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ABSTRACT  

Introduction: Bladder pain syndrome (BPS) is poorly understood, however there is a female 

predominance and co-morbidity with irritable bowel syndrome (IBS). Here we test the hypothesis 

that linaclotide, a guanylate cyclase-C (GC-C) agonist approved for the treatment of IBS with 

constipation (IBS-C), may represent a novel therapeutic for BPS acting through a mechanism 

involving an inhibition of visceral organ cross sensitization. We showed previously that infusion 

of dilute protamine sulfate (PS) into the bladder increased sensitivity and permeability in the 

bladder and colon. Methods: In female rats, PS was infused into the bladder and sensitivity was 

assessed via application of von Frey filaments applied to the suprapubic area and the frequency of 

withdrawal responses was recorded. Colonic sensitivity was measured via visceromotor behavioral 

response (VMR) to graded pressures of colorectal distension (CRD). Permeability was measured 

in vitro via transepithelial electrical resistance (TEER) and conductance (G). Linaclotide (3 µg/kg 

p.o.) or vehicle was administered daily for 7 days prior to experiments.  Results: PS-bladder treated 

rats exhibited visceral hyperalgesia as shown by a significantly higher response frequency to 

individual von Frey filaments and increased behavioral responses to CRD. Linaclotide attenuated 

bladder and colonic hyperalgesia to control levels. PS infusion into the bladder increased bladder 

and colon permeability measured as a decrease in TEER and increased G.  Linaclotide significantly 

inhibited PS-induced colonic hyperpermeability while having no effect on bladder 

hyperpermeability. Conclusion: Our findings suggest a novel treatment paradigm for GC-C 

agonism in IBS-C and BPS mediated through a mechanism involving visceral organ crosstalk.   
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INTRODUCTION  

Bladder pain syndrome (BPS) is a chronic pelvic pain condition that affects up to 3-8 

million individuals in the United States, the majority of whom are female with symptoms of 

frequent urination, increased urgency, and pain associated with bladder filling (Held et al., 1990; 

Berry et al., 2010; Berry et al., 2011; Konkle et al., 2012; Patnaik et al., 2017).  As many as 40-

60% of patients diagnosed with BPS also exhibit symptoms of irritable bowel syndrome (IBS) 

while up to 50% of BPS patients exhibit symptoms that fulfill the criteria for IBS (Ustinova et al., 

2006). IBS is a functional gastrointestinal (GI) disorder that is estimated to affect up to 20% of 

adolescents and adults in North America and, similar to BPS, exhibits a female predominance 

(Saito et al., 2002; Longstreth et al., 2006). IBS is characterized by chronic abdominal pain and 

abnormal bowel habits and is broadly classified as IBS with diarrhea (IBS-D), IBS with 

constipation (IBS-C), or mixed IBS (IBS-M) (Longstreth, 2005). IBS patients commonly suffer 

from a variety of comorbid regional pain disorders, including BPS. In spite of the relatively high 

comorbidity of both BPS and IBS, their respective etiologies and the mechanisms of symptom 

overlap in patients diagnosed with both BPS and IBS are not well understood. There is a growing 

body of evidence suggesting that visceral organ cross-communication is a key contributor to the 

comorbidity of BPS and IBS. In support, studies in rodents have shown that colonic irritation 

produces irregular micturition patterns and increased urethral sphincter activity in rats (Pezzone et 

al., 2005). Furthermore, there is evidence that active colonic inflammation induces abnormal 

bladder detrusor-muscle contractility and enhances bladder permeability assessed in vitro in 

female rats and, conversely, bladder irritation results in increased visceral sensitivity to colonic 

distension as well as increased colonic permeability in vitro (Bielefeldt et al., 2006; Winnard et 

al., 2006; Greenwood-Van Meerveld et al., 2015). Although the underlying mechanisms 
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responsible for visceral organ crosstalk remain incompletely understood, evidence suggests that a 

number of factors may be involved, including the convergence of sensory neural pathways within 

the dorsal root ganglia (DRG), spinal cord, and/or brain, enhanced epithelial permeability, and 

afferent sensitization (Lavelle et al., 2002; Malykhina et al., 2006; Christianson et al., 2007; 

Malykhina, 2007; Suckow and Caudle, 2009; Greenwood-Van Meerveld et al., 2015). While these 

findings highlight the complex, interconnected pathophysiology of visceral pain disorders, they 

also point to potential new therapeutic options for the relief of IBS- and BPS-associated visceral 

pain. 

