15 min (n = 6). (C) Representative toluidine-blue staining images of the rat bladder. Black arrows indicate mast cells. (D) 
Total bladder mast cells were counted in each group (n = 5). *P < 0.05, **P < 0.01. 
Abbreviation: NS, not significant.
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and D). To examine this further, the protein expressions of 
p-ERK1/2 were determined using Immunofluorescence. 
Seven days after colon inflammation, a significant increase 
in p-ERK1/2 immunostaining was observed in the dorsal 
horn. The intraperitoneal administration of AMD3100 

inhibited the expression of p-ERK1/2 in SDH. We also 
found that the number of CXCR4-positive neurons in 
DRG showed no difference between these groups 
(Figure 6E), which was consistent with the Western blot 
data.

Figure 6 Intrathecal AMD3100 decreases colitis-induced p-ERK1/2 in the spinal dorsal horn (SDH) but not DRG. (A) Representative Western blot results of p-ERK1/2 
expression level and (B) quantification of Western blot analysis in SDH (n = 6). (C) Western blot results of p-ERK1/2 expression level and (D) quantification of Western blot 
analysis in DRG (n = 6). (E) p-ERK1/2 expression in L6-S1 SDH and DRG. **P < 0.01. 
Abbreviation: NS, not significant.
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Attenuation of Colitis-Induced Bladder 
Overactivity and Hyperalgesia by 
Intrathecal Injection of PD98059
To further investigate whether spinal p-ERK1/2 up- 
regulation leads to bladder overactivity and hyperalgesia, 
we directly intrathecally injected PD98059, an ERK inhibi-
tor, 7 consecutive days after the injection of TNBS. 
Consistent with the expected results, treatment with 
PD98059 resulted in downregulation of spinal p-ERK1/2 in 
rats with colitis, but not normal rats (Figure 7A and B). We 
then determined the effect of PD98059 on bladder hyperal-
gesia. The Injection of PD98059 significantly reduced the 
number of two nociceptive responses in TNBS rats. 
However, PD98059 has minimal impact on the nociceptive 
behavior of healthy rats (Figure 7C and D). In addition, the 
TNBS+PD group showed a consistently longer mean ICI 
compared with the TNBS groups. MBP tended to decrease 
after PD98059 treatment, although the effect was not signifi-
cant (Figure 7E–G).

Discussion
In this study, intracolonic administration of TNBS 
increased the expression of CXCR4 in the colon and 
bladder and their common afferent pathways. Intrathecal 
injection of AMD3100 reversed bladder overactivity and 
hyperalgesia during colonic inflammation. Further, 
AMD3100 significantly reduced p-ERK1/2 in the SDH 
but not in the DRG, and treatment with PD98059 alle-
viated overactive bladder and hyperalgesia caused by coli-
tis. These results suggest that upregulation of CXCR4 in 
the lumbosacral spinal cord and corresponding DRG pro-
motes bladder dysfunction induced by colitis, and that 
CXCR4 was partially involved in colon-bladder cross- 
talk via the activation of spinal cord ERK signals.

There is a bidirectional relationship between IC/BPS 
and gut diseases, one of which leads to a high risk of 
another. Central sensitization is considered to be the patho-
physiological basis of bladder hypersensitivity after 
colitis.7 Under normal conditions, the bladder is mainly 
dominated by Aδ fibers that are responsible for sensing the 
pressure and volume of the bladder. Unmyelinated C fibers 
do not participate in normal bladder function and are only 
activated by high-intensity noxious and chemical stimuli.24 

When the colon is damaged or inflamed, injury stimulation 
leads to repeated activation of C fibers, which induces 
changes in the excitability and plasticity of neurons in 
the common afferent nerve pathway of the spinal cord 

and colon. The excitability threshold of these hypersensi-
tive neurons is reduced, leading to subliminal stimulation 
under normal conditions that can also activate Aδ and 
C fibers, and further cause bladder overactivity and 
hyperalgesia.7

The massive activation of spinal microglia induced by 
colitis exacerbates central sensitization and leads to over-
active bladder and hyperalgesia.10 At the level of the 
peripheral nervous system, colitis leads to increased 
expression of brain-derived neurotrophic factors, TRPV1, 
substance P, and other noxious substances and receptors in 
DRG neurons, and these noxious substances and receptors 
promote the occurrence of peripheral sensitization and 
cause bladder functional abnormalities.17,25,26 These 
results indicate that central and peripheral sensitization is 
related to overactive bladder and hyperalgesia induced by 
colitis.

