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Abstract
Purpose—The prevalence of bladder dysfunctions increases with age. In humans it is difficult to
separate changes related to exogenous factors from those directly related to the aging process. Some
confounding variables can be avoided by studying age related changes in an animal model. We
evaluated the impact of age on bladder function in vivo and in vitro, and characterized the
corresponding morphological changes.

Materials and Methods—Young (4 to 6 months old) and old (older than 28 to 30 months) male
Fischer/Brown Norway rats were used in the study. Cystometric studies were done in conscious,
freely moving rats. After cystometry tissue strips from the bladder body were used in in vitro studies
of muscarinic receptor activation and electrical field stimulation, and histological examination.

Results—Old rats had higher bladder weight than young rats but the bladder-to-body weight ratio
did not change. We noted significant age related differences in 8 of 10 cystometric parameters. Old
rats had increased bladder capacity, post-void residual volume, micturition volume and frequency,
baseline and intermicturition pressure, and spontaneous activity but decreased micturition pressure.
Bladder strip responses to carbachol and electrical field stimulation were significantly lower in old
than in young rats. Histological examination revealed urothelial thinning, lower muscle mass and
higher collagen content in the bladders of old vs young rats.

Conclusions—Physiological aging alters bladder function in male rats even when external factors
remain constant. Thus, in old rats bladder capacity, post-void residual urine and spontaneous activity
are higher, and responses to muscarinic receptor stimulation and electrical field stimulation are lower
than in young rats. Such changes correspond to findings in aging human bladders, supporting the
view that the Fischer/Brown Norway rat is a useful model in which to study age related bladder
function changes.
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Recent reviews in the clinical literature document a clear age related decrease in the ability of
the bladder to fill, store and empty.1–3 However, the relationship of aging to other external
influences on the detrusor, such as nervous system disease, vascular supply or lower urinary
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tract smooth muscle, remains poorly understood.4–6 More insight into the impact of these
pathophysiological conditions on bladder function is needed but equally important is the
development of relevant preclinical models in which these external influences can be reduced.

Several groups have evaluated age related changes in rodent bladder function but only a few
used in vivo cystometry to characterize the changes.7,8 In vitro studies in old vs young rat
bladder tissue have yielded contradictory results that may be attributable at least partly to strain
specific differences. For example, in Fischer 344 rats muscarinic receptor mediated detrusor
contraction was increased,9 unchanged10,11 or decreased.12 In Wistar rats muscarinic receptor
mediated bladder contraction was unaltered.8,13 Studies of Sprague-Dawley ® rats showed
decreased muscarinic receptor mediated detrusor contraction.14–16

Thus, despite the number of studies of age related changes in bladder function few reports have
assessed in vivo and in vitro parameters in the same rat. To this end we evaluated the impact
of aging on bladder function in vivo and in vitro in male Fischer/Brown Norway rats
(Harlan™). The Fischer/Brown Norway rat strain is often used in aging studies17,18 since
these rats have an increased life span compared to that of other rodent strains, and a decrease
in age related pituitary, testicular and kidney pathology compared to Sprague-Dawley rats of
similar ages. We report our initial observations on age related changes in urodynamic
parameters, detrusor contractile responses to muscarinic receptor and EFS, and bladder wall
histological characteristics in young and old Fischer/Brown Norway rats.

MATERIALS AND METHODS
Animals

In this study we used 15 young (4 to 6 months old) and 15 old (28 to 30 months old) male
Fischer/Brown Norway rats from the National Institute on Aging colony, National Institutes
of Health. All experimental protocols were approved by the Wake Forest University Health
Sciences animal care and use committee. Animals were maintained on a 12-hour light/12-hour
dark cycle in polycarbonate cages with free access to Purina™ rat chow and water. After
surgery rats were kept 1 per cage to prevent damage to implanted catheters. Animal well-being
was supervised daily during the entire experimental period. Animals with large tumors or
decreased body weight indicating underlying disease were not used in these studies.

Urodynamics
Bladder catheter implantation—Rats were anesthetized by intraperitoneal injection of 50
mg/kg pentobarbital. The abdomen was opened through a lower midline incision and a PE-50
polyethylene catheter (Clay-Adams, Parsippany, New Jersey) was implanted into the bladder
through the dome. The indwelling catheter was tunneled subcutaneously and exited through
an orifice in the back of the neck.

Cystometric recording—Cystometric recording was done without anesthesia 3 days after
bladder catheterization, as previously described.19 The bladder catheter was connected to a
pressure transducer, an ETH 400 transducer amplifier (CB Sciences, Dover, New Hampshire)
and a PowerLab®/8e data acquisition board. Bladder pressure and MV real-time display and
recording were done on a computer using PowerLab software, version 5.1. The conscious rat
was placed without restraint in a metabolic cage, which also enabled urine volume
measurement by a fluid collector connected to a force displacement transducer. Room
temperature saline was infused into the bladder at 10 ml per hour.