Linaclotide, a synthetic 14-amino acid agonist peptide of guanylate cyclase-C (GC-C), is 

approved for treatment of adult patients suffering from IBS-C and chronic idiopathic constipation 

(CIC) (Chey et al., 2012; Rao et al., 2012). This peptide resembles the endogenous hormones 

guanylin and uroguanylin, known to regulate intestinal fluid secretion via GC-C-mediated 

production of cyclic guanosine-3’,5’-monophosphate (cGMP) (Schulz et al., 1990; Camilleri, 

2015). Like the endogenous peptides, linaclotide activates GC-C, a transmembrane receptor 

expressed predominantly on the luminal surface of intestinal epithelial cells, resulting in increased 

cGMP production (Camilleri, 2015). This increase in intracellular cGMP activates the 

cGMP/cGMP-dependent protein kinase II/cystic fibrosis transmembrane conductance regulator 

(CFTR) pathway known to induce fluid secretion and to accelerate transit in animal models 

(Bryant et al., 2010; Busby et al., 2010). Importantly, linaclotide has been shown to possess anti-

nociceptive properties in models of visceral hypersensitivity (Eutamene et al., 2010; Johnston et 

al., 2010; Castro et al., 2013). The analgesic effects of linaclotide are independent from its 

secretory effects but are also linked to cGMP, with GC-C activation stimulating the release of 

cGMP into the submucosa. This extracellular cGMP is thought to directly act on colonic 
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nociceptors, inhibiting colonic afferent sensitization (Castro et al., 2013). Additional studies have 

shown that linaclotide inhibits bladder-innervating DRG excitability in a visceral organ crosstalk 

model of colitis-induced bladder afferent hyperactivity (Han et al., 2011; Grundy et al., 2016). 

These findings suggest that, in addition to relieving the pain and abnormal bowel habits associated 

with IBS, GC-C agonism may also improve the urological symptoms in IBS patients with 

comorbid BPS. However, it remains to be determined whether linaclotide has any effect on 

crosstalk induced by a challenge to the urinary bladder rather than the colon. Thus, the current 

study tested the overarching hypothesis that GC-C mediated mechanisms may be involved in 

visceral organ crosstalk between the urinary bladder and colon. To address our hypothesis, we 

investigated the effect of linaclotide in a rodent model of visceral organ cross-sensitization in 

which administration of dilute protamine sulfate (PS) into the urinary bladder produces bladder 

and colonic hyperalgesia and causes a significant increase in mucosal permeability in the absence 

of tissue damage (Greenwood-Van Meerveld et al., 2015). 
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MATERIALS AND METHODS 

Animals 

A total of 68 female ovariectomized Sprague-Dawley rats (220–250 g) were purchased from 

Charles River Laboratories. Rats were single housed within the University of Oklahoma Health 

Sciences Center (OUHSC), Department of Comparative Medicine's animal facility under 

controlled temperature (23oC ±3oC) and humidity (30-70%) with free access to food and water on 

a standard 12:12 hr light: dark cycle. All animals were acclimated to the facility and laboratory for 

a minimum of 2 weeks before experimentation. Female rats were used because of ease of urethral 

catheterization and ovariectomized to avoid any effects of hormonal cycling. The experimental 

protocol was approved by the OUHSC Institutional Animal Care and Use Committee (animal 

protocol 14-151 and 15-028-H). 

