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ABSTRACT

OBJECTIVE: To review available options of assessing murine bladder function and to evaluate a non-invasive technique 
suitable for long-term recording.

METHODS: We reviewed previously described methods to record rodent bladder function. We used modified metabolic 
cages to capture novel recording tracings of mouse micturition. We evaluated our method in a pilot study with female 
mice undergoing partial bladder outlet obstruction or sham operation, respectively; half of the partial obstruction and 
sham group received treatment with an S6K-inhibitor, targeting the mTOR pathway, which is known to be implicated in 
bladder response to obstruction.

RESULTS: Our non-invasive method using continuous urine weight recording reliably detected changes in murine 
bladder function resulting from partial bladder outlet obstruction or treatment with S6K-inhibitor. We found obstruction 
as well as treatment with S6K-inhibitor to correlate with a hyperactive voiding pattern.

CONCLUSIONS: While invasive methods to assess murine bladder function largely disturb bladder histology and in-
trinsically render post-cystometry gene expression analysis of questionable value, continuous urine weight recording is 
a reliable, inexpensive, and critically non-invasive method to assess murine bladder function, suitable for a long-term 
application.

Keywords: animal model, bladder physiology, murine micturition assessment, cystometry, VSOP, S6K, bladder hyper-
activity, partial bladder outlet obstruction

INTRODUCTION

Animal models are an essential part of research in bladder physiology 
and pathophysiology. Drug-effects, structural and functional changes 
resulting from experimental procedures, or phenotypic changes based 
on genetic manipulations can be assessed with regards to bladder phys-
iology in rodents. However, the physiologic parameters measured in 
rodent bladders have only limited translational value to human bladder 

pathology. To avoid confusion, the terms used to describe animal bladder 
physiology should be clearly defined in experimental studies and terms 
describing human bladder physiology should be avoided [1]. Despite 
these translational limitations, rodents have been used extensively 
in research of LUTS [2,3]. A research project’s hypothesis, methods 
involved, and the planned endpoints determine the choice of species 
to be used in a study. Using mice as experimental animals has the pow-
erful advantage of the full availability of transgenic manipulation and 
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generally lower cost than larger animals. While histologic workup and 
molecular analysis of bladder tissue are routinely done in all species 
used, there are three main techniques within a spectrum of options to 
assess murine bladder function.

Continuous urine weight recording
Continuous urine weight recording (CUWR) as assessment of bladder 

physiology has been used in different studies with some variation in 
the technical set-ups and was first published in 2001 [4,5]. However, 
the basic principle of collecting and weighing urine directly under a 
mouse cage remains. Also, measurement of post-void residual urine 
(PVR) at the time of bladder harvest is commonly done in studies using 
CUWR. Although the method is simple and requires little specialized 
equipment, it was not widely applied in the past. CUWR is a common 
method to record micturition pattern in rats, whereby urine is funneled 
in a measuring cup while solid material such as feces or chow dropped 
by the study animal gets collected separately. However, the same equip-
ment is unsuitable for quantification of micturitions in smaller rodents 
such as mice, as their much smaller voided volume would adhere to 
the funnel and thus not reach the measuring cup [6,7].

Voided stain on paper
Voided stain on paper (VSOP), alternatively named “voided stain 

assay” (VSA) was first described using automated paper propulsion, 
which allowed for recordings of up to 24 h duration [8]. The more recent 
publications used VSOP either with static paper underneath a mouse 
cage or continuously transported paper with the addition of automated 
scanning and quantification of urine spots (aVSOP) [9].

Cystometrogram
Invasive cystometry or the cystometrogram (CMG) probably yield the 

broadest spectrum of functional parameters, and it was first described in 
the early 1970s [10], while the addition of concomitant bladder ultrasound 
was only recently suggested [11]. However, CMG jeopardized bladder 
histology and RNA expression patterns [1,12]. Also, cystometric studies 
in mice are much more challenging to obtain than in larger animals. 
As an extension of cystometry, video-urodynamics have recently been 
described as well, combining CMG with bladder ultrasonograpy [11]; 
image-derived measurement of bladder volume seems to be the added 
advantage of that technique.

