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Abstract

Aims: Diabetic bladder dysfunction (DBD) is a prevalent diabetic complication thought to 

progress from overactive (OAB) to underactive (UAB) bladder. Previously we found OAB at 

15 weeks in the Akita mouse, a genetic model of Type 1 diabetes. The first aim of this study 

assesses bladder function at 30 weeks to assess progression. In addition, inflammation triggered by 

the NLRP3 inflammasome is implicated in DBD. In a second aim we assessed a role for NLRP3 

by crossing Akita mice with NLRP3−/− mice.

Main methods: Akita mice were bred with NLRP3−/− mice. The effect of diabetes was assessed 

by comparing nondiabetic to diabetic mice (all NLRP3+/+). The effect of diabetes in the absence 

of the NLRP3 inflammasome was assessed by comparing nondiabetic/NLRP3−/− to diabetic/

NLRP3−/− mice. Mice were assessed at 30 weeks for blood glucose (glucometer), inflammation 

(Evans blue), bladder morphology (histology) and bladder function (urodynamics).

Key Findings: At 30 weeks blood glucose of nondiabetics and diabetics was not affected 

by the presence of absence of NLRP3. Diabetic/NLRP3+/+ mice showed bladder inflammation 

and detrusor hypertrophy which was blocked in the diabetic/NLRP3−/− mice, clearly showing a 

role for NLRP3. When bladder function was examined, diabetic/NLRP3+/+ showed an increase 

in voiding volume and a decrease in frequency, two signs of underactive bladder. However, in 

the NLRP3−/− mice, diabetes was unable to effectuate these changes, demonstrating that NLRP3-

induced inflammation is responsible for UAB symptoms in these mice
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Significance: Akita diabetic mice progress from OAB to UAB. NLRP3 is a possible target to 

treat DBD.
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1.0 Introduction

Diabetes is a developing epidemic [1, 2] with numerous complications that erode quality of 

life and basic functioning. One of the most common is diabetic bladder dysfunction (DBD), 

a term for the constellation of urinary symptoms associated with diabetes. This complication 

is particularly perplexing as strict glucose control does not prevent its development [3–5].

Contemporary thinking postulates that DBD progresses from an early overactive bladder 

(OAB) towards an underactive (UAB) or decompensated state [6–8], although in reality 

patients may present with a plethora of symptoms typical of one or more of these states, 

such as urinary frequency and urgency, detrusor underactivity and bladder decompensation 

[9]. Even if there is a symptomatic progression in humans, the wide range of presenting 

symptoms may mask its recognition. Definitive longitudinal studies are sorely needed in 

humans, as are animal models that reliably undergo this progression. Such models are 

essential to developing therapeutics, as there are currently no targeted therapies for DBD. 

Previously we documented that female Akita mice, a genetic model of type 1 diabetes, 

develop OAB at 15 weeks of age [10]. In the present study we have examined these mice 

at a later time point (30 weeks) to determine if their OAB progresses towards an UAB 

phenotype as the animals progress to middle age.

Diabetes is characterized by an underlying inflammation that is responsible for the 

detrimental consequences of its complications [11–14]. The mechanisms underlying 

inflammation is just beginning to be understood, but it is important to note that diabetes 

is not just a disease of high blood glucose but, in fact, is characterized by metabolic 

derangement and the production of numerous diabetes metabolites [15–17], many of 

which activate the NACHT, LRR and PYD Domains-Containing Protein 3 (NLRP3) 

inflammasome. NLRP3 is a member of the Nod-like receptor family that responds to 

numerous molecules that trigger sterile inflammation, known as Damage (or Danger) 

Associated Molecular Patterns or DAMPS. NLRP3 senses DAMPS, oligomerizes and 

activates a protease known as caspase-1. Caspase-1 in turn cleaves pro-IL-1β and pro-IL18 

to their mature forms, which are released to act as pro-inflammatory cytokines, triggering 

a wider inflammatory response. In chronic cases such as diabetes, which typically occur 

without a sudden and large release of DAMPS, the inflammatory response is muted and 

results in a chronic state of low-level inflammation known as meta-inflammation. [18–20].