 

Experimental Procedure: 

The experimental procedure is illustrated in figure 1. Briefly, animals were randomly assigned to 

treatment conditions. Daily for 7 days, rats received an oral administration of either linaclotide (3 

µg/kg, p.o.) or saline vehicle control. On the 6th day of linaclotide or vehicle dosing, a transurethral 

catheter was inserted and PS (1 mg/ml in 400µl saline) was infused into the bladder to increase 

sensitivity not only in the bladder but also in the untreated colon.  Sham-treated control animals 

underwent transurethral catheterization but did not receive PS. Following these treatments bladder 

or colonic sensitivity was assessed 24 hr post PS infusion (or SHAM).  Following the colonic 

distension (60 mmHg) the spinal cord was immediately isolated for quantification of pERK 

expression. In another cohort of PS-treated or SHAM rats the bladder and colon was isolated for 

assessment of permeability. To minimize the number of animals used in the current study blinding 
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was not employed for behavioural assays. This approach ensured that the animals were properly 

acclimated to the experimenter which is vital in preventing exposure of animals to novel stressors. 

However, the experimenter was blinded for the analysis of spinal cord pERK expression. 

 

Administration of Protamine Sulfate into the Bladder  

Rats were brought to the laboratory and anesthetized with isoflurane (2%) (Aerrane, Baxter 

Healthcare, Deerfield, IL. USA) with a steady supply of oxygen for a period of ∼15 min, body 

temperature was maintained with a homeothermic blanket, and the PS solution was infused 

transurethrally as previously described (Lavelle et al., 2002) between 8:00 AM and 10:00 AM. 

Briefly, the bladder was drained following catheterization using a 20-gauge intravenous catheter 

(Becton Dickinson infusion Therapy Systems Inc., Sandy UT, USA). Animals were monitored at 

all times during the experimentation and any animals with blood in the urine or solutions were not 

used. PS at 1 mg/ml in 400 µl saline was slowly infused into the bladder through the catheter. After 

10 min, the bladder was emptied by applying lower abdominal pressure and then washed with 

saline (400 µl × 3), after which the transurethral catheter was removed and animals were returned 

to their home cages. Bladder and colon were harvested 24-hr following the infusion of PS for the 

in vitro permeability assessments. Catheterized OVX female rats that were not administered PS 

served as sham-treated control animals. 

 

Bladder Sensitivity  

Bladder sensitivity was assessed via application von Frey filaments to the suprapubic area of 

the animal (Laird et al., 2001; Rudick et al., 2007; Gosselin et al., 2010; Mohammadi et al., 

2016). The frequency of withdrawal responses (response frequency) to individual von Frey 
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filaments with increasing calibrated force (0.16, 0.4, 1, 2, 4, 8, and 15 g) was recorded. In a 

separate behavioral room attached to the main laboratory, rats were placed in individual 

Plexiglas chambers with a stainless-steel wire grid floor and were acclimated to the chambers 

for a period of 30 mins, between 10:00 AM and 12:00 PM. Each of the von Frey hairs was 

applied to the suprapubic region for 1-2 sec for a total of 10 applications/force with a 5-sec rest 

period between each application. All 10 applications were completed for a single force before 

changing filaments and the filaments were tested from lowest to highest force. Sharp retraction 

of the abdomen, immediate licking or grooming, or jumping was considered a positive response 

to the stimulus.  

 

Colonic Sensitivity  

Colonic sensitivity assessment was performed as previously described (Myers and Greenwood-

Van Meerveld, 2007) between 10:00 AM and 2:00 PM in a behavioral room attached to the 

main laboratory. Briefly, after an overnight fast, rats were brought to the laboratory and 

anesthetized with 5% isoflurane. A 5-cm colonic balloon was inserted approximately 11-cm 

past the anus into the colon and secured to the base of the tail with tape and attached to a 

distender series IIR barostat (G & J Electronics Inc., Toronto, Ontario, Canada). Colonic 

sensitivity was assessed via a visceromotor behavioral response (VMR) to graded pressures 

(randomized 0-60 mmHg) of isobaric colorectal distension (CRD) and quantified by the number 

of abdominal contractions-in response to CRD. During this procedure rats were freely moving 

and remained in their clean home cage to limit stress. Each constant pressure distension series 

consisted of a 10-min basal recording with the balloon inserted but not distended, a 10-min 

inflation period then a 10-min rest period between distensions.  
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Colonic Distension-induced MAP Kinase pERK Immunoreactivity 