Among these 3 principal approaches to assess murine bladder func-
tion, mouse cystometry is the most commonly applied method with 78 
PubMed-indexed studies between 2007 and 2016 whereas 25 studies 
utilized VSOP or VSA to assess murine bladder function. aVSOP was 
applied in 5 studies. Only 3 studies used the weight-based micturition 
recording during the same 10-year period. Here, we present our ex-
perience with novel tracing analyses derived by CUWR to determine 
bladder physiologic parameters in mice. We also tested our set-up of 
CUWR and applied it in a pilot study, evaluating the functional effect 
of treatment with an mTOR pathway inhibitor (S6K-inhibitor; PF-
4708671) [13,14] in female mice with partial bladder outlet obstruction 
(pBOO). We also provide a review of other described options to assess 
murine bladder physiology and compare it to CUWR, a method that 
is non-invasive efficient, low cost, not labor intensive, and that can be 
done over extended periods of time.

MATERIAL AND METHODS

Cages and recording equipment
We adapted metabolic cages available in our animal facility that 

were designed for rats (Fig. 1); in the original configuration, voided 
urine was funneled into a measuring cup, while feces were collected in 
a separate container. Despite hydrophobic coating of the funnel, some 
drops of urine from each void would stick to the funnel, making this 
method unsuitable for micturition recording in mice. To circumvent 
this problem, we removed the funnel and let  all excrements drop on a 
paper-covered plate residing on a weight scale underneath the cage. We 
evaluated polytetrafluoroethylene (PTFE) mesh as well as different sizes 
of stainless steel mesh treated with hydrophobic spray to keep feces from 
dropping onto the scale while letting urine pass. We directly compared 
recordings with and without a mesh above the scale and consequently 
removed the mesh and adopted a new approach. We developed a novel 
tracing analysis algorithm further described below. The algorithm can 
discriminate whether a weight-increase was caused by solid or fluid 
material based on the acute peak of the former and evaporation of the 
latter (Fig. 2A and 2B). Essentially, analyses included tracing shape, 
frequency per unit time, and the amount of urine weight gain for each 
event as detected by the scale.

The weight scales (Scout®Pro, Ohaus® Corporation, Parsippany, 
NJ, USA) had a resolution of 10 mg and were connected via USB 
hub to a lap top computer running a recording software (Logger Pro®, 
Vernier Software &Technology®, Beaverton, OR, USA). The scales 
were placed 15 cm underneath the cages so that mice’s tail would not 
touch the scale and thus lead to artifacts. To describe the effect of a 
mesh placed underneath a metabolic cage, normal saline (NS) ranging 
from 20 µl to 250 µl was pipetted onto 2 paper-covered weight scales, 
with one of them having a wire mesh 5 cm above it and weight was 
recorded once per minute; weight increases recorded by the scale with 
mesh were for the most part lower than the increase recorded by the 
scale without mesh (Fig. 1F); the weights as detected by the analysis 
algorithm were slightly lower than the actual amounts dropped onto the 
scales, which was a result of averaging recordings immediately before 
and after a weight increase (Fig. 1G).

Based on our observation of frequent voiding after an initial period of 
about 45 to 60 min from the mouse being placed in the cage, we started 
recording after allowing for one hour of adaptation. Since we aimed 
to capture the phase where bladder storage capacity is highest [15,16], 
we recorded micturitions for 10 h during the animals’ sleep cycle. The 
duration of measurement was limited by the duration approved by our 
institution’s animal care committee.

