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Purpose: Interstitial cystitis/bladder pain syndrome (IC/BPS) is a chronic pain disorder. Patients with IC/BPS often experience 
“flares” of symptom exacerbation throughout their lifetime, initiated by triggers, such as urinary tract infections. This study sought to 
determine whether neonatal bladder inflammation (NBI) alters the sensitivity of adult rat bladders to microbial antigens.
Methods: Female NBI rats received intravesical zymosan treatments on postnatal days P14-P16 while anesthetized; Neonatal Control 
Treatment (NCT) rats were anesthetized. In adults, bladder and spinal cord Toll-like receptor type 2 and 4 (TLR2, TLR4) contents 
were determined using ELISAs. Other rats were injected intravesically with lipopolysaccharide (LPS; mimics an E. coli infection; 25, 
50, 100, or 200 μg/mL) or Zymosan (mimics yeast infection; 0.01, 0.1, 1, and 10 mg/mL) solutions on the following day. Visceromotor 
responses (VMRs; abdominal contractions) to graded urinary bladder distention (UBD, 10–60 mm Hg, 20s) were quantified as 
abdominal electromyograms (EMGs).
Results: Bladder TLR2 and TLR4 protein levels increased in NBI rats. These rats displayed statistically significant, dose-dependent, 
robustly augmented VMRs following all but the lowest doses of LPS and Zymosan tested, when compared with their adult treatment 
control groups. The NCT groups showed minimal responses to LPS in adults and minimally increased EMG measurements following 
the highest dose of Zymosan.
Conclusion: The microbial antigens LPS and Zymosan augmented nociceptive VMRs to UBD in rats that experienced NBI but had 
little effect on NCT rats at the doses tested. The greater content of bladder TLR2 and TLR4 proteins in the NBI group was consistent 
with increased responsiveness to their agonists, Zymosan and LPS, respectively. Given that patients with IC/BPS have a higher 
incidence of childhood urinary tract infections, this increased responsiveness to microbial antigens may explain the flares in symptoms 
following “subclinical” tract infections.

Plain Language Summary: In a rat model of interstitial cystitis, bladder inflammation during childhood resulted in increased 
bladder sensitivity (ie, pain) to low-level infections in adults. 
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Introduction
Interstitial cystitis/bladder pain syndrome (IC/BPS) is a chronic pain syndrome of unknown etiology.1 The clinical diagnostic 
criteria for this condition vary, with symptoms that may include severe urgency, frequency of urination, and pain involving the 
lower abdomen and perineal regions.1 The exact pathophysiology of IC/BPS is yet to be determined; however, the manifestation 
of this condition is likely a combination of inflammatory and neurophysiological pain factors (visceral and somatic)2 which are 
modified by multiple other factors, including stress.3,4 Patients with IC/BPS often experience episodes of severe symptom 
exacerbations (flares) throughout their lifetime.5 Various factors have been identified as triggers of flares, including stress, sexual 
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activity, caffeine, and alcohol, among others.5,6 Notably, urinary tract infection (UTI) has also been identified in IC/BPS patients 
as a common trigger for bladder symptoms4–8 although, frequent episodes have not been confirmed by urine cultures. The current 
guideline for the diagnosis of an acute bladder infection is ≥105 CFU/mL in the patient’s urine culture9 with some reports using 
less stringent values (eg, reference10). Pyuria/leukocyte esterase urine dip measures are commonly employed in clinics as 
surrogate UTI measures.11 However, the reliability of these measures has been questioned.11 Owing to the heightened 
inflammatory and functional pain response of patients with IC/BPS, bacteriuria with concentrations below clinical guidelines 
has been noted to be associated with acute flares in subpopulations of this clinical population.12 Low concentrations of fungal/ 
yeast microbes are also frequently found in the urinary microbiomes of IC/BPS subjects.13–15

Currently, there is no identifiable cure or reliable treatment for this condition, reflecting a lack of knowledge regarding the 
pathophysiology of IC/BPS.1 Further research on this disease is essential for the development of treatment guidelines and 
therapies. Epidemiological data suggest that the incidence of UTIs during childhood is higher in the IC/BPS clinical 
population.16 For this reason, an animal model of IC/BPS, in which rats experience neonatal bladder inflammation (NBI 
rats), has particular clinical significance because these rat bladders are hypersensitive when tested as adults. Treated on 
postnatal days P14-P16 with intravesically administered Zymosan, a yeast cell wall component and Toll-Like Receptor 2 
(TLR2) agonist, these NBI rats have been demonstrated to display many of the phenotypic features of IC/BPS, particularly 
following a second insult as adults such as bladder re-inflammation, acute stress, or peri-segmental somatic inflammation.17 