Recorded or calculated cystometric parameters were 1) BC—RV at the previous micturition
plus the volume of infused saline at micturition, 2) MV—expelled urine volume, 3) RV—BC
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– MV, 4) BP—lowest average pressure recorded between voids, generally recorded shortly
after voiding, 5) TP—pressure at which the micturition contraction is initiated, 6) MP—
maximum bladder pressure during voiding, 7) IMP—mean pressure between 2 micturitions,
8) SA—IMP – BP, 9) Bcom—(BC/(TP – BP) and 10) MF—number of voids per hour (see
table).

Organ Bath Studies
Tissue preparation—After cystometry the rats were sacrificed and the bladders were
carefully removed. Full-thickness strips of the lateral part of the bladder wall were saved for
histology. After removing the urothelium/suburothelium the bladder body was cut
longitudinally into 4, 4 × 10 mm strips, which were placed in 15 ml tissue bath chambers. The
chamber was filled with Krebs solution maintained at 37C and bubbled continuously with a
mixture of 95% O2 and 5% CO2, resulting in pH 7.4. The strips were suspended between 2 L-
shaped hooks by silk ligatures. One hook was connected to a movable unit, allowing adjustment
of passive tension, and the other was connected to an FT03C force transducer (Grass
Instruments, Rockland, Massachusetts). Isometric tension was recorded using the same digital
PowerLab system as for cystometric measurement. After mounting the strips were stretched
to 2 gm passive tension and allowed to equilibrate for 60 minutes before further experiments.

Electrical field stimulation—EFS was done using 2 platinum electrodes placed on each
side of the strips and controlled by an S88 stimulator (Grass Instruments) delivering single
square wave pulses at select frequencies. Train duration was 5 seconds, pulse duration was 0.8
milliseconds and the stimulation interval was 2 minutes. Electrode polarity was shifted after
each pulse by a polarity changing unit. The strips were continuously stimulated from low to
high selected frequencies (1 to 32 Hz).

Carbachol response curve—Cumulative steady-state CRCs were constructed on isolated
bladder strip preparations by adding carbachol at ½ log increments at concentrations of 3 ×
10−9 to 10−4 M.

Histology
Bladder wall histological data were analyzed in 4 µm sections stained with hematoxylin and
eosin or Masson’s trichrome stain. With the latter method in formalin fixed, paraffin embedded
sections collagen fibers stain blue, nuclei stain black and cellular material (muscle and
cytoplasm) stain red. Urothelial thickness and collagen content (blue areas) were analyzed
using Image-Pro® AMS 6.0. For all preparations data on 2 old and 6 young rats were pooled
to determine the mean ± SD for statistical analysis, as described.

Data Analysis
Unless otherwise noted, eg pEC50, all results are expressed as the arithmetic mean ± SEM.
Student’s 2-tailed t test for unpaired samples was used to compare the old and young groups,
and the paired t test was used to assess effects before and after treatment, ie atropine, in the
same strip. CRC data were computer fit to a 4 parameter logistic equation using Prism®, version
5.00 for Windows® to derive Emax and EC50, expressed as pEC50, and the slope factor. For
histological evaluation data were pooled to determine the mean ± SD. Statistical analysis was
done using Student’s t test for collagen content but the Mann-Whitney test for urothelial
thickness since the data were not normally distributed.
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RESULTS
In Vivo Studies

The table lists rat population demographics, and mean bladder and body weight. Bladder and
body weight in old rats was significantly higher than in young rats but the bladder-to-body
weight ratio was not significantly different between the groups. Urodynamics were done in all
15 young and 15 old rats (fig. 1). The table also lists mean cystometric parameter estimates.
Significant age related differences were observed for 8 of the 10 cystometric parameters,
including BC, RV, MV, SA, MF, BP, MP and IMP, showing the robust impact of age on bladder
function in vivo. No significant differences were found in TP or Bcom.

In Vitro Studies
Carbachol induced contraction pharmacological studies—To evaluate the impact
of age on agonist mediated contractile responses in isolated detrusor smooth muscle strips
steady-state carbachol CRCs were determined in tissue from a subpopulation of 16 young and
11 old animals. Figures 2 and 3 show representative carbachol CRC data in detrusor strips from
young and old rats as well as mean CRC data in all such experiments. Computer fits of CRC
data to the described logistic equation revealed that the contractile Emax in old rats was
significantly decreased vs that in young rats (see table). However, there was no detectable
effect of age on pEC50 or the slope factor.