In the bladder, NLRP3 is localized to the urothelia [21, 22] and we have shown that many 

diabetic metabolites (e.g. monosodium urate, HMGB1, C6-ceramide) directly activate this 

sensor and trigger inflammation [10]. Moreover, this inflammation is significantly activated 

in urothelia from the Akita diabetic mice at the time point where we detected overactivity 

(15 weeks). Finally, by cross-breeding a NLRP3 knock out mouse with the Akita strain, 
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we showed bladder inflammation and overactivity was a direct result of NLRP3 activation. 

In the present study, we have extended the work to determine if NLRP3 inflammation is 

responsible for bladder dysfunction detected at the later time point of 30 weeks which 

correlates to middle adulthood in mice.

2.0 Materials and Methods

2.1 Animals

All protocols performed by the investigators were approved by the Institutional Animal Care 

and Use Committee at Duke University Medical Center and strictly adhere to the NIH Guide 

for the Care and Use of Laboratory Animals. Mice were bred by the Breeding Core Facility 

at Duke University through an independently approved protocol and genotypes assessed by 

Transnetyx, Inc. (Cordova, TN) around 3 weeks of age. Immediately thereafter they were 

transferred to the investigators IACUC protocol (≈5 weeks of age) where they remained 

until they reached the appropriate age for the study (30 weeks). Only female mice were 

used.

All founder mice were purchased (and replaced when necessary) by the breeding 

core from Jackson Laboratory (Bar Harbor, MA). These consisted of Akita mice 

(C57BL/6J-Ins2Akita/J mice; stock number: 003548) [23] and NLRP3−/− mice (B6.129S6-

Nlrp3tm1Bhk/J (stock number: 021302) [24]. It should be noted that the NLRP3−/− origin 

strain was 129S6/SvEvTac, which is different from the C57BL/6J background the Akita 

mice were created on. However, the NLRP3−/− strain has been backcrossed to C57BL/6J 

for >11 generations (https://www.jax.org/). Also, Akita mice have a mutation in the ins2 

gene which creates the type 1 diabetic condition. Because the homozygote Ins2 mutation 

is often lethal, the heterozygote Akita mice were used. Blood glucose becomes elevated in 

the heterozygote Akita mice (200–300 mg/dL) around 4 weeks of age and remains high 

thereafter [25, 26].

The breeding core used these founder mice to create 4 distinct experimental groups for this 

study.

1. Nondiabetic, NLRP3+/+ - homozygote wild type Ins2 genes; homozygote wild 

type NLRP3 genes - i.e. control mice

2. Diabetic, NLRP3+/+ - heterozygote for Akita mutation at the Ins2 gene; 

homozygote wildtype NLRP3 genes - i.e. Akita diabetic.

3. Nondiabetic, NLRP3−/−, nondiabetic - homozygote wild type Ins2 genes, both 

NLRP3 genes deleted - i.e. NLRP3 knockout control.

4. Diabetic, NLRP3−/− - heterozygote for Akita mutation at the Ins2 gene, both 

NLRP3 genes knocked out - i.e. Akita diabetic mice with NLRP3 knocked out

2.2 Blood Glucose

Glucose levels in the blood were assess using the AimStrip Plus blood glucose testing 

system and blood harvested from the submandibular vein using a lance. Mice were not 

calorically restricted and collections were taken at approximately the same time each day 
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(between 1 and 2 PM). For mice slated for urodynamics glucose levels were assessed prior 

to implantation of suprapubic tubes.

2.4 Evans Blue Dye Extravasation

Bladder inflammation was assessed by the extravasation of Evans blue dye, as previously 

described [21, 27–29]. Briefly, mice are restrained and then injected (i.v., tail vein) with 10 

mg/kg dye. 1 h later they were sacrificed by isoflurane exposure and the bladder removed 

and weighed. The bladder was then submersed in 1 ml formamide and incubated at 50°C 

overnight. The next day the absorbance of the formamide at 620 nm was assessed and the 

concentration of dye calculated from a standard curve. The amount of extravasated dye was 

then normalized to bladder weight.