These phenotypic features include increased nociceptive responses to UBD, increased frequency, lowered volume and 
pressure thresholds for micturition, intravesical sensitivity to potassium solutions, bladder vascular fragility, and increased 
pelvic muscular tone.17 The P14-P16 time period in rats is a critical period of development (bladder inflammation at P7-9) or 
P21-P23 does not lead to the same alterations in sensation as adults.17,18 The P14-16 time point correlates with the end of the 
human neonatal period (hence, the name NBI) but overlaps with the early infancy period according to some developmental 
measures.19 It is also the period during which the inhibitory modulation of spinal cord processing develops.19 The primary 
bladder nociceptive endpoints utilized in most published studies related to NBI are visceromotor responses (VMRs; 
abdominal contractions) to urinary bladder distension (UBD) [eg reference20] although alterations in spinal dorsal horn 
neuronal responses and peripheral tissue inflammatory responses have also been observed.21 It has been proposed that this 
NBI model can be used to study the mechanisms and treatment of IC/BPS.17

Based on the observation that some individuals with IC/BPS have symptoms associated with bacteriuria below the 
clinical criterion for a UTI (subclinical infections), the following hypothesis that was tested in the present study was 
posited: NBI results in increased bladder nociceptive sensitivity to low concentrations of microbial antigens in adults. 
Specifically, the present study examined the sensitivity of the bladder to the augmenting effects of two known bladder 
irritants of microbial origin, lipopolysaccharide (LPS; a proxy of E. coli infection and TLR4 agonist) and zymosan (a 
proxy of yeast infection and TLR2 agonist), by intravesically administering low-concentration antigen solutions to NBI 
rats and their controls, and then characterizing VMRs to UBD. In addition, the tissue concentrations of TLR2 and TLR4 
in NBI rats were compared with those in controls.

Materials and Methods
General
This study was performed using female Sprague-Dawley rats. All experiments were approved by the Institutional Animal Care 
and Use Committee of the University of Alabama at Birmingham and so followed guidelines for animal care as defined by the 
United States Department of Agriculture. Timed pregnant dams were obtained from Invigo Laboratories (Sprattville, AL, 
USA) and the date of birth was recorded. Separate groups of female pups underwent neonatal treatments and were raised using 
standard husbandry methods, with weaning from dams at 3–4 weeks of age. All rats were raised to 12–15 weeks of age before 
undergoing additional adult pretreatments followed by testing or tissue harvesting.

Neonatal Treatments
On postnatal days P14-P16, all rats underwent one of two treatments. In the neonatal bladder inflammation group (NBI 
rats), pups were anesthetized with 2–5% isoflurane in oxygen, injected with ampicillin (50–100 mg/kg s.c.), their urethral 
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orifice swabbed with an iodine-povidone solution, and a 24 gauge angiocatheter passed transurethrally into their bladder. 
A 1% Zymosan solution (0.1 mL) was injected into the bladder and allowed to dwell for 30 min. The pups were kept 
warm on a heating blanket and were returned to their mothers. Neonatal Control Treatments (NCT rats) consisted of 
a similar anesthetic for 30 min, iodine-povidone swabbing, ampicillin treatment, and identical recovery protocols.

Adult Bladder Pretreatments
As adults (12–15 weeks of age), rats were anesthetized with 2–5% isoflurane in oxygen and injected with ampicillin (50– 
100 mg/kg s.c.). Their urethral orifice was swabbed with an iodine-povidone solution, and a 22-gauge angiocatheter was 
passed transurethrally into the bladder. Solutions of different concentrations of LPS (0, 25, 50, 100 or 200 µg/mL) or Zymosan 
(0.01, 0.1, 1, or 10 mg/mL) were injected into the bladder in a volume of 500 μL and allowed to dwell for 30 min. The rats were 
kept warm on a heating blanket, allowed to recover, and returned to their home cages. The control adult treatment consisted of 
a similar anesthetic for 30 min, iodine-povidone swabbing, ampicillin treatment, and identical recovery protocols. LPS was 
derived from the O55:B5 E. Coli strain (Sigma-Aldrich, St. Louis, MO), which has been well characterized and utilized by 
multiple laboratories to induce bladder inflammation in rodents.22 The Zymosan utilized was Zymosan A (Sigma Aldrich, 
St. Louis, MO), derived from Saccharomyces cerevisiae, has been used extensively in our laboratory.23