Data analysis algorithm
The recorded data was transferred to a spread sheet (Excel®, Microsoft 

corporation, USA) and we devised a simple macro that would detect a 
weight increase, under the condition that it was followed by a decrease 
(also validated on MatLab®; Fig. 2C and Fig. S1). This prerequisite 
would allow distinction between fluid/evaporative and solid material 
dropped onto the scale (Fig. 2A and 2B). The calculation also averaged 
cell values to account for minor fluctuations in recordings caused by 
airflow. Additionally, we programmed a software macro to avoid double 
counting of a single micturition; based on the column featuring the raw 
weight recordings, the macro detected micturitions in a first step, while 
it would edit the actual micturition-induced weight increase in a second 
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step. Parameters setting the various thresholds referenced by the macro 
are listed as “Master parameters” and would be identical throughout the 
project. Resulting variables were mean micturition volume, maximum 
micturition volume, total number of voids, number of small voids (i.e., 

less than 50 µl), and total urine volume over 10 h of recording; the ratio 
of small voids was calculated as the number of small voids divided by 
total number of voids and served as a surrogate for hyperactive bladder.

Figure 1. Equipment for weight-based micturition assessment in mice. A. Metabolic cages initially designed for rats were adjusted so that all excre-
ments could be collected and weighed directly without loss of urine sticking to a screen interposed between the animal and the scale. B. Original set-up 
of metabolic cages to assess micturition parameters in rats with urine funnelled into a cup residing on a scale. C. Urine and faecal pellets were allowed 
to drop directly onto the paper-lined plate on the weight scale, where fluid components evaporate. D. Several channels were recorded simultaneously 
connecting the scales to a laptop running LoggerPro® software via a USB hub. E. Example of urine drop with droplets remaining on mesh. F. Traces of 
weight-recording from one scale with and another scale without mesh above, with identical amounts of normal saline (NS) pipetted on them; volumes 
were repeated 3 times. G. Detected amounts of normal saline dropped on a scale with mesh were consistently lower than amounts detected by a scale 
without mesh above.
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Figure 2. Data recording and discrimination of urine-induced increase in recorded weight. A. Micturitions are recorded as steep increase, followed 
by a slightly curved decrease caused by evaporation of urine. B. If a solid particle such as a chow pellet happens to drop on the scale, the weight increase 
is sustainable. C. Example of recorded trace with analysis results. D. Sample traces from all 4 groups of animals; sham operated animals showed very 
few small voids, whereas, obstructed animals—drug treated or vehicle—demonstrated an increase in small voids, indicative of hyper-activity, similar to 
over-activity in obstructed patients.
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Surgical procedure and drug treatment
We evaluated our method of assessing murine bladder physiology by 

continuous urine weight recording in a pilot study, examining the effect 
of S6K-inhibition on mice with pBOO. To this end, 28 female C57/
Bl6 mice weighing 17–20 g were randomly divided into two groups, 
and 16 underwent pBOO as previously described [17], while 12 mice 
underwent the respective sham procedure. Two mice of the first group 
were inadvertently completely obstructed and consequently had to be 
euthanized. Half of each group received daily intraperitoneal injections 
with the S6K-Inhibitor PF-4708671 at 75 mg/kg body mass, while 
the other half received vehicle [18]. Bladders were harvested after 2 
weeks, and bladder mass was recorded. Mice were housed in groups 
under standard conditions and had free access to food and water. All 
experiments with animals undergoing micturition assessment were 
approved by the institutions animal care committee.

Literature search
We also screened the recent literature describing methods to assess 

murine bladder physiology; for the three main options, namely CUWR, 
VSOP or aVSOP as a variation, and cystometry. We determined numbers 
of publications over a 10-year period from 2007 to 2016 and for their 
respective first description including the articles citing the respective 
method.

Statistical analysis
Statistical analysis was performed using IBM SPSS Statistics 24 

(SPSS Inc., Chicago, IL). Direct comparison between 2 groups was 
done using two-tailed t-test, or Welch t-test where equality of variances 
was not given, respectively. P values < 0.001 were considered highly 
significant. Numerical results were summarized graphically using 
boxplots, the box encompassing the interquartile range (IQR) from the 
first quartile (Q1) to the third quartile (Q3), and the bold transverse bar 
representing the median. The whiskers mark maximum and minimum 
values. Outliers represented by a circle-symbol (o) are more than a 
1.5-fold IQR away from Q1 or Q3, respectively.

