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ABSTRACT
Objectives. To determine the microcirculatory disturbances in a rat model of ischemia-reperfusion-induced
cystitis using intravital fluorescence videomicroscopy.
Methods. Twenty male Sprague-Dawley rats were used for the experiments. In 10 animals, warm ischemia
of the bladder was induced for 60 minutes. After 30 minutes of reperfusion, microvascular macromolecular
leakage, leukocyte-endothelial cell interactions, venular red blood cell velocity, functional capillary density,
and the arteriolar and venular diameters were determined by intravital videomicroscopy. In addition, the
intravesical pressure and macrohemodynamic parameters were assessed during the experiments. Sham-
operated animals served as the controls (n � 10).
Results. After ischemia-reperfusion, the numbers of rolling and firmly adherent leukocytes in the postcap-
illary venules were significantly increased. Venular red blood cell velocity and functional capillary density, as
well as the arteriolar and venular diameters, were significantly decreased. The macromolecular leakage had
increased in both arterioles and venules.
Conclusions. After ischemia-reperfusion, inflammatory reactions and microcirculatory failure were ob-
served in the urinary bladder. This study targeted the microcirculatory consequences of cystitis using
intravital videomicroscopy. Because the parameters investigated are relevant not only for ischemia-reper-
fusion of the urinary bladder but also for cystitis caused by other stimuli, this model represents a novel tool
in the field of inflammation research in urology. UROLOGY 60: 1136–1140, 2002. © 2002, Elsevier Science
Inc.

Inflammation of the urinary bladder is a frequent
diagnosis in clinical practice and is widely inves-

tigated in clinical, as well as experimental, re-
search, but many aspects of the pathogenesis are
still not completely understood. Several experi-
mental animal models have been established in-
ducing inflammation of the urinary bladder in var-
ious ways to mimic the pathogenesis occurring in
humans.1–4 Ischemia-reperfusion (I/R) is widely
used in experimental research as a trigger of in-
flammation in various organs.5,6 To date, it has not

been used to induce cystitis, even though I/R also
can be an etiologic factor for cystitis in patients.

I/R of the urinary bladder can result from various
pathologic conditions, including bladder overdis-
tension caused by lower urinary tract obstruction,
thromboembolization and recanalization, infra-
renal aortic aneurysm, temporary ligation of cystic
arteries, complications of pregnancy, or from hem-
orrhagic or septic shock. Although re-establish-
ment of perfusion is mandatory for the survival of
ischemic organs, reperfusion is associated with lo-
cal postischemic inflammation and thereby para-
doxically promotes additional tissue injury.5–8 In
the bladder, the consequences of I/R injury can
range from increased urothelial permeability to ne-
crosis in the worst case.

In general, impairment of nutritive organ perfu-
sion and the adherence of activated leukocytes to
the endothelial surface are the key events in the
development of acute inflammatory responses. Al-
though it is known from studies in various organs
that a complex sequence of chemical and cellular
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reactions is initiated during I/R, leading to alter-
ations of microvascular flow and leukocyte-endo-
thelial cell interaction, our study established for
the first time the feasibility of intravital fluores-
cence video microscopic (IVM) analysis of these
microcirculatory phenomena in the urinary blad-
der. We developed a standardized rat model to
study the microcirculation of the urinary bladder
in a reproducible manner under normal and patho-
logic conditions. In the present study, we describe
the impact of I/R on the microcirculation of the
urinary bladder and characterize I/R as a trigger for
cystitis.

MATERIAL AND METHODS

ANIMALS
Twenty male Sprague-Dawley rats (average weight 270 g)

were housed in an environmentally controlled room with a
12-hour light-dark cycle and free access to food and water.
The animals were randomly assigned to two groups (n � 10).
The experiments were performed in accordance with the Ger-
man legislation on animal protection.

SURGICAL PROCEDURE AND EXPERIMENTAL PROTOCOL
After administration of atropine sulfate (0.1 mg/kg body

weight; Braun, Melsungen, Germany) subcutaneously as pre-
medication and sodium pentobarbital (45 mg/kg body weight;
Narcoren, Merial GmbH, Hallbergmoos, Germany) intraperi-
toneally as anesthesia, the animals were placed in the supine
position on a heating pad to maintain normal body tempera-
ture during the experiments. All surgical procedures were
made with the help of an operation microscope (M651, Leica,
Bensheim, Germany). Polyethylene catheters (internal diam-
eter 0.28 mm, outer diameter 0.61 mm; SIMS Portex, Hythe,
UK) were inserted into the carotid artery and jugular vein to
measure the mean arterial pressure and heart rate (Plugsys,
Hugo Sachs Elektronik, March, Germany) and for the injec-
tion of fluorescent dyes. The animals were tracheotomized and
cannulated (Abbocath-T, 13G, Abbott, Sligo, Ireland).