Visceromotor Response (VMR) Measures
The day after adult pretreatment, the rats were anesthetized with 2–5% isoflurane in oxygen and 1.2 g/kg urethane s.c. A 22- 
gauge angiocatheter was placed transurethrally into the bladder and held in place by a tight suture around the distal urethral 
orifice. Silver wire electrodes were placed in the external oblique musculature immediately superior to the inguinal ligament. 
Isoflurane was then lowered until flexion reflexes were present (typically, 0.25% isoflurane). The UBDs (20 s, 10–60 mm Hg) 
were produced using compressed air and a distension control device. Intravesical pressure was monitored using an in-line 
pressure transducer. The (EMG) activity of the external oblique musculature was measured as previously described.17 Briefly, 
standard differential amplification of the abdominal electrodes was digitized (Spike 2, Cambridge Electronic Design, Inc., 
Cambridge UK) at a sampling rate of 10 KHz and saved on a computer. Digital rectification allowed for the calculation of the 
mean EMG activity (in mV) during any defined time period. For each dataset, the same amplifier and filter settings were used 
for all the rats. A demonstration of typical EMG responses, coupled with a graphical description of the experimental apparatus, 
is shown in Figure 1.

Figure 1 Diagram and example of visceromotor response. In (A) diagram of experimental apparatus. In (B) typical example of rectified electromyographic measures of 
abdominal contractions in response to graded intensities of urinary bladder distension.
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Enzyme-Linked ImmunoSorbent Assay (ELISA) of TLR2 and TLR4 Content
Adult (12–15 wks) rats that had experienced NBI or NCTs were anesthetized and euthanized, allowing harvesting of the 
urinary bladder and hydraulic extraction of the spinal cord. The bladder and separate segments of the thoracolumbar 
(T13-L2) and lumbosacral (L6-S2) spinal cord tissues were weighed, homogenized, and processed according to the 
manufacturer’s instructions (TLR2: LS Bio, Shirley, MA; kit LS-F56396 - TLR4: Cosmo Bio USA, Carlsbad, CA; kit 
CSB-E15822r-1) and then analyzed for TLR2 and TLR4 levels.

Statistical Analyses
Data are presented as the mean ± S.E.M. ELISA data were compared using a one way ANOVA. The vigor of VMRs was 
quantified as the mean rectified EMG activity during the 20s period of UBD minus the mean rectified EMG activity 
during the immediate pre-stimulus time period. Measures of Visceromotor Response were treated as discrete data points 
and analyzed using the repeated measures ANOVA. In addition, when utilizing multiple different intensities of UBD, 
a stimulus-response function was generated which was then associated with a single Area-Under-the-Curve (AUC) 
statistic which has been demonstrated to be normally distributed [see reference17 for more extensive description]. For 
different pretreatments, these AUC statistics were normalized to the respective adult pretreatment control measure. The 
statistical package used for analysis was Systat 12 (SPSS, Inc. San Jose, CA USA). Comparisons with p <0.05 were 
considered significant.

Results
NBI Results in Increased Bladder Content of TLR2 and TLR4
Rats that received NBI treatments had statistically greater whole-bladder protein content of TLR2 and TLR4 than rats 
that received NCT (Table 1). The spinal cord contents at both the thoracolumbar (T12-L2) and lumbosacral (L6-S2) 
levels were not statistically different between the NBI and NCT groups (Table 1).

NBI Leads to Increased Vigor of Visceromotor Responses (VMRs) Following LPS and 
Zymosan as Adults
As in previous studies,24 graded urinary bladder distension evoked robust graded VMRs in both adult NBI (Figures 2C and 3C) 
and NCT (Figures 2B and 3B) rats. AUC statistics related to individual stimulus-response functions for each rat were generated, 
as this statistic has been demonstrated to be normally distributed across study populations17 and allows for the comparison of 
different treatment groups (Figures 2A and 3A). NBI rats pretreated with either LPS (Figure 2) or Zymosan (Figure 3) 
demonstrated dose-dependent effects when compared to NBI rats that received adult control pretreatments (No LPS, No 
Zymosan). In contrast, the VMRs of NCT rats were not significantly altered by adult pretreatments, except for the highest 
dose of zymosan, which was statistically greater than the VMRs of NBI rats that received adult control pretreatments. These 

Table 1 Effect of Neonatal Bladder Inflammation on TLR2 and TLR4

Tissue-Receptor Neonatal Bladder Neonatal Control
Inflammation Treatment

Bladder TLR2 (n=8) 0.29 ± 0.05* 0.16 ± 0.02

Bladder TLR4 (n=8) 14.33 ± 2.35* 8.06 ± 1.08

TL Spinal Cord TLR2 (n=6) 0.87 ± 0.07 0.67 ± 0.12
TL Spinal Cord TLR4 (n=6) 4.19 ± 0.71 4.40 ± 0.72