EFS induced contraction physiological studies—To evaluate the potential impact of
age on nerve mediated contractile responses in isolated detrusor smooth muscle strips EFS
responses were determined in a distinct subpopulation of detrusor strips from young and old
animals. Figures 4 and 5 show representative EFS data in detrusor strips from young and old
rats as well as mean CRC data from all such experiments. Maximal contractile responses to
EFS were also significantly lower in old than in young rats. Initial studies to determine the
nature of the nerve mediated contractile response were also done in these detrusor strips. Pre-
incubation with 1 µM atropine significantly decreased EFS induced contraction in young but
not in old rats (fig. 6), consistent with apparent loss of an atropine resistant component to
neurostimulation in older rats.

Histology
Figure 7 shows representative examples of overall bladder wall cellular architecture and
composition in young and old rats. Histological examination revealed evidence of urothelial
thinning, decreased muscle mass and increased collagen deposition in the bladders of old vs
young rats. To quantify these observations we performed detailed image analysis of a series
of sections derived from the bladder of 2 old and 6 young rats, as described.

Figure 8 shows mean urothelial thickness and collagen content data. Urothelial thickness data
were not normally distributed. Also, from 2 old rats a total of 13 sections were analyzed for
collagen content and another 13 observations were made of urothelial thickness, including 3
or 4 high power fields from an additional 4 sections from the same 2 bladders. From 6 young
rats a total of 13 sections were analyzed for collagen content and a total of 44 observations
were made of urothelial thickness, including 3 or 4 high power fields from an additional 13
sections from the same 6 bladders. In all cases statistics were based on the number of sections
studied per high power field. There was an approximately 60% age related increase in collagen
content and urothelial thickness in old rats was only approximately 40% that in young rats.
These histological changes were consistent with the observed age related urodynamic
alterations as well as the decreased responses to carbachol and EFS mediated contractions (see
table and figs. 1 to 5).
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DISCUSSION
In vivo studies comparing cystometric parameters in young and old rats are scarce.7,8 Chun
et al studied the effects of age on micturition in 5 to 7, 16 to 18 and 22 to 24-month-old male
Fischer 344 rats.7 MP was 100% greater at ages 22 to 24 and 16 to 18 vs 5 to 7 months with
no age related difference in bladder volume at micturition. This is in contrast to our findings
in male rats of significant decreases in MP and significant increases in BC between the 4 to 6
(young) and 28 to 30-month-old (old) groups (see table and fig. 1). We also documented
significant age related increases in MV, RV, MF, SA, BP and IMP. Correspondingly old rats
had higher bladder weight (larger bladders) than young rats (see table). Although the bladder-
to-body weight ratio did not change (see table), together these data imply that bladders in old
rats were apparently decompensating at that time. Briefly, these findings are similar to those
in humans, in whom decreased detrusor contractility and detrusor overactivity are among the
most conspicuous age related changes in bladder function.4,5

There are differences among rat strains in bladder changes induced by aging. There may also
be gender differences but to our knowledge this has not been explored in the same strain in a
single study. Lluel et al investigated 10 and 30-month-old female Wistar rats using conscious
cystometry.8 Of conscious senescent rats 60% but only 25% of young adult rats had
spontaneous contractions during the bladder filling phase, consistent with our findings in male
Fischer/Brown Norway rats. In contrast to our observations, MP and micturition duration were
significantly higher (40% to 50%) in old than in young rats. Also in contrast to our findings,
they noted no BC or RV changes but reported a significant increase in mean muscularis layer
thickness with age while collagen density significantly decreased in the muscularis and in the
lamina propria layers. Again, this is in contrast to our initial findings of urothelial thinning,
decreased muscle mass and increased collagen deposition in the bladders of old vs young rats
(figs. 7 and 8). The reasons for these differences are not clear but may reflect strain dependent
variations in the onset, development and progression of age related alterations in bladder
function.

Most in vitro studies of aging have focused on muscarinic receptors since they are
physiologically the most important for bladder contraction, at least in humans,20 and
muscarinic receptor antagonists are the main form of overactive bladder treatment.21 However,
in rats a significant part of bladder contraction is mediated by adenosine triphosphate.22 Since
old patients with overactive bladder seem to have an increased adenosine triphosphate mediated
contractile component,23 this may also be expected in rats. We found a larger atropine
resistance component of EFS induced bladder contraction in old vs young rats (fig. 6, B).

In vitro studies in bladder tissue from aged vs young rats have also yielded contradictory results
that again may be strain specific. For example, studies in Fischer 344 rats showed an age related
increase9 or no change in muscarinic receptor mediated detrusor contraction.10,11 Chun et al
postulated that micturition changes would be related primarily to alterations in peripheral
innervation and central control of micturition rather than to alterations in bladder contractility.
10 In Wistar rat8 and human23,24 bladder strips unchanged muscarinic receptor mediated
bladder contractions were also noted with increasing age. However, many studies in old
Sprague-Dawley rats showed decreased muscarinic receptor mediated detrusor contraction.
14–16 Consistent with the latter studies we found that contractile responses of bladder strips to
carbachol and EFS were significantly decreased in old rats, which was not unexpected
considering the observed histological changes (see table, and figs. 2 to 5, 7 and 8).