2.5 Histology

Isolated bladders were fixed (10% neutral buffered formalin) at 4°C overnight. They were 

then transferred to 70% ethanol and stored at 4°C until transferred to the Duke Histology 

Core (< 1 week). The core facility embedded them in paraffin blocks en places 5 um 

thick sections on slides. The slides were then stained with hematoxylin and eosin with 

standard techniques. Micrographs were obtained on an Axio Imager 2 microscope (Zeiss, 

Oberkochen, Germany) running Zen software (Zeiss). The entire cross section was obtained 

using the tiling and stitching feature of the software. Calibration bars were inserted and the 

final files were exported as TIFF files and cropped as indicated.

2.6 Surgery

For mice undergoing urodynamic analysis, suprapubic tubes were implanted in the bladder 

one week prior to analysis. Briefly, animals were anesthetized with an i.p. injection of 

ketamine hydrochloride (50 mg/kg) and xylazine (5 mg/kg). Mice were given injections of 

amikacin (10 mg/kg, s.c.) for antibiotic prophylaxis and carprofen (5 mg/kg, s.c.) for pain 

relief. A low, vertical, midline abdominal incision was made and the bladder externalized. 

Using a 6–0 silk suture with a tapered needle a purse string suture was placed in the 

bladder dome. A hole was then cut in the middle of the purse string, PE-10 tubing inserted 

and the purse string was tightened. The PE-10 tubing had a flared intravesicular end to 

insure it remained securely in the bladder. The tube was then tunneled subcutaneously and 

externalized at the interscapular region where it was secured using a 6–0 silk suture. The end 

of the tube was then sealed by heat. A 6–0 PGA suture was then used to stich closed first 

the abdominal wall and then the abdominal skin. Finally, the skin at the catheter exit site was 

closed around the catheter.

2.7 Urodynamics

One week following catheter placement the animals were placed in a Ballman-type 

restrainer (Natsume Seisakusho Co., Tokyo, Japan), following appropriate training. The 

sealed end of the catheter was cut and slid inside a length of P50 tubing. The junction 

between the two was then adhered and sealed with cyanoacrylate adhesive. The restrainer 

was then placed inside a Small Animal Cystometry Lab Station (Med Associates, St. 

Albans, VT) where it was situated above a digital analytical balance to measure voided 
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volume. The P50 tubing was attached to a syringe pump with an in-line pressure transducer 

and sterile saline infused at a rate of 15 μl/min for 60 – 180 min. Near continuous reading 

(4 per sec) were recorded from both the pressure transducer and the scale using Med-CMG 

software (Med Associates, St. Albans, VT). Micturition cycles were allowed to stabilize 

(typically 30–45 min) and at least 3–8 cycles recorded before halting the infusion pump, 

which always took place immediately after a void. After halting the pump the tubing was 

detached from the pressure transducer and attached to a 3 ml syringe. The plunger was then 

withdrawn and any fluid recovered (the post void residual volume (PVR)) was measured 

by expelling the fluid onto the scale and recording its weight. Analysis of the micturition 

cycles (typically 5–8 per sample) took place using CMG Analysis software (version 1.06; 

Med Associates, St. Albans, VT). One cycle was defined as the time intravesicular pressure 

returned to baseline after a previous void until it returned to baseline following the next 

void. Voiding pressure is defined as the peak intravesical pressure occurring at the time 

of a void. The void volume was the amount of change on the scale associated with the 

voiding pressure peak and the intercontraction interval (ICI) the time between successive 

voiding pressure peaks. Frequency in voids per hour was determined by first measuring 

the intercontraction interval (ICI) or the seconds between successive peaks in intravesical 

pressure that occurred at the time of a void and then normalizing to time using the formula 

3600/ICI. Bladder capacity was calculated by adding the average voiding volume to the 

recovered PVR. Voiding efficiency was calculated as the voiding volume divided by the 

bladder capacity, times 100.

2.8 Statistical Analysis

All parameters were assessed by a two-tailed Student’s t-test using GraphPad InStat 

software (La Jolla, CA). Statistical significance was defined as p<0.05 and these results are 

indicated on the graphs. In addition, we also performed a one-way ANOVA followed by a 

Student-Newman-Keuls post hoc test to compare all groups. The results of that comparison, 

which did not change any conclusions, can be found in the supplementary material.