Immediately following the final CRD the rat was anesthetized with isoflurane (5%) and underwent 

transcardial perfusion with ice-cold phosphate buffered saline (PBS) followed by ice-cold 4% 

paraformaldehyde in PBS. Following transcardial perfusion, the thoracolumbar (T10-L1) and 

lumbosacral (L6-S1) regions of the spinal cord were removed and post-fixed for 18-hr at 4°C in 4% 

paraformaldehyde in PBS. Following fixation, the spinal cord was cryoprotected in 30% sucrose in 

PBS overnight at 4°C and then block frozen in Optimal Cutting Temperature compound. Frozen 

sections (10 µm) were cut using a cryostat and placed on Fisherbrand superfrost plus microscope 

slides (Fisher Scientific, Pittsburg, PA) for future immunohistochemical analysis. Frozen sections 

were air dried for 20 min, post-fixed in 4% paraformaldehyde for 10 minutes and then washed 3 

times with PBS. The sections were incubated with Biocare’s Rodent Block R (Cat# RBR962H, 

Biocare Medical, Pacheco, CA) for 20 min at room temperature to block nonspecific binding of 

antibodies. After blocking, the sections were washed 3 times with 0.2 % TX-PBS and then 

incubated overnight at 4°C with anti-phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) antibody 

(pERK; 1:400, #4370; Cell Signaling Technology, Danvers, MA) diluted in Biocare Da Vinci 

Green Diluent (Cat# PD900H, Biocare Medical, Pacheco, CA). Sections were then washed 3 times 

with 0.2% TX-PBS prior to incubation for 1-hr at room temperature with secondary donkey anti-

rabbit IgG HRP antibody diluted in Biocare Da Vinci Green Diluent (Donkey anti-rabbit IgG; 

1:500, Cat# 711-035-152, Jackson ImmunoResearch Laboratories Inc. West Grove, PA). Sections 

were washed 3 times with PBS, incubated with Betazoid DAB chromogen kit (Cat# BDB2004H, 

Biocare Medical, Pacheco, CA) at room temperature for 5 minutes, washed with PBS and rinsed in 

deionized water. Sections were counterstained with Hematoxylin. Two sections per region of the 
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spinal cord (T10-T12; T12-L1; L6-S1) per animal were randomly selected and pERK 

immunoreactive cells in the dorsal horn of each section were identified and counted using a Zeiss 

Axiovert epifluorescence microscope (Zeiss, Jena, Germany). 

 

Bladder and Colonic Permeability  

Post mortem the rat bladder and colon were isolated (between 8:00 AM and 10:00 AM) and placed 

into ice cold Krebs buffer composed of 120 mM NaCl, 6 mM KCl, 1.2 mM MgCl2, 1.2 mM H2PO4, 

2.5 mM, CaCl2, 14.4 mM NaHCO3, and 11.5 mM glucose, aerated with 95 % O2–5 % CO2. The 

tissue was opened longitudinally and mounted into either biopsy perfusion chambers (bladder) or 

modified Ussing chambers (colon). Tissues were bathed in oxygenated Kreb’s solution at 37ºC. 

for 30-45 min. before experimentation. Permeability was assessed electrophysiologically via 

measurement of transepithelial electrical resistance (TEER) and conductance (G). To calculate 

TEER and G, the potential difference (PD) and short circuit current (Isc) were recorded and TEER 

was calculated using Ohm’s law: 𝐼 = #$
%

, where R represents TEER.  Conductance across the tissue 

(G) being the reciprocal of R.  

