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ABSTRACT

We examined the kinetics of penetration of mitomycin C (MMC) in
the dog bladder wall after intravesical instillation of 20 mg/40 ml, a dose
used in patients. Bladder tissues were harvested and concentration-depth

profiles were established by analysis of thin tissue slices cut parallel to
the unitili-lini surface of the bladder. Tissue concentrations after a dwell
time of 5-7 min were similar to those after 30-120 min. In tissues

harvested 60 and 75 min after removal of the dose, MMC was not
detected in 5 of 6 samples and was < 1Â«jg/gat the mucosa in the remaining
sample, suggesting a rapid "washout" of the drug. The rapid equilibrium

between the drug in urine and bladder tissue indicates that the duration
of exposure of the bladder wall tissue was approximately equal to the
dwell time of intravesical therapy. Tissue concentrations declined log-

linearly with respect to the depth of penetration. The concentration
immediately underneath the urothelium (( 'â€ž)showed considerable intra-

and interanimal variability. Bladder distention appeared to increase Co
by several fold. C0 ranged from 2 to 275 ng/g wet tissue weight, with a
median value of 24 /ig/g, or 11 Â¿ig/gwhen two animals with distended
bladders were excluded. MMC concentrations in 3 different sites of the
same bladder varied up to 5-fold. Within the capillary-perfused mucosa
and muscularis (between 50 and 2000 MIÂ»from the urothelial surface),
concentrations decreased by 50% for each 500-*im distance. The median
concentration at 2000 urn was 1 ng/g (" = 24). At 2000-3000 /Â¿m,tissue

concentrations in most (18 of 24) specimens either declined to an asymp
totic value or were lower than the detection limit of 0.1 /ig/g- Concentra
tions in the bladder contents were 200-500 Mg/ml, the average tissue

concentration from 50 to 3000 urn was 10 MIÃ•/K.and plasma concentrations
were Â«I.I *ig/ml. This supports the therapeutic advantage of intravesical
therapy of high local drug concentrations while minimizing systemic
exposure. A comparison of the urine concentration and Co indicated a
30-fold decline in concentration across the urothelium. This suggests the

importance of the urothelium as a barrier to MMC absorption. A separate
study in our laboratories showed that 16 Â¿ig/mlof MMC was needed to
produce a 90% inhibition of the labeling index of expiants of human
bladder cancers located in the urothelium (T. tumor, TNM classification),
25 MS/mlin the lamina propria (T, tumors), and 43 fig/ml in the muscle
layer (T2 tumors). A comparison of these cytotoxic concentrations with
the MMC concentration-depth profiles showed that effective concentra
tions were achieved in the urothelium in all cases and in the lamina
propria in 20% of cases. Concentrations in the muscle layers were <20%
of the 90% inhibition concentration for I : tumors. These data indicate
that the barrier function of the urothelium and intravesical dwell time
are major determinants of tissue concentrations and exposure. The vari
able MMC pharmacokinetics in the bladder tissue layers may contribute
to the variable and incomplete patient response to intravesical therapy.
Furthermore, cytotoxic concentrations were more readily achieved in the
superficial than in the deeper tissue layers. This is consistent with the
more favorable response of superficial tumors (T.) compared to invasive
tumors (I i and I : ) observed clinically.
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INTRODUCTION

Transitional cell carcinoma is a solid tumor which, because
of its anatomical location, is accessible to surgical and regional
treatment. Tumor recurrence is common and can be accom
panied by stage and/or grade progression. Intravesical chemo
therapy is used in combination with transurethral resection for
treatment and prophylaxis of recurrent and/or multifocal su
perficial bladder cancer. Compared to patients treated by trans
urethral section alone, those receiving adjuvant intravesical
chemotherapy of MMC,3 doxorubicin, or thiotepa have a re
duced tumor recurrence rate (1-3). There are three target cells
for intravesical chemotherapy, i.e., tumor cells dislodged by
transurethral resection which may implant in the urothelium to
form secondary tumors, nonresected tumor, and existing initi
ated tumor cells (1). The tumor cells can be present in the
bladder cavity and at various tissue layers in the bladder wall.
Superficial papillary noninvasive tumors (Ta, TNM classifica
tion) appear to respond more favorably to intravesical chemo
therapy than tumors which have invaded the lamina propria
(T,) (4). The pharmacological basis for this observation has not
been examined. Several factors, including the drug delivery to
the deeper tissue and tumor chemosensitivity, may contribute
to the different prognosis. Recent studies in our laboratories
showed that MMC concentrations in the bladder content of
patients treated with intravesicle MMC were over 1000-fold
higher than those in plasma (5).4 Furthermore, in vitro chemo