3.0 Results

3.1 NLRP3 expression does not affect blood glucose levels

In order to assess the importance of NLRP3 on development and progression of DBD we 

have bred the Akita type 1 mouse with a NLRP3 knock out to create diabetic mice that 

lack NLRP3, as described in the Methods section. Because we sought to explore a role for 

NLRP3-induced inflammation, is was critical to demonstrate that knocking out NLRP3 had 

no effect on blood glucose levels (i.e. diabetes). As shown in Figure 1A, at 30 weeks of 

age diabetic Akita mice had a greatly elevated blood glucose level over nondiabetic control. 

Importantly, genetic deletion of NLRP3 (Figure 1B) had no effect on serum glucose levels 

for either group, demonstrating that NLRP3 has no direct effect in the regulation of blood 

glucose. These results are similar to that reported earlier at 15 weeks [10].
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3.2 Inflammation is present in the bladder at 30 weeks but blocked in the absence of 
NLRP3

To determine if NLRP3-mediated inflammation is driving progression of DBD it was 

essential to establish that inflammation remained blocked after 30 weeks, as it was at 15 

weeks [10]. Using the Evans blue dye extravasation assay of inflammation we show, in 

Figure 2A, a significant increase of inflammation in the bladder at 30 weeks of age in the 

diabetics compared to nondiabetic controls. However, inflammation remained near control 

levels in the diabetic mice that lacked NLRP3 expression (Figure 2B). Again, these results 

are similar to levels previously reported at 15 weeks [10].

3.3 There is an increase in the size of the detrusor in the bladder at 30 weeks which is 
blocked in the absence of NLRP3.

Detrusor hypertrophy is a well-known consequence of inflammation in the bladder and has 

been associated with DBD models [30]. Moreover, in cyclophosphamide-induced cystitis 

it has been shown to be mediated by IL-1β [31], the cytokine output of the NLRP3 

inflammasome. Figure 3 shows slides from each of the 4 groups stained with hematoxylin 

and eosin and cropped to illustrate the difference in the bladder wall. Sections for the 

diabetic NLRP3+/+ mouse showed clear increase in the size of the detrusor layer that 

remained near normal size in the NLRP3−/− mouse.

3.4 After 30 weeks Akita mice develop bladder underactivity in an NLRP3-dependent 
manner

To assess bladder function at 30 weeks, mice were subjected to urodynamics. Figure 4A 

shows representative pressure tracings from nondiabetic and diabetic mice that possessed 

wild type NLRP3 while Figure 4B depicts the same pathological states in mice with 

NLRP3 deleted. Quantitative information gleaned from these graphs, along with urine 

scale measurements, post-void residual assessments, and bladder capacity and efficiency 

calculations, are depicted in Figure 4. Not surprisingly, there was no effect of diabetes or 

NLRP3 expression on voiding pressure (Figure 5A and B). However, at 30 weeks diabetes 

significantly increased the voided volume of urine (Figure 5C) and this change was blocked 

when NLRP3 was deleted (Figure 5D). Associated with this increase in void volume was 

a concomitant decrease in frequency (Figure 5E) which was also absent in the knock out 

diabetic animals (Figure 5F). Even with the increased void volume seen in the diabetic 

mice we also detected an increased post void residual volume remaining in the bladder 

after a void (Figure 5G), a finding that leads to a significantly increased bladder capacity 

(Figure 5I) and a reduced voiding efficiency (Figure 5K). Tellingly, all these parameters 

were reduced back to values not significantly different from non-diabetic controls when 

NLRP3 is knocked out (Figures 5H, J and L).