RESULTS

Micturition recording and analysis method
We found a wire mesh with 11 × 11 by square inch grid (opening 

size of 2 mm; wire diameter 0.45 mm) to reliably retain mouse feces, 
larger mesh size would allow feces to pass through while smaller 
sizes would increase the amount of urine sticking to the mesh despite 
treatment with hydrophobic coating such as silicone spray (Fig. 1E). 
In a direct comparison of identical amounts of NS pipetted onto a scale 
without and on another scale with wire mesh above, the scale with the 
mesh failed to pick up small voids of 20 µl and almost consistently 
led to lower amounts of recorded weight-increase (Fig. 1F and 1G).

Also, when recording for several hours, contamination of the mesh 
by dried urine as well as the increasing amount of feces on the mesh 
would potentially cause progressively more urine to be absorbed over 
time. We also evaluated a PTFE mesh with a similar size as the wire 
mesh; however, due to its highly hydrophobic capacity, the urine drops 
would mostly not even pass the mesh but stay on top of it. We, therefore, 
did not use PTFE mesh in further trials. Since any mesh seemed to re-
duce the amount of urine detected, we decided to leave the mesh aside 

and recorded all material falling underneath the cage, i.e. urine, feces, 
occasional pellets of chow, when a mouse could move one out of the 
food tray (Fig. 2A and 2B). We also weighed feces pellets which were 
around 20 to 30 mg. Since they had only a slow evaporation-related 
mass decrease, feces led to changes in recording that were not followed 
by the same decrease in recorded weight as voided urine. We also noted 
that airflow reduction in the measurement room visibly reduced the 
extent of random fluctuations in recorded weight. The iterative changes 
to a simple macro allowed the recorded weight-traces to be analyzed 
by an optimized algorithm, which reliably detected micturitions while 
weight increases caused by solid material dropped onto the scale were 
not classified as micturition. The smallest voided volume we were 
able to detect weighed 20–30 mg, but airflow-induced fluctuations in 
recorded weight as well as maximum resolution of the scales used did 
not allow us to detect smaller voids.

Functional changes associated with pBOO as well as 
treatment with S6K-inhibitor are detected using novel 
analysis algorithm

The ratio of small was almost double in obstructed and drug treated 
mice compared to obstructed and vehicle treated mice (P = 0.023); 
similarly, ratio of small voids was increased by 2-fold in all obstructed 
mice compared to all sham operated mice (P = 0.011; Fig. 3A). Two 
weeks after pBOO or sham procedure, respectively, we found that 
obstruction tended to lead to a 2-fold increase in relative bladder mass 
(P = 0.082; Fig. 3E) and absolute bladder mass (P = 0.066; Fig. 3F). 
In sham animals, treatment with S6K-inhibitor induced an increase in 
relative bladder mass by almost 60% (P = 0.014; Fig. 3E) as well as 
an increase in absolute bladder mass of over 50% compared to sham 
operated and vehicle treated animals (P = 0.016; Fig. 3F). The changes 
in bladder mass among the obstructed groups were not statistically 
significant. The total number of micturitions, total voided volume, and 
mean micturition volume over 10 h of recording were similar among 
all four groups (for details see Fig. 3C and 3D).

DISCUSSION

Animal models—and rodent models in particular—are an essential 
part in studying bladder physiology and pathophysiology [3]. While 
models for benign bladder diseases that required a surgical intervention 
such as pBOO were traditionally for the most part done in rats, there 
seems to be recent shift towards the use of mice also in this field of 
research. The full availability of genetic modifications in mice arguably 
being the leading reason for this trend also highlight the need for accurate 
functional methods that are non-invasive so as not to disturb underlying 
the underlying genomic and epigenomic responses while maintaining 
reliable phenobiology of this field. Morphologically, the mouse bladder 
also may be more like human bladder since both contain intramural 
ganglia, as opposed to the rat bladder, which is typically ganglia-free 
[19]. However, assessment of murine bladder function is technically 
far more challenging given the small bladder size, delicate tissue ar-
chitecture, and low micturition volumes. Together, this rationale argues 
for new non-invasive methodologies to assess murine bladder function.