sensitivity studies using patient surgical specimens showed that
concentrations of 16, 25, and 43 Â¿ig/mlwere needed to inhibit
the proliferation of bladder tumor cells by 90% for Ta tumors
located in the urothelium, T, tumors in the lamina propria, and
T2 tumors in the muscularis, respectively (6).5 These concentra

tions were achieved in the urine but were orders of magnitude
higher than concentrations found in the systemic plasma.4 The

drug concentrations at various tissue depths in the bladder wall
and the ease of drug penetration in the superficial and deeper
tissues are therefore important determinants of treatment effec
tiveness. Aeikens et al. (7) have previously reported MMC
concentrations in the bladder wall. However, data were limited
and showed variable tissue concentrations in the mucosa, while
the profile of drug penetration into the deeper tissues was not
examined. The present investigation was undertaken to estab
lish the concentration of MMC in bladder tissue as a function
of tissue depth and to identify the determinants of drug pene
tration in the bladder wall.

Dogs were used for these experiments. The dog urinary
bladder is morphologically similar to the human bladder. The
thickness of the dog bladder wall is about one-half that of
humans. The bladder wall consists of the urothelium, basement
membrane, subepithelial connective tissue, superficial and deep

3The abbreviations used are: MMC. mitomycin C; IC50,1CÂ«,,doses of MMC

needed to inhibit proliferation of bladder tumor cells by 50% and 90%, respec
tively.

4J. T. Dalton. M. G. Wientjes. R. A. Badalament. J. R. Drago, and L-S. Au.

Pharmacokinetics of intravesical mitomycin C in superficial bladder cancer pa
tients. Cancer Res., in press, 1991.

!T. D. Schmittgen, M. G. Wientjes, R. A. Badalament. and L-S. Au. Phar-

macodynamics of mitomycin C in cultured human bladder tumors. Cancer Res.,
in press, 1991.
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muscle layers, and the serosal layer. The normal urothelium is
3-5 cell layers thick. The surface cells of the urothelium (um
brella cells) have thickened membrane plaques at the lumenal
surface and are connected with tight junctions, characteristic of
mammalian urothelium (8). The thickened membranes and the
tight junctions contribute to the permeability barrier formed by
this cell layer (8). The subepithelial connective tissue and mus
cles are loosely packed tissues perfused by capillaries. Capillar
ies collect in a complicated venous plexus on the serosal surface
of the bladder wall and drain into the vesical veins. The vesical
veins are approximately 2 mm in diameter and can be cannu-
lated to permit direct analysis of drug concentrations in blood
leaving the bladder wall. Hence, this experimental model is well
suited to studying drug transfer in the bladder.

The bladder wall can be viewed as a thin diffusion barrier
(the urothelium) covering a capillary perfused tissue layer (the
connective tissue and muscle layers). Capillaries do not pene
trate the urothelium. The concentration decline across the
urothelium can be described as a simple diffusion process, where
concentrations decline linearly with respect to tissue depth (9,
10). Due to the limited thickness of the urothelium, urothelial
MMC concentrations could not be directly determined experi
mentally. Thus, the decline over this layer is described as an
instantaneous concentration drop. In the deeper tissue beyond
the urothelium, the cell packing is less dense and drugs can
diffuse through the extracellular space and are removed by
capillary drainage. Dedrick et al. (11) and Flessner et al. (12)
proposed a distributed model for drug penetration in capillary-
perfused tissue. In this model, the decline of drug concentra
tions with respect to tissue depth is determined by drug diffu
sion and by capillary drug removal, as described by the following
equation (11).