4.0 Discussion

Exploring the progression of DBD in the female Akita mouse, we previously found 

bladder overactivity at 15 weeks of age [32] whereas in this study at 30 weeks there 

was a profound change towards an underactive/decompensated state. Together these results 

clearly demonstrate progression of DBD and define specific time points where the specific 
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states can reliably be assessed. In addition, we cross bred the Akita diabetic mice with 

NLRP3−/− mice to assess the importance of NLRP3-driven inflammation to the development 

of DBD. After confirming that the bladder inflammation and detrusor hypertrophy was 

indeed blocked by knocking out NLRP3, the urodynamic results indicated that every single 

parameter remained indistinguishable from control values. This was somewhat astounding 

after 30 weeks of pronounced and uncontrolled high glucose/diabetes. Thus, the female 

Akita model shows a distinct and reproducible progression of DBD driven by NLRP3-

induced inflammation.

Progression of DBD in humans is in need of better documentation and animal models are 

sorely lacking. One of the most commonly used models is the streptozotocin model (type 

1) model. Daneshgari et al. have used this model effectively to study DBD [6, 7] and 

have shown, with the correct dosing, that two progressive phases are apparent; an early 

phase OAB phase and a later UAB stage. He expressed this progression as the “Temporal 

Hypothesis for Diabetic Bladder Dysfunction” which defines the contemporary idea of DBD 

progression. Additional labs have also noted this progression with streptozotocin [33, 34] 

although some have not [35], a result likely due to dose of streptozotocin, analysis time 

point, strain of mice etc. In addition, progressive DBD has only been found with a very 

limited number of models, perhaps most notably with what is considered a model of Type 2 

diabetes by Klee et al. [30]. That model uses animals fed a high-fat diet to trigger diabetes 

but also requires 2 low doses of streptozotocin which may indicate a contribution of Type 

1 diabetes. Perhaps the most undesirable effect of any streptozotocin model is that we 

have found that streptozotocin itself functions as a DAMP and directly activates NLRP3 in 

urothelial cells in culture [10]. Such complications have led many, including us, to seek out 

genetic models.

Arguably the three most well-known genetic models of diabetes are the Non obese Diabetic 

(NOD) mouse, the diabetes prone biobreeding rat (BB-DP) and the Akita mouse [36]. 

Unfortunately, the first two models involve severe autoimmune responses and show a highly 

variable time of onset for diabetes if it develops at all. For example, diabetes only develops 

in 60% of NOD mice with the time of onset typically ranging from 12–30 weeks [37]. The 

female Akita mice appears to avoid these complications. There has been one report of UAB 

in male Akita at 20 weeks of age [25], but it is unknown if these male mice display OAB 

at an earlier time progression. It is known that male Akita display a more profound diabetic 

phenotype than females and so it is conceivable their temporal progression is compressed 

in response. One additional study examined DBD in male and female Akita mice [38] but 

did so only with mice with insulin implants designed to reflect poorly controlled diabetes. 

Unfortunately, their urodynamic studies were reported as being vastly “underpowered” 

and “not statistically robust” and so cannot be reliably compared to the present study. 

Overall, this study, in conjunction with our previous one [10], has defined very specific and 

reliable time points in which female Akita mice display OAB symptoms (15 weeks) and a 

later UAB phenotype. Consequently, itshould be extraordinarily useful in understanding the 

progression of DBD.

The mechanism by which diabetes triggers DBD is worth considering in light of our studies. 

We propose that in the early stages hyperglycemia causes oxidative stress which leads 
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to tissue damage, in agreement with others (23). Tissue damage results in the release of 

DAMPs that trigger inflammation through activation of NLRP3 in urothelia [21, 22, 27]. 

In addition, diabetic metabolites found stored in the urine further activate NLRP3 and drive 

inflammation forward [10]. This inflammation then triggers OAB in the acute phase which 

may be mediated by NLRP3-dependent increases in c-fibers [10]. Persistent inflammation 

then brings about a number of seemingly permanent changes such as denervation [32] and 

possibly fibrosis, although the presence of fibrosis during DBD is controversial at best [39–

41]. Preventing inflammation from the beginning, as with NLRP3−/− mice, prevents both 

the initiation and progression of bladder dysfunction. Such a conclusion begs the question 

if inflammation is really necessary for progression of DBD or only it’s initiation, and the 

current study does not answer that although it does suggest either 1) the chronic stage of 

DBD is dependent on the acute stage or 2) both the acute and chronic stages are driven by 

inflammation, or 3) both 1 and 2 are correct. An intriguing study that would address these 

question would require conditional (and preferably urothelia-specific) NLRP3 knock out 

mice where the protein could be inactivated after the early overactive state (15 weeks) and 

see if underactivity develops at 30 weeks. Conversely, NLRP3 inhibitors such as glyburide 

or MCC950 could be employed after 15 weeks to pharmacologically block NLRP3.