Equipment and data analysis for CUWR
Our lab previously established a novel, reliable pBOO-model in 
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female mice with a much-reduced signal-to-noise ratio in sham operated 
animals with very low animal morbidity and mortality [17]. Subsequent-
ly, we had to determine a method to assess murine bladder function. 
The three principle options were cystometry, aVSOP, and CUWR. We 
considered the latter to be the least labor intensive, the least expensive, 
and obviously also a non-invasive method. Additionally, CUWR lends 
itself for micturition assessment over extended periods of time with 

minimal additional effort and expenses. Based on equipment originally 
designed to record rat micturition behavior, we modified the method to 
render it suitable for mice. The challenges in refining CUWR in mice 
included how to either prevent solid waste elimination from confounding 
the recording strategy while maximizing the capture of liquid (urine) 
elimination patterns.

Figure 3. Partial bladder outlet obstruction and treatment with S6K-inhibitor affect bladder mass and lead to a hyperactive voiding pattern. A. 
Ratio of small voids as a surrogate of bladder hyperactivity was almost double in obstructed and drug treated mice compared to obstructed and vehicle 
treated mice (*P = 0.023); this ratio was also increased by 2-fold in all obstructed animals pooled compared to all sham operated animals (§P = 0.011). 
B-D. Mean micturition volume, total number of micturitions, and total voided volume over 10 h of recording were similar among groups (o indicates out-
liers). E. Relative bladder mass in sham operated mice was increased by treatment with S6K-inhibitor by almost 60% (*P = 0.014) compared to sham 
operated and vehicle treated animals, while the almost 2-fold increase in relative bladder mass induced by obstruction was not statistically significant (§P 
= 0.082). F. Obstruction tended to lead to a 2-fold increase in absolute bladder mass (§P = 0.066) in vehicle treated mice, while treatment with S6K-In-
hibitor resulted in an over 50% increase in bladder mass (P = 0.016).
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Our CUWR method with the corresponding analysis allowed capture 
and detection of mouse micturitions weighing as little as 20–30 µg, 
which is a significantly higher capture resolution than reported in other 
studies using CUWR, where voided volumes did not seem to be much 
less than 50 µg [4,5,9]. In one of the studies, this difference might be 
due to the wire mesh placed underneath the cage to retain feces, but 
which also retarded capture of some of the voided urine thus causing 
small voids to remain undetected despite the use of very precise weight 
scales [4]. In another study employing CUWR, detected micturitions 
also were greater than 100 µg for the most part [5]; it is unclear whether 
this finding could be related to the strain of mice used (not indicated), 
which notoriously affects functional bladder parameters [20]. Indeed, 
it is important to note that micturitions in mice of both genders and 
at various animal ages are often less than 50 µl [21]. In addition, our 
method of CUWR to assess murine bladder function allows for precise 
detection of an array of parameters including maximum voided volume, 
micturition frequency, the absolute number of small voids as well as 
the ratio of small voids, which can serve as a surrogate of hyperactive 
voiding behavior. CUWR is not labor intensive, allows for parallel 
recording of multiple animals, and can be done repetitively and over 
extended periods of time.

We chose to evaluate our CUWR method in a pilot study applying 
a recently established pBOO model in female mice [17]; additionally, 
we sought to determine the functional effect of mTOR inhibition during 
pBOO in mice using an inhibitor of S6K, a downstream signaling 
partner of the mTOR pathway. In previous studies, our lab showed that 
S6K-activity was increased in the partially obstructed bladder, which was 
associated with a loss of smooth muscle cell differentiation [13]. While 
mechanistic evaluation of the involved pathway itself is beyond the scope 
of this report, our functional results showed the anticipated increase 
in bladder mass secondary to obstruction. Also, we found obstruction 
leading to an increased ratio of small voids, which serves as a surrogate 
for hyperactive voiding pattern; in this regard, the pBOO model used 
leads to functional changes similar to pBOO in men with BPH [22]. 
Interestingly, our CUWR strategy was successful in detecting a further 
increase in bladder hyperactivity after treatment with S6K-inhibitor, 
based on algorithm-based analysis of tracing patterns. Our results also 
show that pBOO as well as S6K-inhibition affect bladder mass and 
lead to an altered voiding patterns, detected in both cases vs. control 
animals using our CUWR method. While repeated measurements of 
the same animal within a short period of time yielded similar results, 
especially the introduction of pBOO is known to increase variability 
of bladder functional parameters as well as bladder mass within the 
same treatment group [23]. Intra-group variability and effect size of 
treatment or experimental procedure, respectively, determine the number 
of animals needed per group to allow statistically significant detection 
of functional differences among groups.