C,-Cb
Co-Cb (A)

C0 is the concentration at the beginning of the capillary perfused
tissue, Cb is the drug concentration in the perfusing blood, Cx
is the concentration at distance x into the capillary tissue, p and
a are the microscopic permeability coefficient and surface area
of the capillaries, and D is the diffusion coefficient of the drug.
The distributed model accounts for capillary drug removal and
for capillary drug delivery to the bladder wall by perfusion of
drug-containing blood which is returning from the systemic
circulation. The perfusing blood receives drug from the bladder
tissue. Hence, Cb is greater than the systemic blood concentra
tion. For low depths, Cb <scG, Equation A reduces to

C, = C0 e (B)

Half-width (HV) is defined as the thickness of the tissue over
which the concentration declines by one-half and can be derived
from the above equation.

= 0.693- \/ â€”Â£
pa

(C)

The time to reach steady state is 2 V/pa, where * is the fraction
of tissue occupied by extracellular space. For compounds with
a molecular weight normally found for drug molecules (<500),
this time interval is expected to be short relative to the 2-h drug
treatment. A value of 8 min was estimated for hexose in
mammalian muscle tissue (11).

To achieve effective therapy, cytotoxic concentrations should
be present in the tissue layers where the tumor cells are located.
In the present study, we examined (a) the transfer of MMC
across the urothelium from urine to mucosa, (b) the decline of
concentration in the bladder wall with distance traveled, (c) the
variation of drug concentrations at different bladder sites, (d)
the effect of duration of instillation on bladder wall concentra
tions, and (e) the transfer of drug from the bladder wall tissue
to the perfusing blood and into the systemic circulation.

MATERIALS AND METHODS

Chemicals. MMC and porfiromycin were generous gifts from the
Bristol Myers Co. (Wallingford, CT) and the American Cyanamid Co.
(Pearl River, NY). High-pressure liquid chromatography showed that
MMC and porfiromycin were >99% pure. Both chemicals were used
as received. Agents used for anesthesia and euthanasia were of USP
grade. Ethyl acetate and acetonitrile were purchased from Fisher Sci
entific Co. (Fair Lawn, NJ).

Animal Protocol. Male or female beagle dogs (Kaiser Lake, St. Parris,
OH; or Marshall Farms, N. Rose, NY) weighing 9.4 Â±2.3 (SD) kg
were used. The animals were fasted overnight before the experiment
but were allowed free access to water until the experiment. A 20-gauge
angiocatheter was inserted in the cephalic vein for administration of
anesthetics, and a 16-gauge, 5.25-inch angiocatheter was placed in the
right jugular vein for blood sampling. Urethral catheters were inserted
for dose instillation and sampling of the bladder contents. A size 13 or
14 French Foley catheter was used for female dogs, and an 8 or 10
French Foley catheter for male dogs. Animals received a sedative,
acepromazine (0.5 mg/kg), by i.v. injection to facilitate catheterization.

Animals were given an intravesical dose of MMC (20 mg in 40 ml
of water) for 5-120 min. All experiments were started between 10 a.m.
and noon. Animals that underwent short (<30 min) instillation periods
were anesthetized throughout the experiment. All other animals were
conscious at the start of the experiment and up to about 15 min before
tissue harvesting. The animal was placed in a sling (Alice King
Chatham, Los Angeles, CA), and MMC was instilled via the Foley
catheter. The catheter was then flushed with air to ensure complete
delivery of the intravesical dose. The dead volume of the catheter was
between 1.6 and 2.1 ml. Serial blood and urine samples were collected
before and during the instillation period and immediately before sur
gical removal of the bladder. To obtain urine samples, a 10-ml syringe
was connected to the outlet of the Foley catheter. The air and 5 ml of
the bladder contents were withdrawn to fill the catheter and entered
the syringe. The latex catheter was then pierced with a 1-ml syringe
(30-gauge needle), and samples (0.1 ml each) were withdrawn. The
contents of the catheter were then replaced in the bladder, and the
catheter was flushed with air. By this method, the collection of each
urine sample was completed within 2 min, minimizing the time of the
MMC solution outside the bladder.