Finally, the present results are not exclusively relevant to patients with diabetes. It is now 

recognized that obese but non-diabetic humans also suffer from a chronic low level of 

inflammation that is mechanistically similar to, but less severe, than those with full-blown 

diabetes. In fact, even non-obese, otherwise normal people experience some increased level 

of baseline inflammation as they get older which could be an essential part of aging or 

a response to a modern environment, diet, etc. This phenomenon of chronic low-grade 

inflammation, as a contributing factor in most age-related diseases has been referred to 

as “inflammaging” [42, 43]. Therefore, the results of this current investigation, and others 

[44] could provide insight into how aging humans develop bladder dysfunction even in the 

absence of a known pro-inflammatory disease such as diabetes.

5.0 Conclusion

In summary, this study has shown the appearance of an underactive bladder phenotype 

in female Akita mice at 30 weeks which represents the progression from an underactive 

phenotype at 15 weeks [10]. Moreover, NLRP3-induced inflammation is essential to the 

development of DBD in these mice.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Female Akita mice (type 1), develop underactive bladder at 30 weeks

• This is the first genetic model to show progression of diabetic bladder 

dysfunction

• Knocking out NLRP3 prevents bladder inflammation in diabetic mice at 30 

weeks

• Knocking out NLRP3 prevents bladder underactivity in diabetic mice at 30 

weeks

• NLRP3-induced inflammation is responsible for diabetic bladder dysfunction
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Figure 1. Blood glucose is significantly increased in the Akita diabetic mouse relative to 
nondiabetic controls and this is not effected by genetic deletion of NLRP3.
Blood glucose levels were assessed at week 30 of life using the AimStrip Plus blood 

glucose testing system and blood from the submandibular vein. Measurements were taken 

from all non-fasted animals at approximately the same time of day (between 1 and 2 

PM). A. Blood glucose is significantly increased in the diabetic mouse with a NLRP3+/+ 

genotype. n=32 (nondiabetic), 25 (diabetic). B. Blood glucose is elevated in the diabetic 

mouse with a NLRP3−/− genotype. n=33 (nondiabetic), 30 (diabetic). For all graphs 

bars represent the mean ± SEM. ***p<0.0001 by Student’s two tailed t-test. non-diab = 

nondiabetic. diab = diabetic. ANOVA followed by Student-Newman-Keuls post hoc test was 

also used to compare all groups. The only additional significant differences found were 

between nondiabetic/NLRP3+/+ and diabetic/NLRP3−/− as well as diabetic/NLRP3+/+ and 

nondiabetic/NLRP3−/−. These comparisons can be found in the supplemental material.
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Figure 2. There is significant inflammation in the bladder of diabetic mice which is not present 
when NLRP3 is deleted.
The Evans blue dye extravasation assays was used to assess inflammation in the bladder of 

the Akita mouse in the presence of NLRP3 or with NLRP3 genetically deleted. A. Diabetes 

significantly increased the amount of Evans blue dye in the bladder compared to control 

at 30 weeks when NLRP3 was intact (NLRP+/+). n = 10 (nondiabetic) and 3 (diabetic). 

B. Diabetes did not affect the movement of Evans blue into the bladder in the absence 

of NLRP3. n = 5 (nondiabetic) and 12 (diabetic). For all graphs bars represent the mean 

± SEM. ***P < 0.0001 by paired Student two-tailed t test. non-diab = nondiabetic. diab 

= diabetic. ANOVA followed by Student-Newman-Keuls post hoc test was also used to 

compare all groups. The only additional significant differences found were between diabetic/

NLRP3+/+ and nondiabetic/NLRP3−/− as well as diabetic/NLRP3−/−. These comparisons can 

be found in the supplemental material.
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Figure 3. There is significant hypertrophy of the smooth muscle layer in the bladder of diabetic 
mice which is not present when NLRP3 is deleted.
Whole bladders from each group with harvested, fixed, embedded, sectioned and sections (5 