LS Spinal Cord TLR2 (n=6) 0.51 ± 0.10 0.51 ± 0.08

LS Spinal Cord TLR4 (n=6) 2.49 ± 0.83 1.69 ± 0.29

Notes: Data is presented as Mean ± SEM. Protein measures in ng/mg protein. TLR2 and TLR4 
indicate Toll-Like Receptors types 2 and 4 respectively. TL Spinal Cord indicates T13-L2 spinal 
segments. LS Spinal Cord indicates L6-S2 spinal segments. Bolded values indicate statistical 
significance. *Indicates statistically significant difference between the two groups (one way 
ANOVA) with p<0.05.
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Figure 2 Visceromotor responses following adult pretreatment with lipopolysaccharide (LPS). In (A) AUC (Area-Under-the Curve) statistics presenting overall vigor of 
visceromotor responses to graded urinary bladder distension following adult pretreatment with varying concentrations of LPS normalized to the No-LPS pretreatment AUC 
statistic (see text for greater description) of each neonatal treatment group. NBI indicates Neonatal Bladder Inflammation treatment group; NCT indicates Neonatal Control 
Treatment group. In (B and C) the stimulus response functions from which the normalized data was derived. Note that NCT had minimal responses to adult LPS treatment, 
whereas NBI rats demonstrated robust dose-dependent augmentation of their visceromotor responses. All values presented as Mean ± SEM. * and ** represent statistically 
significant differences from the No-LPS adult pretreatment group with p<0.05 and p<0.01 respectively.

Figure 3 Visceromotor responses following adult pretreatment with Zymosan. In (A), AUC (Area-Under-the Curve) statistics presenting overall vigor of visceromotor 
responses to graded urinary bladder distension following adult pretreatment with varying concentrations of Zymosan (Zymo) normalized to the No-Zymosan pretreatment 
AUC statistic (see text for greater description) of each neonatal treatment group. NBI indicates Neonatal Bladder Inflammation treatment group; NCT indicates Neonatal 
Control Treatment group. In (B and C), the stimulus response functions from which the normalized data was derived. Note that NCT had minimal responses to adult 
Zymosan pretreatment except at the highest concentration, whereas NBI rats demonstrated robust dose-dependent augmentation of their visceromotor responses. All 
values presented as Mean ± SEM. * and ** represent statistically significant differences from the No-Zymosan adult pretreatment group with p<0.05 and p<0.01 respectively.
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within-group differences were readily apparent when the AUCs, normalized to the adult control pretreatments, were compared 
side by side (Figures 2A and 3A). Although the VMRs in NBI rats that received adult control pretreatments tended to be less 
vigorous than those in NCT rats that received adult control pretreatments (p=0.068), a statistically significant interaction effect 
between the intensity of UBD and neonatal treatment was observed (repeated-measures ANOVA, F = 2.498; p=0.033). 
Consequently, we felt that it was indicated to treat the NCT and NBI groups as separate statistical entities.

Discussion
The most important finding of this study was that a bout of cystitis during the rat equivalent of childhood was associated 
with changes in adult rats, such that low doses of microbial antigens within the bladder were sufficient to induce 
augmented nociceptive responses to bladder distension, resulting in the increased expression of TLR2 and TLR4 
receptors in adult rat bladders. This augmentation of responses correlates with the enhanced responses of humans 
diagnosed with IC/BPS who report flares in bladder symptoms in association with bacteriuria levels that are below the 
clinical criteria for a UTI.12 Murine models of IC/BPS have also reported a similar sensitized responsiveness to TLR4 
activation25 and require TLR4 to augment autoimmune cystitis-induced pain-like responses.26

The role of fungal or yeast infections as contributing factors to subsequent hypersensitivity is supported by the findings of 
the MAPP Research Network, which identified that fungal DNA was more frequently present during flares in the urine of 
subjects with IC/BPS than in control subjects14 and was associated with greater bladder symptom severity.13 There may also 
be role for obtaining historical information related to neonatal bladder infections as well as laboratory evaluations of TRL2 and 
TLR4 content within the bladder as part of the diagnostic process related to IC/BPS. Such historical and laboratory 
phenotyping may be useful in predicting responsiveness to subsequent antimicrobial therapies. The mechanisms underlying 
this increased sensitivity can be attributed to multiple factors. The easiest explanation for this increased responsiveness to 
TLR2 and TLR4 agonists is that NBI (induced by zymosan) led to increased expression of receptors upon which these agonists 
interact, as suggested by the ELISA data. Ongoing studies in our laboratory are attempting to identify specific bladder 
structures that show increased TLR2 and TLR4 expression following NBI.