After a midline laparotomy, the bladder was exteriorized,
and the median umbilical ligament was cut. The urethra was
ligated with 4-0 Perma-Hand silk suture (Johnson & Johnson,
Brussels, Belgium). The ureters were dissected at their middle
part to avoid bladder distension due to urinary inflow. A poly-
ethylene catheter (internal diameter 0.28 mm, outer diameter
0.61 mm, SIMS Portex) was inserted into the bladder at the
dome. The bladder was filled with 0.5 mL of a body warm
physiologic sodium chloride solution. The intravesical pres-
sure was continuously monitored (Plugsys).

In the one group, warm ischemia of the urinary bladder was
induced by clamping the cystic artery branches using two
small metal clips (I/R group). Afterward, the abdominal wall
was closed by clips. After 60 minutes, the abdomen was re-
opened, and the clips were removed, allowing for a 30-minute
period of reperfusion before IVM observation was performed.
For this purpose, the bladder was placed on an adjustable
stage by gently pulling at the stump of the umbilical ligament.
In the control group, the IVM measurements were performed
90 minutes after a sham operation. In a couple of experiments,
the bladder was resected, fixed in formalin (4%), embedded in
paraffin, sectioned, and stained with hematoxylin-eosin for
histologic examination. Finally, the animals were killed with
an overdose of sodium pentobarbital.

INTRAVITAL VIDEOMICROSCOPY
Plasma staining was achieved by intravenous injection of

fluorescein isothiocyanate-labeled albumin (0.2 mL, 4%, mo-
lecular weight 70000, Sigma Chemical, St. Louis, Mo), and
rhodamine 6G (0.1 mL, 0.2%, molecular weight 479, Sigma)
was used for the labeling of the leukocytes. The microcircula-
tion of the bladder was visualized using a high-resolution,
modified Leitz-Orthoplan microscope attached to a Ploemo-
Pak illuminator with an I2/3 blue (excitation filter 495 nm,
emission filter 515 nm) and an N2 green (exitation filter 525
nm, emission filter 555 nm) filter block (Leitz, Wetzlar, Ger-
many). The microcirculatory network was analyzed with the
epi-illumination technique (HBO, 100W lamp, Osram, Mu-
nich, Germany). With a 25� water immersion objective (W
25�/0.6, Leitz), the magnification was 540� on the video
screen (Sony, Tokyo, Japan). The microscopic images were
recorded by a charge-coupled device video camera (FK 6990,
Pieper GmbH, Schwerte, Germany) attached to an S-VHS
video recorder (BR-S920E, JVC, Tokyo, Japan).9,10

VIDEO ANALYSIS
Quantitative analysis of the microcirculatory parameters

was performed off-line using a computer-assisted analysis sys-
tem (CAMAS, Dr. H. Zeintl, Heidelberg, Germany).11,12 The
venular and arteriolar diameters, venular red blood cell veloc-
ity, functional capillary density (FCD) or length of erythro-
cyte-perfused capillaries per observation area, and macromo-
lecular leakage (extravascular/intravascular fluorescence
intensity ratio) were determined within five observation
fields.10 The numbers of rolling and adherent leukocytes were
evaluated as a measure of the leukocyte-endothelial cell inter-
action12 in five venular segments per animal. Rolling leuko-
cytes were defined as cells moving significantly slower than
red blood cells in the centerline of the vessel and are given as
the number of rolling leukocytes per vessel diameter per sec-
ond. Firmly adherent leukocytes were identified in each vessel
segments as cells that did not detach from the endothelial
lining within 30 seconds and are given as the number of cells
per square millimeter of endothelial surface, calculated from
the diameter and length of the venular segment, assuming
cylindric geometry.10–12

STATISTICAL ANALYSIS
The statistical analysis was performed with a statistical soft-

ware package (SigmaStat 2.0 for Windows, Jandel Scientific,
Germany). The Mann-Whitney rank sum test was applied for
comparisons between the two groups. The mean � standard
deviation is given. P �0.05 was considered significant.

RESULTS

After filling the bladder with 0.5 mL saline solu-
tion, the intravesical pressure was 9 � 2 mm Hg in
both groups and did not change significantly dur-
ing the experiments. The macrohemodynamic pa-
rameters were in the physiologic range and did not
differ between the two groups (data not shown).

At the microcirculatory level of the bladder wall,
all investigated parameters were significantly
changed after I/R compared with the control
group. The numbers of rolling and firmly adherent
leukocytes in postcapillary venules were elevated
by 527% and 4637%, respectively (Fig. 1). The
macromolecular leakage in the arterioles and
venules was also significantly increased by 33%.
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The venular red blood cell velocity and FCD de-
creased to 36% and 28% of the control values, re-
spectively. The arteriolar and venular diameters
were also reduced to 73% of the controls (Table I).