CXCR4 participates in inflammation of the bladder and 
colon, and inhibitors of CXCR4 can improve organ func-
tion and reduce inflammation.15,27–29 Inflammatory bowel 
disease leads to higher expression of CXCR4 in the colon, 
as observed in human patients,27,30 animal models,31 and 
in the present study. Several studies have revealed that 
CXCR4 affects intestinal physiology by regulating the 
intestinal epithelial barrier and the release of inflammatory 
factors.28,29 Furthermore, CXCR4 expression rose signifi-
cantly in the bladder mucosa of rats with chemical 
cystitis.15 The use of CXCR4 inhibitors can improve void-
ing dysfunction caused by bladder inflammation and 
obesity.15,32

CXCR4 is an important modulator of nociception and 
pain sensitivity beyond its involvement in inflammation. 
Studies on rodents have shown that CXCR4 is expressed 
in DRG and spinal cord.12 CXCL12 can induce the firing 
frequency of nociceptive neurons in DRG of normal 
mice,33 and blocking CXCR4 with drugs can reverse the 
excessive excitement of nociceptive neurons.34 Peripheral 
stimulation can also activate CXCR4 in the spinal cord, 
and further reduce the perception threshold of noxious 
stimuli.23 Genetic deletion of CXCR4 in rats supports its 
role in central and peripheral sensitization. Previous stu-
dies have revealed that the knockout of CXCR4 prevents 
mechanical allodynia induced by painful diabetic 
neuropathy.33 In our research, CXCR4 in L6-S1DRG and 
corresponding SDH increased significantly following 7 
days of colitis. We also observed that preferential expres-
sion of CXCR4 in nociceptive small or medium DRG 
neurons and SDH under colitis conditions, consistent 
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Figure 7 ERK antagonist decreases TNBS-induced bladder overactivity and hyperalgesia. (A) Western blot analysis of p-ERK1/2 expression level and (B) quantification of 
Western blot analysis in the spinal cord (n = 6). The effects of PD98059 on RTX-induced nociceptive behaviors: licking events (C) and freezing events (D) (n = 6). (E) 
Pressure waveform during urination of the CON group, CON+PD group, TNBS group, and TNBS+PD group. (F–G) Statistical analysis of the ICI and MBP (n = 5). *P < 0.05, 
**P < 0.01. 
Abbreviation: NS, not significant.
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with that of CXCR4 in neuropathic and inflammatory 
pain.35 Intrathecal administration of AMD3100 signifi-
cantly ameliorated TNBS colitis-induced bladder overac-
tivity and bladder hyperalgesia but did not yield the same 
result in untreated rats. Therefore, the abnormal excitabil-
ity of bladder afferent signals during colitis may be caused 
by CXCR4-mediated peripheral and central sensitization. 
Pharmacological intervention on CXCR4 is effective in 
reversing colon-bladder cross-organ sensitization and nor-
malizing bladder function.