 

Drug Preparation and Dosing: 

Linaclotide was supplied by Ironwood Pharmaceuticals, Cambridge, MA, USA and was stored at 

-80°C until prepared for dosing. Linaclotide was prepared at 1 µg/ml in saline vehicle. Rats were 

weighed and individual dosing volumes were adjusted so that each rat received a human equivalent 

dose of 3 µg/kg linaclotide or vehicle control (saline, 3.0 ml/kg, p.o.). Oral dosing was performed 

under isoflurane anesthesia (3-5 min.), using a 2-inch stainless steel feeding tube.  
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Data analysis  

Bladder and colonic sensitivity were recorded in the notebook as the number of withdrawal 

responses and abdominal contractions, respectively. Statistical significance was determined using 

Two-Way Repeated Measure ANOVA followed by a Bonferroni post-test. Spinal cord signaling 

was recorded as the average number of pERK neurons per each section of the spinal cord. Statistical 

significance was determined using Two-Way ANOVA followed by a Bonferroni post-test. Data for 

TEER and G calculations was generated via EVC4000 Voltage/Current Clamp instrumentation. 

Transmural potential difference (PD) and short circuit current (Isc), were recorded into a laboratory 

notebook and transferred into an Excel spreadsheet. Statistical significance was determined using 

One-Way ANOVA with Tukey’s post-hoc multi-comparison test. All tests values were expressed 

as mean ± standard error of the mean (SEM) and the data was analyses were performed using 

GraphPad Prism (v6.x, GraphPad Software, USA), and for all data a 95% confidence interval was 

used as a measure of statistical significance. A p<0.05 was considered statistically significant in all 

tests. A power analysis was performed for each experiment to determine the number of animals 

needed to reach significance.  
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RESULTS  

Linaclotide Reverses Bladder and Colonic Hypersensitivity Induced by PS-Infusion in the 

Bladder  

In the first series of experiments we aimed to investigate the hypothesis that linaclotide is capable 

of disrupting crosstalk between the bladder and colon to inhibit visceral hyperalgesia. To test this 

hypothesis, we infused PS into the bladder and then assessed visceral sensitivity 24-hr later. As 

illustrated in figure 2A, we found that PS-infusion into the bladder significantly increased bladder 

hypersensitivity as shown by the increased number of withdrawal responses at 1-15 g compared to 

sham-treated controls. Linaclotide was found to normalize withdrawal response to low threshold 

stimulation (4g) and significantly decreased bladder hypersensitivity to high threshold stimuli (8 

and 15 g) when compared to vehicle-treated rats (Fig. 2B) (F (12, 96) = 8.49). Similarly, when 

dosed for 7 days, linaclotide also significantly decreased colonic hypersensitivity induced by PS 

infusion into the bladder, evident by the reduced number of abdominal contractions when compared 

to vehicle-treated rats as illustrated in figure 2C-D (F (6, 72) =12.24). Of importance to note, 

linaclotide attenuated visceral hypersensitivity to levels resembling sham controls. 

 

Linaclotide Inhibits Thoracolumbar Spinal Cord Signaling Induced by Colorectal Distension 

A previous report showed in a model of colonic hypersensitivity that linaclotide reduces the 

signaling of noxious CRD in the spinal cord as demonstrated by a reduction in CRD-induced pERK 

immunoreactivity (IR) in the dorsal horn of the thoracolumbar spinal cord (Castro et al., 2013). 

Here we tested the hypothesis that linaclotide inhibits CRD-induced spinal cord pERK-IR 

expression induced by PS-infusion into the urinary bladder. We found that linaclotide pretreatment 

significantly reduced the number of pERK-IR neurons in the thoracolumbar segment of the spinal 
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cord immediately after noxious CRD when compared to vehicle treated rats as illustrated in figure 

3A-D, but had no significant effect on the lumbosacral region of the spinal cord (Fig. 3E, F) 

 

Linaclotide Inhibits Colonic Permeability Induced by PS-Infusion in the Bladder  

We next considered whether linaclotide reduces visceral hypersensitivity through a mechanism 

involving inhibition of mucosal hyperpermeability. Consistent with our previous reports 