In studies involving bladder physiology, post-void residual urine 
(PVR) can be assessed using ultrasound [11]; however, it is more 
commonly determined via direct volume measurement at the time of 
bladder harvest. While in rats, this parameter is can be determined via 
needle-aspiration of urine, the friable and much smaller mouse bladder 
does not allow for the same technique to be used reliably. The most 
accurate measurement of murine residual urine during bladder harvest 
can be done by temporarily clamping the bladder at its neck, weighing 
the urine-containing bladder on a scale, so that the empty bladder mass 
can then be subtracted to derive the weight of residual urine. While fe-

male rats virtually all void during induction of anesthesia, this behavior 
is much less consistent in mice. Mouse handling around induction of 
anesthesia clearly affects whether the animals empty their bladder at 
that time or not [11]; we therefore also recommend that micturition 
during induction should be observed and recorded.

Overview of options to assess murine bladder function
In general, CUWR yields directly measured parameters such as 

maximum micturition volume, mean micturition volume, micturition 
interval/micturition frequency, the number of voids, and the number of 
small voids (Table 1). Additionally, provided the animals void during 
induction of anesthesia, PVR can be determined as well. Furthermore, 
PVR plus maximum voided volume may be considered as maximum 
bladder capacity. As a surrogate of voiding efficiency, mean micturition 
fraction is the ratio of average voided volume divided by maximum 
bladder capacity. The ratio of small to total number of voids, by defi-
nition more frequent than normal voiding, is a marker of a hyperactive 
voiding pattern [23]. The ease of recording and data analysis makes 
CUWR a non-invasive, efficient and little labor intensive method. Also, 
besides modified cages, only weight scales and data recording software 
is necessary to apply CUWR, which makes this method arguably the 
most affordable of all options discussed here. On the other hand, a 
limitation of CUWR is obviously that no intravesical pressure data can 
be recorded and non-voiding contractions go unnoticed.

VSOP is another non-invasive method to assess murine bladder 
function (Table 1). Parameters determined by VSOP are similar to 
CUWR. However, micturition frequency may be less accurate, given 
the limited duration of measurement of 2–4 h [24,25]. Since stained 
paper needs to be recovered and scanned with resulting images analyzed 
to extract micturition data, VSOP is likely more labor intensive than 
CUWR and only little specialized equipment is necessary. Limitations 
are the restricted duration of measurement, and the possible overlap 
of stains from repeated micturitions in the same area, which becomes 
more likely as the duration of measurement increases. In an attempt to 
reduce artifacts, some researchers also did not provide water to mice, 
which further limited the possible duration of VSOP-measurement 
[25], as well as may affect bladder function both from under filling and 
increased urine concentration. As a variant of VSOP, a VSOP-method 
with automated paper propulsion was described in 1978 [8]. A further 
refined method with automated image processing was described in 2012 
and named aVSOP [9]. Parameters determined by aVSOP are again 
similar to CUWR and virtually the same as in VSOP; however, mea-
surement can be done over extended periods of time and the resolution 
regarding the time of micturition-event is improved compared to VSOP. 
With the automated scanning and image processing, aVSOP might be 
less labor intensive than VSOP, while the equipment necessary as well 
as quality and quantity of laminated filter paper used almost certainly 
increase the cost for aVSOP, especially if a protocol requires long-term 
or repeated measurements. Although accuracy in recording the time of 
a single micturition is improved in aVSOP, an overlap of urine stains 
is still of concern and especially small voids might go unnoticed when 
urine drips on paper in an area of a previous larger void, which limits 
the accuracy of this method.