Noxious stimulation from the colon causes the bladder 
sensory neurons to be cross-activated and induces the 
release of neuropeptides from the axons of these 
neurons.25 Neuropeptides stimulate mast cells, causing 
them to release harmful and pro-inflammatory substances 
such as neurotrophic factors, inflammatory factors, hista-
mine, and serotonin,36 which stimulate hypersensitivity of 
the bladder afferent nerves adjacent to the mast 
cells.22,37,38 As a key participant in central sensitization, 
spinal cord microglia has been reported to activate during 
the above process and promote the occurrence of over-
active bladder and mastocytosis.10 There is direct evidence 
that CXCR4 is expressed in microglia and blockade of 
CXCR4 can inhibit the activation of spinal cord microglia 
in painful conditions.39,40 In this study, AMD3100 treat-
ment reduced the number of mast cells in the bladder. 
Thus, bladder hypersensitivity caused by colitis is partly 
attributable to the increase in bladder mast cells caused by 
the upregulation of CXCR4 in the bladder afferent 
pathway.

Many previous studies have shown that the permeabil-
ity of the bladder epithelium increases significantly after 
colon inflammation.41,42 Mast cell activation has been 
proved to be a key factor, and mast cell stabilizers can 
reverse the increase in epithelial permeability.22 The per-
meability change of the urothelium is an important cause 
of bladder pain and urination symptoms.43 The predispos-
ing factors for increased epithelial permeability are com-
plex, such as the damage of the epithelial barrier and the 
increase of paraepithelial transport.44 Interestingly, we 
found that the expression of CK20 in the TNBS group 
and the CON group was similar, which indicates that the 
integrity of the bladder epithelial umbrella cell layer did 
not change after colitis. The study by Towner et al also 
proved this.45 These results indicate that the neuropeptides 
released by mast cells are involved in regulating the per-
meability of the bladder epithelium through 
a neuromodulation mechanism,46 rather than directly 

destroying the epithelial barrier like acrolein and other 
toxins. In addition, neuropeptide-induced enhanced 
expression of macrophage migration inhibitory factor, 
a non-homologous ligand of CXCR4,47 might explain the 
enhanced expression of CXCR4 in the bladder 
epithelium.48

The spinal cord serves as the end of a shared pathway that 
accepts afferents from the colon and bladder. The central 
terminals of colon and bladder converge and entangle in 
SDH.9 Previous studies have shown that ERK activation in 
the SDH leads to hyperfunction of the bladder in cyclopho-
sphamide cystitis and spinal cord injury models49,50 and blad-
der visceral hyperalgesia after cystitis.51 In our current study, 
TNBS was shown to induce activation of ERK1/2 in L6-S1 
SDH. In pain models that include plantar incisions and chronic 
ischemia-induced pain, activation of ERK1/2 has been shown 
to be a critical downstream pathway for CXCR4 to central 
sensitization.23 In this study, selective CXCR4 blockade inhib-
ited SDH ERK1/2 activation in response to TNBS. This 
indicates that the activation of CXCR4 in the colitis model 
promotes the phosphorylation of ERK in SDH. We found that 
overactive bladder and hyperalgesia after colitis were inhibited 
by chronic intrathecal injection of PD98059. These results 
indicate that the activation of CXCR4 in the spinal cord after 
colitis caused an increase in ERK phosphorylation, thereby 
inducing high excitability in the bladder afferent pathway in 
the spinal cord. However, the expression of p-ERK1/2 in DRG 
was not affected by chronic colitis and AMD3100 treatment. 
The same results were previously found in rat models of 
cystitis and colitis.52,53 The ERK in DRG may be activated 
in the early stage of colon inflammation and return to normal 
after the activation of ERK in the spinal cord. That is, harmful 
stimuli induce peripheral sensitization and then central 
sensitization.

Conclusion
In summary, current research demonstrates that upregu-
lation of CXCR4 contributes to colon-bladder cross- 
organ sensitization. Moreover, blocking CXCR4 with 
AMD3100 attenuated the bladder overactivity and 
hyperalgesia induced by colitis via lowering the activa-
tion of spinal ERK. Therefore, our findings help eluci-
date the pathophysiology of cross-organ sensitization 
and visceral hypersensitivity induced by colitis in rats, 
and the CXCR4/ERK signal may be a potential thera-
peutic target for comorbidity between digestive and 
genitourinary tracts.
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