(Greenwood-Van Meerveld et al., 2015), PS infusion into the bladder induced a marked increase in 

bladder permeability as shown by a significant decrease in TEER and a significant increase in G 

when compared to sham animals (F (2, 9) = 54.93), as illustrated in figure 4. To probe the effects 

of linaclotide on PS-induced bladder and colonic hyperpermeability, we isolated bladder and colon 

from rats pre-treated with either linaclotide or vehicle for 6 days prior to PS-infusion into the 

bladder. Findings from these animals were compared to sham-treated rats. We found that compared 

to vehicle-treated animals, linaclotide had a significant inhibitory effect on colonic 

hyperpermeability induced by infusion of PS into the bladder. In colonic tissue isolated from rats 

24-hr after PS infusion in the bladder there was a significant decrease in colonic TEER (F (2, 39) = 

25.83) and a significant increase in colonic G (F (2, 39) = 22.1) compared to sham-treated vehicle 

controls. Linaclotide was found to reverse this increase in colonic permeability as determined by a 

significant increase in TEER (Fig. 4A) (F (2, 39) =0.506) and a significant decrease in G (Fig. 4B) 

(F (2, 39) = 8.002). In contrast to our findings in the colon, in rats pre-treated with linaclotide the 

magnitude of the decrease in TEER (Fig. 4C) and increase in G (Fig. 4D) in the bladder was not 

statistically different from vehicle-treated controls suggesting that there was no reversal of PS-

induced permeability in the bladder by linaclotide.  
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DISCUSSION  

This study provides experimental evidence that GC-C-mediated mechanisms play a pivotal 

role in visceral organ crosstalk. We demonstrate that PS infusion into the bladder induced 

hypersensitivity of the bladder and of the undamaged colon. These pathophysiological responses 

following PS infusion into the bladder were inhibited by pretreatment with linaclotide, a selective 

and potent GC-C agonist. Specifically, linaclotide, at a clinically relevant/meaningful dose, 

attenuated bladder and colonic hyperalgesia to levels resembling controls. To uncover the potential 

mechanism (s) underlying the antinociceptive effect of linaclotide, we investigated the hypothesis 

that an attenuation of visceral hypersensitivity by linaclotide may result from normalization in 

mucosal hyperpermeability, which in turn leads to a reduction in the processing of noxious CRD 

in the thoracolumbar spinal cord. In the current study, we found that PS into the bladder 

significantly increased bladder and colon permeability.  Furthermore, in support of our hypothesis 

we demonstrated that linaclotide significantly inhibited PS-induced colonic permeability while 

having no effect on bladder hyperpermeability. In animals treated with linaclotide we also 

observed a reduction in colonic distension-induced pERK immunoreactivity in the spinal cord in 

animals receiving PS infusion into the bladder. These novel findings, suggest that linaclotide is 

capable of attenuating visceral pain emanating from the bladder and colon through mechanisms 

that appear to involve, at least in part, effects on visceral organ permeability and spinal cord 

neuronal processing. Importantly, these findings offer further insight into novel treatment options 

for patients with comorbid IBS-C and BPS. 

Although there is well-known comorbidity between IBS and BPS, the etiology of these 

disorders are unknown and treatment options for BPS patients diagnosed with debilitating and 

painful symptoms remain unsatisfactory. Previously, linaclotide was shown to elicit 
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antinociceptive effects in rodent models of colonic hypersensitivity induced by stress or following 

an acute colitis via a mechanism involving inhibition of stretch-sensitive high-threshold 

mechanosensitive afferents at the level of the gut (Eutamene et al., 2010; Castro et al., 2013; Feng 

et al., 2013). Here we set out to investigate whether GC-C agonism is capable of inhibiting colonic 

hypersensitivity induced by a challenge to another visceral organ, namely the bladder. In the 

current study, we employed a rodent model in which bladder infusion of dilute PS increased 

colonic sensitivity in the absence of any alterations to the histological appearance of the colon and 

only minimal damage to the bladder urothelium (Greenwood-Van Meerveld et al., 2015). Our 

results demonstrate that linaclotide inhibits PS-induced colonic hypersensitivity. Based upon this 

novel observation, we hypothesize that linaclotide-mediated attenuation of visceral hyperalgesia 

appears to extend to non-inflammatory conditions.  