Notably, TLR2s and TLR4s have been identified in the bladder urothelium27–29 and TLR4 has also been identified in 
bladder smooth muscle, systemic white blood cells, and primary afferent neurons in the bladder.28,29 The urothelium has the 
greatest exposure to intravesical antigens and is therefore a logical site of action. Urothelial cells have been demonstrated to 
communicate with the underlying primary afferent neurons2 and so a mechanism for altering sensory functions is present. 
UTIs caused by E. coli have been demonstrated to result in increase the excitability of primary afferent neurons.30 Other 
mechanisms may also be involved in hypersensitivity and are not exclusive to a urothelial mechanism. These include potential 
reductions in the glycosaminoglycan (GAG) layer lining the bladder, which has been proposed as the primary mechanism 
leading to pain in patients with IC/BPS.31 With a reduction in the GAG barrier, intravesical antigens have greater potential to 
reach TLRs elsewhere in the bladder. NBI rats have been demonstrated to be more responsive to intravesical administration of 
potassium solutions,17 a manipulation used by clinicians as an indirect measure of GAG intactness.31 Peripheral nervous 
system changes may also contribute to hypersensitivity, as there is increased CGRP content in the bladders of NBI rats 
compared to controls, as well as increased neurogenic inflammation in response to intravesical TRPA1 agonist.20 Central 
nervous system changes may also explain some of the augmentation of VMRs, as spinal opioidergic and corticotrophinergic 
mechanisms have been demonstrated to be altered in NBI rats.32,33 Immunological mechanisms can also be at play within 
bladder tissues,34,35 since immune cells express TLR2 and TLR4 and specific populations of B-cells have been noted in 
subjects with IC/BPS.34

A concern was that in the present dataset, there was a near-total lack of effects of LPS in NCT rats. Some level of 
augmentation by LPS was expected given the existing literature that reported the effects of intravesical LPS.34–41 

However, these studies had endpoints different from those of the present study and, in most cases, used different rat 
strains. A broader search for studies using intravesical LPS as a bladder irritant revealed that the concentrations of LPS 
required to generate a robust effect in models similar to those used in this study were much higher than the concentrations 
used in the present study. In addition, a robust response often requires pretreatment with agents such as intravesical 
protamine, presumably stripping the GAG layer of the urothelium of the bladder.42–52 Our own previously reported 
experience with intravesical LPS in rats failed to observe a statistically significant effect of pretreatment in control rats17 
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but was robustly present in NBI rats. The responses to intravesical Zymosan in the NCT rats were consistent with those 
in normal control rats in a previous study.18 Other potential reasons for non-robust responses to LPS in control rats 
include the potential effect of the strain of E. coli which was used to generate the LPS tested. We chose the O55:B5 strain 
because of the published robust responses in murine subjects22 but there is ample research that supports the statement that 
different variations of LPS produce different effects on sensation and inflammation.53,54 Notably, this strain had 
physiological effects in NBI rats in the present study.

Limitations of this study include the exclusive use of female participants. The decision to exclusively use female rats 
was based on the perceived ease of cannulation of the urethra of females in comparison to that of male rats, as we did not 
wish to introduce potential nonspecific injuries. There is an additional observation that IC/BPS disproportionately affects 
females as opposed to males.1 The use of exclusively female subjects raises the potential for the effects of gonadal 
hormones and their cyclical effects to occur as part of the estrous cycle. We did not control for the effects of the estrous 
cycle because previous studies examining inflammation and bladder sensation did not observe an effect of gonadal 
hormone cycling on the vigor of VMRs to UBD.55 The same was not true for other nociceptive endpoints, such as 
pseudaffective cardiovascular responses to UBD, which were not measured in this study. Therefore, our experimental 
conclusions are limited to the use of visceromotor and neurochemical measures.

Conclusion
LPS and Zymosan augmented nociceptive responses to UBD in rats which had experienced NBI and had minimal effects 
on NCT rats at the doses tested. Higher concentrations of bladder TLR2 and TLR4 proteins in the NBI group correlated 
with an increased nociceptive response to these antigens. Given that patients with IC/BPS have a higher incidence of 
childhood UTIs16 and the common incidence of childhood urinary tract infections56,57 this responsiveness to low dose 
LPS and Zymosan may explain why some patients with IC/BPS become symptomatic following what are defined as 
“subclinical” UTIs (<50,000 CFU). This, in turn, suggests and supports the controversial clinical practice of long-term 
antimicrobial treatment to alleviate the symptoms of IC/BPS58,59 and suggests new therapies that may be related to TLR2 
and TLR4 mechanisms.60,61
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