μm) stained for Hematoxylin and Eosin and visualized using standard methods, as described 

in the methods section. SM = bladder smooth muscle; U = urothelia; L = lumen. The lumen 

of the bladder is necessarily collapsed (i.e. not inflated) and is only represented by small 

while areas. Error bars represent 50 μm.
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Figure 4. NLRP3 is responsible for bladder dysfunction associated with DBD: Representative 
tracings of intravesicular pressures over time.
Each panel is a single representative tracing (or part of a tracing) of the luminal pressure 

(cm H2O) in the bladder and how it changes over several micturition cycles. These tracings 

were obtained during cystometry for each of the four experimental groups reported in the 

Methods section and recorded using an in-line pressure transducer. The tracings were chosen 

to represent only several micturition cycles (more may have occurred) and aligned so the 

peak of the first cycle aligns for each tracing to allow easy visual determination of the 

time between voids which is used to calculate urinary frequency. Typically, three to eight 

micturition cycles were quantitated per animal. Tracings from the scale used to measure 

voiding volume is not shown but voids align with the peaks in pressure A. Representative 

tracing from the NLRP3+/+ strains. B. Representative tracings from the NLRP3−/− strains. 

non-diab = nondiabetic. diab = diabetic.
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Figure 5. NLRP3 is responsible for bladder dysfunction associated with DBD: results of various 
parameters measured through cystometry.
The results are shown for nondiabetic and diabetic mice that either express NLRP3 

(NLRP3+/+) or have that gene deleted (NLRP3−/−). All studies were performed at 30 

weeks of age, and animals were implanted with a suprapubic catheter 1 week prior to 

analysis. A. Peak voiding pressure in nondiabetic and diabetic mice (both NLRP3+/+). B. 
Peak voiding volume in nondiabetic and diabetic mice with NLRP3 deleted (NLRP3−/−). 

C. Voiding volume in nondiabetic and diabetic mice (both NLRP3+/+). D. Voiding volume 

in nondiabetic and diabetic mice with NLRP3 deleted (NLRP3−/−). E and F. Frequency of 

voiding in the indicated animals calculated as 3600/intercontraction interval. G and H. The 

post void residual volume, or volume of urine remaining in the bladder immediately after the 

last void, in the indicated animals. I and J. The bladder capacity of the indicated animals 

calculated as the voided volume + PVR. K and L. The voiding efficiency of the indicated 

animals was calculated as 100 (voided volume)/(voided volume + PVR). For all graphs, bars 
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represent the mean ± SEM. For Void Pressure, Void Volume and Frequency: n = 11 and 

13 for nondiabetic and diabetic mice, respectively, that are NLRP3+/+. n = 9 and 10 for 

nondiabetic and diabetic mice, respectively, that are NLRP3−/−. For PVR, Voiding Capacity 

and Voiding frequency: : n = 8 and 9 for nondiabetic and diabetic mice, respectively, 

that are NLRP3+/+. n = 9 and 7 for nondiabetic and diabetic mice, respectively, that are 

NLRP3−/−. *P < 0.05, **P < 0.01; ***P < 0.001 by a Student two-tailed t test. non-diab 

= nondiabetic. diab = diabetic. ANOVA followed by Student-Newman-Keuls post hoc test 

was also used to compare all groups. Voiding pressure – no significant differences were 

found. Voiding volume – the only additional significant differences found were between 

diabetic/NLRP3+/+ and nondiabetic/NLRP3−/− as well as diabetic/NLRP3−/−. Frequency 

– the only additional significant differences found were between diabetic/NLRP3+/+ and 

nondiabetic/NLRP3−/− as well as diabetic/NLRP3−/−. These comparisons can be found in 

the supplemental material. PVR – no additional differences were found. Capacity - the only 

additional significant differences found were between diabetic/NLRP3+/+ and nondiabetic/

NLRP3−/− as well as diabetic/NLRP3−/−. Efficiency – no significant differences were 

detected.
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