Cystometry theoretically offers the broadest spectrum of physiologic 
parameters of all assessment options (Table 1) [1], whereby direct 
measurement of MV still requires urine collection in a cup or on filter 
paper [1,6]. Other authors also used manual collection of urine from 
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bottom of the cage [26]. While the criteria described for CMG in ani-
mals appear similar to those registered in human urodynamic studies, 
terminology should reflect the distinct differences; detrusor over-activity, 
for example, is defined by ICS as “involuntary detrusor contractions 
during the filling phase which can be spontaneous or provoked”, or 
cystometric bladder capacity is defined by ICS as “the bladder volume 
at the end of the filling cystometrogram, when ‘permission to void’ 
is usually given” [27]. Both criteria involve active cooperation of the 
subject studied, which is obviously not possible in animals. Instead of 
detrusor over-activity, the term bladder hyperactivity should be used when 
non-voiding contractions are recorded or when increased micturition 
frequency is observed [1]. Additionally, urodynamic testing is defined 
as “an interactive diagnostic study of the lower urinary tract composed 
of a number of tests that can be used to obtain functional information 
about bladder filling, urine storage and emptying” [28]; considering 
this definition, the term urodynamic testing may also deserve to be 
limited to studies in humans. Rats are probably the most widely used 
species for cystometry, but it is also applicable in rabbits or guinea pigs 
[29,30]. However, the latter is obviously more expensive to purchase 
and to hold and anesthesia is more challenging than rats or mice. Addi-
tionally, they require more of potentially expensive study drugs based 

on their greater body mass. Cystometry in mice, on the other hand, is 
technically more difficult given the small size of their bladder [31,32]. 
Most commonly, suprapubic catheter insertion is performed for mouse 
cystometry, and the rarely used transurethral technique in anesthetized 
mice only yields a limited choice of functional parameters [33]. A 
recent description of how the entry point of transvesically inserted 
catheters affects cystometric results also deserves consideration when 
planning an experiment or comparing results [11]. The small catheters 
used for mouse cystometry are prone to twisting and occlusion, and 
they can also lead to irritation of the small bladder which obviously 
translates into artifactually induced bladder activity [1]. Restraining 
mice for cystometry reduces the risk of mechanical dysfunction of the 
catheter; however, the technique increases sympathetic activity and 
thus increases bladder capacity, again introducing unpredictable and 
spurious functional measurements [12]. Cystometry can also be done 
in anesthetized animals, but results have to be interpreted with caution, 
as virtually any anesthetic confounds bladder functional responses 
[34]. Catheter implantation and execution of the measurement protocol 
makes rodent cystometry extremely labor intensive and leads to loss of 
animals. Considering the equipment necessary, cystometry is also the 
most expensive method to assess murine bladder physiology.

Table 1. Overview of methods assessing mouse bladder physiology.

Method Parameters measured Equipment necessary Cost Invasive Reported 
duration

Ref.

Cystometry Basal pressure, maximum pressure, threshold 
pressure, intermicturition pressure, spontaneous 
activity, non-voiding contractions, calculated bladder 
capacity, micturition interval (= 1/micturition frequen-
cy), micturition volume, calculated PVR (bladder 
capacity—micturition volume), bladder compliance, 
leak point pressure, intercontraction interval

Bladder catheter, 3-way valve, 
pressure transducer, infusion 
pump, transducer amplifier, data 
acquisition board

$$$ Yes 1–2 h [1,6,7,25,
33,39,40]

Video uro-
dynamics

As cystometry
Additionally, ultrasonographic measurement of 
bladder capacity and PVR

As cystometry
Additionally, high resolution 
ultrasound probe

$$$$ Yes 1–2 h [11,41,42]

VSOP Micturition volume, amount of urine per hour, mictu-
rition frequency, PVR at time of harvest