As pointed out, it may be difficult to separate the influence of aging vs the impact of various
other external influences on the detrusor from different diseases that may involve lower urinary
tract smooth muscle. In our series the external environment was constant during the study
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period and the rats had no obvious comorbidity. These facts support the supposition that the
aging process was the main factor behind the changes observed.

CONCLUSIONS
Physiological aging alters bladder function in this rodent model. In our study in male rats BC,
RV, MV, MF, SA, BP and IMP were significantly increased with age while responses to
muscarinic receptor stimulation and EFS were decreased in old vs young rats. These changes
were associated with urothelial thinning, decreased muscle mass and increased collagen
deposition in the bladder of old rats. Together this constellation of findings is remarkably
similar to that reported in the aging human bladder, eg the overactive hypocontractile bladder
in many men with benign prostatic hyperplasia. These data suggest that the Fischer/Brown
Norway rat model may be useful for translational research into the mechanistic basis of age
related changes in bladder function.

Abbreviations and Acronyms

BC bladder capacity

Bcom bladder compliance

BP baseline pressure

CRC carbachol response curve

EC50 drug concentration needed to produce 50% of calculated maximum

EFS electrical field stimulation

Emax calculated maximum effect

IMP interMP

MF micturition frequency

MP micturition pressure

MV micturition volume

pEC50 negative logarithm of EC50

RV post-void residual volume

SA spontaneous activity

TP threshold pressure
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Figure 1.
Representative cystometric tracings show micturition cycle and volume. A, young rat. B, typical
old rat results were characterized by nonvoiding contractions (arrows), larger BC and lower
MF.
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Figure 2.
Representative curves show CRC response in young and old rat bladder strips. In small subset
in each age group desensitization was noted at highest carbachol concentration. g, gm.
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Figure 3.
Steady-state CRC in bladder strips from old and young rats. g, gm. Asterisk indicates Student’s
t test p <0.05.
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Figure 4.
Representative curves show EFS response in young and old rat bladder strips. g, gm.

Zhao et al. Page 11

J Urol. Author manuscript; available in PMC 2011 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
EFS frequency-response curves in bladder strips from old and young rats. g, gm. Asterisk
indicates Student’s t test p <0.05.
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Figure 6.
Frequency-response curves in bladder strips before and after 1 µM atropine pretreatment show
age related effects on atropine resistant component of EFS. A, old rats. B, young rats. g, gm.
Asterisk indicates Student’s t test p <0.05.
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Figure 7.
Bladder strips. A and B, young rat. C and D, old rat. A and C, H & E, reduced from ×100. B
and D, trichrome stain, reduced from ×200.
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Figure 8.
Age related effects on collagen content and urothelial thickness. A, statistically significant
increase in percent of collagen in bladder wall of old vs young rats. Asterisk indicates Student’s
t test p <0.001. B, significant decrease in urothelial thickness was noted in bladders of old vs
young rats. Asterisk indicates Mann-Whitney test p <0.001.
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Rat demographics, and estimated cystometric and logistic CRC parameters

Old Young

Mean ± SEM wt:

    Bladder (gm) 0.33 ± 0.01 0.16 ± 0.01*

    Body (gm) 616.7 ± 16.62 314.5 ± 8.8

    Bladder/body 0.53 × 10−3 ± 0.1 × 10−4 0.52 ± 10−3 ± 0.2 × 10−4

Mean ± SD cystometric parameters:

    BC (ml) 1.78 ± 0.16 1.169 ± 0.114*

    RV (ml) 0.29 ± 0.06 0.12 ± 0.03*

    MV (ml) 1.49 ± 0.12 1.05 ± 0.12*

    SA (cm H2O) 8.94 ± 1.20 3.68 ± 0.89*

    MF (No. voids/hr) 9.65 ± 1.08 6.16 ± 0.43*

    BP (cm H2O) 10.99 ± 1.32 7.37 ± 1.13*

    MP (cm H2O) 50.32 ± 3.13 69.59 ± 3.16*

    IMP (cm H2O) 19.92 ± 1.33 11.05 ± 1.25*

    TP (cm H2O) 23.19 ± 1.9 22.15 ± 2.12

    Bcom 0.18 ± 0.03 0.11 ± 0.03

Mean ± SD logistic parameters:

    Emax 60.8 ± 11.9 110.7 ± 17.6*

    pEC50 5.43 ± 0.09 5.38 ± 0.17

    Slope 1.06 ± 0.13 1.30 ± 0.09

*
Significantly different (Student’s t test).
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