In the current study, we aimed to probe the mechanism (s) by which linaclotide attenuates 

visceral hypersensitivity induced by visceral organ cross-sensitization. A growing body of 

evidence suggests that overlapping symptomology of BPS and IBS is possibly linked to visceral 

organ cross talk in which increases in epithelial permeability drive abnormalities in the sensitivity 

of distant visceral organs. Abnormal barrier function and secretory activity have been implicated 

in IBS patients (Camilleri et al., 2012; Bischoff et al., 2014). Evidence in the literature points to 

the concept that increased colonic permeability may lead to sensitization of sensory afferents, 

increased spinal neuronal excitability and even central sensitization (Zhou and Verne, 2011; 

Camilleri et al., 2012; Hurst et al., 2015). However, other findings supporting a role of abnormal 

bladder permeability producing BPS symptoms are controversial and questions remain as to 

whether an increase in urothelial permeability is causal or an effect of the increased pain. 

Previously we found that following acute very mild disruption of the bladder urothelium using 
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dilute PS, there was an increase permeability of not only the bladder but also the undamaged colon 

(Greenwood-Van Meerveld et al., 2015).   Here urinary bladder or colonic permeability was 

rapidly assessed electrophysiologically in modified Ussing chamber preparations via 

measurements of transepithelial potential difference (PD) and short circuit current (Isc) to calculate 

TEER via Ohm’s law.  Furthermore, PS infusion into the bladder stimulated bladder and colonic 

hyperalgesia (Baker et al., 2017). Taken together, our previous work supports the concept that 

linaclotide treatment may have reduced bladder and colon hypersensitivity by a reversal of PS-

induced barrier dysfunction. In the current study, we found that linaclotide inhibited colonic 

mucosal hyperpermeability induced by PS infusion into the bladder. When combined with the 

antinociceptive effect of linaclotide in the colon, our data provide supporting proof that increased 

permeability may have played a role in colonic hyperalgesia. However, our data revealed an 

additional element in the control of bladder hypersensitivity. We found that despite an inhibition 

of referred bladder hyperalgesia, linaclotide showed no inhibitory effect on the increase in bladder 

TEER and G. This disconnect between the inhibitory effect of linaclotide on bladder 

hypersensitivity and lack of a reduction in urothelial permeability implies that an additional 

mechanism is responsible for antinociceptive effects of GC-C agonism in the bladder. There is 

evidence for systemic effects produced by the loss of barrier function in the bladder affecting the 

remote organ via the release of inflammatory cytokines from mast cells (Grover et al., 2011). Since 

linaclotide elicits its pharmacological effects locally in the colon (Bryant et al., 2010; Busby et al., 

2010), potential systemic effects induced by bladder hyperpermeability may be insensitive to GC-

C agonism. A large body of evidence now supports an underlying mechanism of visceral organ 

crosstalk based on convergence of sensory neural pathways within the DRG, spinal cord, and/or 

brain, leading to peripheral and central sensitization to produce visceral hypersensitivity (Lavelle 
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et al., 2002; Malykhina et al., 2006; Christianson et al., 2007; Malykhina, 2007; Suckow and 

Caudle, 2009; Greenwood-Van Meerveld et al., 2015). In the current study, we showed that 

linaclotide, despite being locally restricted to the colon, inhibits bladder-colon visceral organ cross 

sensitization activated by PS infusion into the bladder. Thus, the effects of linaclotide appear 

mediated by dual mechanisms involving not only effects on intestinal barrier function but 

importantly, inhibition of peripheral sensory signaling to the spinal cord to reduce central 

sensitization. Here we showed that in rats with PS infused in the bladder, linaclotide decreased 

CRD-induced pERK expression in the thoracolumbar spinal cord, specifically in the superficial 

lamina of the dorsal horn of the rat, which is the major site of afferent terminations responding to 

nociceptive input from the colon and bladder. Our data builds upon previous studies showing a 

decrease in CRD-induced pERK expression by linaclotide in a rodent model of post-inflammatory 

colonic hyperalgesia (Castro et al., 2013). Taken together, these results show that in linaclotide-

treated rats the attenuation of visceral hypersensitivity occurs in part via a reduction in the number 

of activated neurons in the dorsal horn of the thoracolumbar spinal cord.  