Filter paper, image scanning and 
analysis equipment/software

$ No 2–4 h [24,25,40]

aVSOP As VSOP, enhanced time-resolution As VSOP
Special metabolic cage with au-
tomated transport of filter paper 
and automated image-scanning

$$ No Up to 8 d [9,21,41]

CUWR Micturition volume, ratio of small voids, micturition 
frequency
PVR at time of harvest
Calculated bladder capacity and micturition fraction

Modified animal cages
Digital weight scales with 
USB-connection
Data recording software

$ No Up to 7 d [4,5]

Despite its popularity, cystometry in rodents also has significant 
limitations. Histologic work-up of rat bladders 2 d after catheter im-
plantation showed granulation, severe edema, and hemorrhage, while 
7 d after the procedure, these changes were still in a repairing stage 
[12]. Because of these changes, histologic analysis of bladders after 
CMG is of limited value. Despite the fact that rodent bladders are still 
in a repair stage one week after catheter implantation, most cystome-
tries are still done within the first 3 d thereafter [1,6]. An indwelling 
catheter not only affects bladder histology and function [11], it almost 
certainly also affects gene expression patterns in the bladder [35], 
especially over the first days after catheter implantation—the active 

wound healing process after laparotomy and catheter insertion makes 
results from gene expression analysis difficult if not impossible to 
interpret. Furthermore, time of recording also seems to be critical in 
cystometry. During the first days after catheter implantation, bladder 
activity and pressures seem to be increased along with low micturition 
volume; these parameters stabilize by day 6 after catheter implantation 
[34]. The same study also found that after one week, 15% of catheters 
lost function for reasons such as occlusion dislodgement, biting, stone 
formation, or bleeding; mean post implantation survival was only 22 d; 
therefore, CMG with implanted catheters does not seem to be a suitable 
method for longitudinal observations with repeated measurements. It 
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was also noticed that CMG-results are less consistent across laboratories 
than non-invasive methods such as VSOP [25]. Besides the variability 
resulting from slightly different application of a certain measurement 
technique, mouse strain, sex, age, environmental factors and husbandry 
practices as well as time point in the animals’ circadian rhythm clearly 
affect physiologic results as well, which mandates that this kind of 
information is provided in experimental reports [20,36-38].

In conclusion, among the methods to assess murine bladder function, 
continuous urine weight recording is critically non-invasive and seems 
to be the most accurate, efficient, arguably the least expensive, and most 
suitable option for long-term recording. It can be applied with little 
specialized equipment, sometimes even with just minor modifications 
of animal cages available in most animal facilities. With our novel 
approach, using a software algorithm to discern solid versus liquid 
material dropping on the weight scale, no urine gets caught in the mesh, 
allowing for small micturitions to be recorded reliably. Our analysis of 
tracing patterns discerned changes in bladder function induced by pBOO 
or pharmacological manipulation. Successful detection of small voided 
volumes, in fact, is critical in discovering hyperactive voiding patterns 
such as induced by pBOO. VSOP, on the other hand, is usually limited 
to short-term measurements and has limited precision in time-resolution 
of events; aVSOP mitigates these shortcomings, while more specialized 
and expensive equipment becomes necessary. Invasive measurement 
methods such as cystometry or video-urodynamic studies offer the 
advantage of yielding a broad range of parameters, including intraves-
ical pressure data; these methods are obviously a lot costlier and labor 
intensive than non-invasive methods, and the yielded results are also 
less consistent between laboratories than non-invasive measurements 
and thus more challenging to compare. Disturbed histology and limited 
value of gene expression analysis of bladder tissue after cystometry are 
significant drawbacks of this method. Choice of the assessment method 
for murine bladder function is influenced by the anticipated effect of an 
experimental intervention and the consequential endpoints a study aims 
to monitor. Since animal strain, gender, age, and husbandry practices as 
well as measurement technique affect bladder function and measured 
physiologic parameters, these aspects should be precisely defined in 
scientific reports to facilitate interpretation of results.
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