The histologic examination of the hematoxylin-
eosin-stained sections revealed increased lympho-
cyte and polymorphonuclear leukocyte migration
into the submucosa, lamina propria, and epithe-
lium. Diffuse edema was observed in all layers of
the bladder wall.

COMMENT

The inflammatory mechanisms underlying the
different types of cystitis have been investigated
using various animal models. After administration
of cyclophosphamide, the development of cystitis
was reported in rats.1,13 In this type of cystitis,
plasma protein extravasation was significantly in-
creased.1 Cystitis also can be induced by intraves-
ical instillation of formalin, capsaicin, or lipopoly-
saccharides. A foreign body in the bladder can
cause cystitis by mechanical stimulation, infection,
or immunologic reaction. Interstitial cystitis was
induced by administration of bladder homogenate
in complete Freund’s adjuvant on the basis of a
hypothesis of autoimmune pathogenesis.14 Intra-
mural edema, recruitment of inflammatory cells,
and mastocytosis were found in all forms of inflam-
mation.3 To date, I/R has not been reported as a
model for cystitis, even though this pathologic
mechanism is widely accepted as a trigger of in-
flammation in other organs.5,6

Hypoxia and reoxygenation of a tissue initiates a
sequence of inflammatory reactions, during the
course of which no single process can be identified
as the critical event.15 The main target of the I/R

injury is the microcirculation. I/R-induced micro-
vascular failure is characterized by decreased cap-
illary perfusion, termed “no-reflow,” and quantifi-
able as decreased FCD, as well as by reflow-
associated events, termed “reflow paradox,”
including enhanced leukocyte-endothelial cell in-
teraction and increased microvascular permeabili-
ty.16 The loss of FCD is mainly due to endothelial
cell swelling, with subsequent entrapment of blood
cells in capillaries, and prolongs local tissue hyp-
oxia at the time of reperfusion, resulting in im-
paired energy metabolism and cell death. Inflam-
matory reactions such as leukocyte activation and
adhesion during reperfusion can also contribute to
organ injury.5–8

The body of evidence indicating that reactive ox-
ygen species play an important role in mediating
the vascular and parenchymatous injury is large.17

The oxygen radical hypothesis of reperfusion
injury is based on the assumption that an addi-
tional tissue injury occurs during reperfusion
and is dependent on the reintroduction of oxygen
followed by the production of reactive oxygen
species. A potential source of reactive oxygen
species and mediator of injury in postischemic
tissues is the polymorphonuclear leukocyte.
Neutrophils contain nicotinamide-adenine dinucle-
otide phosphate (NADPH) oxidase that reduces
molecular oxygen to superoxide anion. Activated
neutrophils secrete the enzyme myeloperoxidase,
which catalyzes the formation of hydrochlorous
acid from hydrogen peroxide and chloride ions.
Activated neutrophils can also release a variety of
proteolytic enzymes that can injure the microvas-
culature. Thus, the neutrophil has the potential to
be a source for the effects of I/R.

Increased neutrophil adhesiveness to the micro-
vascular endothelium during reperfusion appears
to be a critical first step in the pathogenesis of I/R-
induced injury to the microvasculature. A number
of factors influence the adhesive interactions be-
tween neutrophils and endothelial cells. Xanthine
oxidase-derived oxidants mediate I/R-induced
neutrophil infiltration by enhancing the adhesive
interactions between circulating neutrophils and
the endothelial cells of postcapillary venules.
Whether leukocytes adhere to venular endothe-
lium also largely depends on the expression of ad-
hesion molecules on the surface of activated neu-
trophils and/or endothelial cells, hydrodynamic
dispersal forces (eg, blood flow velocity) that tend
to sweep leukocytes away from the vascular wall,
and products of neutrophil activation (eg, elas-
tase). IVM has been used to monitor leukocyte-
endothelium interactions and other microcircula-
tory parameters, such as microvascular perfusion,
macromolecular extravasation from microvessels,
and changes in the caliber of arterioles and

FIGURE 1. Postcapillary venule in the muscular layer
of the urinary bladder. Rhodamine-6G-labeled leuko-
cytes rolling on and sticking (arrows) to the endothelium
during reperfusion.
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venules. This technique allows for high-resolution
images as a prerequisite for the precise quantifica-
tion of the above in vivo parameters in various
organs.9,10,15,18,19