In conclusion, our findings demonstrate GC-C agonism plays a novel role in visceral organ 

cross communication between the bladder and colon, a mechanism not previously linked to 

linaclotide. These preclinical findings illustrate that linaclotide has effects that extend beyond the 

colon and the data provide a rationale for clinical studies to further investigate therapeutic benefit 

of linaclotide in patients with IBS-C and comorbid BPS. 
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FIGURE LEGENDS  

Figure 1.   

Rats received an oral administration of linaclotide (LIN) (3 µg/kg, p.o.) or saline vehicle control 

daily for 7 days (n = 7-9/group). On day 6 dilute protamine sulfate (PS) (1mg/ml) was infused into 

the urinary bladder via transurethral delivery. Another group of SHAM-treated control rats (n = 5-

9) were catheterized but did not receive PS.  Bladder and colonic sensitivity was assessed 24 hr 

post PS in two separate cohorts of animals.  Immediately following the final CRD of 60 mmHg, the 

spinal cord was isolated for quantification of pERK expression.  In another cohort of PS treated rats 

(n = 7-8/group) the bladder and colon were isolated and permeability in vitro in modified Ussing 

chambers 

 

Figure 2.  

Protamine sulfate (PS) was infused into the bladder and after 24-hr after we observed a 

significant increase in the number of withdrawal responses to suprapubic stimulation in vehicle 

(VEH) treated rats (n=7) compared to SHAM controls (n=5) (A).  In rats (n=7) pretreatment with 

LIN for 7 days significantly decreased the average withdrawal response frequencies to 

suprapubic stimulation compared to VEH treated animals (B).  An increase in colonic sensitivity 

as shown as an exaggerated visceromotor response (VMR) to colorectal distention (CRD) in 

VEH treated (n=9) rats when compared to SHAM (n=9) (C). Pretreatment of LIN for 7 days 

(n=9) reversed the effect of PS induced colonic hypersensitivity as shown in significant 

reduction of the VMR to CRD (D). 24 hr post PS infusion into the bladder there was 
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Data is expressed as mean ± SEM. Statistical significance was determined using Two-Way 

Repeated Measure ANOVA followed by a Bonferroni post-test **p<0.01, ***p<0.001, 

****p<0.0001 compared to SHAM+VEH, †p<0.05, ††p<0.01, †††p<0.001 compared to PS +VEH.  

 

Figure 3.   

PS was infused into the bladder and 24-hr after the infusion there was a significant increase in 

nociceptive signaling in the dorsal horn of the spinal cord in response to noxious CRD.  

Administration of LIN significantly reduced the number of pERK-IR (black arrows) activated 

neurons in the T10-T12 (A, B) and T12-L1 (C, D) spinal cord when compared to VEH treated 

rats but had no significant effect on L6-S1 of the spinal cord (E, F). (n=X/X denotes: # of 

animals/# of sections) .Data is expressed as mean ± SEM. Statistical significance was determined 

using Two-Way ANOVA followed by a Bonferroni post-test ††††p<0.0001 compared to PS + 

VEH.  

 

Figure 4. 

PS was infused into the bladder and 24-hr later there was a significant increase in the permeability 

of the colon as shown as the decreased in transepithelial electrical resistance (TEER) (A) and 

increase conductance (G) (B) in vehicle (VEH) treated rats (n=7/13) compare to SHAM controls 

(n=7/14). LIN (n=8/15) reversed the PS-induced changes in colonic permeability as assessed via 

TEER (A) and G (B) (n=X/X denotes: # of animals/# of chambers). LIN had no significant effect 

on PS-induced changes in urinary bladder permeability as assessed via TEER (C) and G (D) (n=8). 

Data is expressed as mean ± SEM. Statistical significance was assessed by one-way analysis of 
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variance followed by Tukey’s post-hoc test for multiple comparisons ***p<0.001, ****p<0.0001 

compared to SHAM+VEH, †p<0.005, †††p<0.001 compared to PS+VEH. 
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Figure. 4
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