To date, only a few animal models are available
for the investigation of the characteristics of I/R of
the urinary bladder. Some investigators have stud-
ied the role of ischemia in the urinary bladder in
terms of smooth muscle function. Vanarsdalen et
al.20 investigated the consequences of bladder isch-
emia in a rabbit model. After 1 hour of ischemia,
they found a significant reduction in smooth mus-
cle function of the bladder. Gill et al.21 observed a
reduction in compliance and capacity of the uri-
nary bladder after ischemic periods of different
lengths. In an I/R study, Saito et al.22 described a
decrease in the contractile response of the rat blad-
der to carbachol after several durations of ischemia
(0, 30, 60, and 90 minutes) followed by reperfu-
sion. The effect was time dependent; 60 minutes of
ischemia caused considerable functional impair-
ment that developed further during a subsequent
reperfusion period of 30 minutes. In the same
study, histologic examination revealed significant
infiltration of leukocytes into the submucosal re-
gion and into the smooth muscle after 60 minutes
of ischemia and 30 minutes of reperfusion.22 In
addition to functional and structural alterations,
an activation of both inducible and endothelial ni-
tric oxide synthases was found with the same ex-
perimental design.23 The increase of intracellular
Ca2� after I/R may play an important role in these
processes.24 Others reported that the mRNA levels
of early response genes were elevated after an isch-
emic episode of the urinary bladder.25

Our study presents the first intravital micro-
scopic analysis of I/R-induced inflammatory reac-
tions in the microcirculation of the rat urinary
bladder. I/R significantly impaired microvascular
perfusion as evidenced by a loss of FCD, a lower
blood flow velocity, and vasoconstriction in arte-
rioles and venules that presumably was due to a
preponderance of vasoconstrictors (eg, ET-1) dur-

ing reperfusion. Concurrent with a decrease in di-
ameter and blood flow velocity, the blood flow in
the postcapillary venules was also reduced, indi-
cating a relative hypoperfusion of the postischemic
tissue. Leukocyte-endothelial cell interactions and
endothelial permeability, both indexes of postisch-
emic inflammation, were drastically enhanced.
The histologic changes found after I/R of the uri-
nary bladder were very similar to those observed in
other I/R studies, as well as in other models of
cystitis, in particular in models of interstitial cysti-
tis.

Microvascular perfusion failure causing pro-
longed hypoxia, leukocyte infiltration, and inter-
stitial edema as observed in the present study are
factors underlying a potential subsequent injury of
parenchymatous tissue.

In principle, the degree of I/R injury correlates
positively with the duration of ischemia and reper-
fusion, respectively. In the present study, a combi-
nation of 60 minutes of ischemia and 30 minutes of
reperfusion was chosen, because this regimen was
previously found to cause structural and func-
tional changes in the bladder effectively.22,23 Con-
cern might exist that the I/R injury in our study
could have been aggravated by atropine by binding
to muscarinic receptors. However, in a previous
study, we investigated the red blood cell velocity
and FCD in the intact bladder wall under control
conditions without atropine administration.26 The
values found there were in close range or almost
identical with the control values of the present
study, hence atropine presumably had no effect on
the results after I/R. Filling the bladder with a fixed
volume facilitated IVM but also might have im-
paired perfusion. However, the applied volume of
0.5 mL did not exceed the physiologic capacity of
the rat bladder.27 Moreover, the intravesical pres-
sure was only about 9 mm Hg in both groups and
values of up to 70 mm Hg previously did not result
in impaired perfusion, at least under control con-
ditions.26

TABLE I. Microcirculatory changes during I/R-induced cystitis in rats
Control Group

(n � 10)
I/R Group
(n � 10)

Venular diameter (n � 5) (�m) 40.7 � 6.4 29.2 � 4.6
Arteriolar diameter (n � 5) (�m) 39.7 � 7.1 29.9 � 4.8
RBCV (n � 5) (mm/s) 1.16 � 0.2 0.42 � 0.1
FCD (n � 5) (1/cm) 145 � 15.6 41.2 � 6.3
Venular macromolecular leakage (n � 5) 0.71 � 0.1 0.96 � 0.2
Arteriolar macromolecular leakage (n � 5) 0.7 � 0.08 0.92 � 0.12
Rolling leukocytes (n � 5) (n/mm/s) 8.3 � 1.9 52.1 � 9.2
Adherent leukocytes per mm2 (n � 5) 24.1 � 13.2 1137.5 � 612.2

KEY: I/R � ischemia-reperfusion; RBCV � red blood cell velocity; FCD � functional capillary density.
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IVM appears to be an excellent technique for the
detailed investigation of the microcirculatory ef-
fects of drugs and compounds already used in re-
search or in clinical practice. Therefore, this stan-
dardized, reliable model of an I/R-induced cystitis,
in addition to answering the particular question
addressed in the present study, represents a
new methodologic approach for future investiga-
tions aimed at a better understanding of basic
pathologic phenomena at the microcirculatory
level.
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