We reported that the time interval between clamping the blood supply
to the bladder and freezing the bladder tissue is critical for obtaining
accurate tissue concentration profiles (13). It was also necessary to
maintain the drug solution in the bladder until just prior to clamping
the blood supply, in order to maintain the concentration gradient
between urine and tissue and to avoid "washout" of the drug during

sample processing. Fifteen min before removal of the bladder, the
animal was anesthetized with an i.v. injection of pentobarbital (24 mg/
kg) and placed on its back. The bladder was exposed by a midline
incision, and the dome and left and right lateral sides of the bladder
were marked with superficial stitches of surgical silk. The bladder
contents were drained, the urethra and arterial blood supply were
clamped, and the bladder was rapidly removed. Tissue sections of
approximately 2 cm x 2 cm surface area were cut from the dome and
the left and right lateral sides. The sections were rapidly frozen on a
flat stainless steel plate cooled on dry ice. Liquid nitrogen was poured
over the tissue to ensure rapid freezing. The time between removal of
the intravesical dose and freezing of the bladder tissue specimens was
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calculated as the ratio of urine concentration to C0. The concentration-
tissue depth profiles were analyzed by nonlinear least-squares regression
(NLIN; SAS Institute, Cary, NC). Different mathematical models (i.e.,
linear and log-linear with respect to tissue depth) for drug penetration
into the deeper layers of the bladder wall were compared according to
the Akaike information criterion (15). The Akaike information criterion
is a quantitative measure of the balance between goodness of fit,
measured by the sum of squared residuals, and complexity of the
mathematical model. A linear relationship between tissue concentration
and depth would be expected for a simple diffusion process (9, 10). For
this model, tissue concentration-depth profiles were fitted to the follow
ing equation.

C, = C0 - k0(x - 50) (D)

ko is the zero-order rate constant describing the decline in tissue

concentration with respect to tissue depth x, Co is the concentration of
drug directly below the urothelium (x = 50 ^m, which is the thickness
of the urothelium), and C, is the concentration at depth x. A monoex-
ponential decline was predicted by Flessner el a!. ( 12) for a combination
of simple diffusion and capillary drug removal. For this model, tissue
concentration-depth profiles were fitted according to Equation E (ob
tained by substitution of Equation C into Equation B).

30 60 90 120 C, = C0 e (E)

TIME, min
Fig. 1. Concentrations of MMC in the urine (A) and in systemic plasma

(ÃŸ)of dogs during instillation of MMC (20 mg/40 ml). Points, mean; bars. SD.
n = 4.

less than 2 min. Collection of the bladder contents was incomplete in
several of the animals, as leakage from the urethra often occurred when
anesthesia was induced. From the collected volume and the leaked
amount, the total volume of the bladder contents was estimated at 50
to 60 ml. Animals were euthanized with an overdose of pentobarbital
by i.v. injection immediately after removal of the bladder.

Vesical Vein Concentrations. MMC concentrations in blood leaving
the bladder wall during instillation were determined in a separate study.
Six animals were prepared for the experiment as described above. Prior
to MMC instillation, the animals were anesthetized, and the superior
vesical vein was cannulated with polyethylene tubing (PE-50; 0.58-mm
inner diameter; 0.97-mm outer diameter: Becton Dickinson, Parsip-
pany, NJ). Blood was allowed to drip from the cannula, and blood
samples (1-5 ml) were collected prior to and during intravesical instil
lation in heparinized tubes. The plasma fractions were transferred and
stored at -20Â°C.

Sample Analysis. Tissue samples were analyzed as described previ
ously (13). Briefly, the outer edges of the tissue samples were trimmed
to avoid contamination with the instillation fluid. The frozen tissues
were cut into 4Q-nm sections parallel to the urothelial surface. When
necessary, multiple samples were pooled for analysis. Tissue depths
were expressed as the midpoint depth of the pooled samples. Tissue
sections were homogenized and extracted with ethyl acetate. Porfiro-
mycin was used as the internal standard. High-pressure liquid chro-
matography was performed using a reversed-phase C,8 column (Peco-
sphere; 83 mm x 4.6 mm; 3-/im particle size; Perkin-Elmer, Norwalk,
CT) with an aqueous mobile phase containing 12.5% acetonitrile and
5 mM phosphate buffer (pH 6.9). The flow rate was 1.5 ml/min, and
UV detection was at 365 nm. Plasma and urine samples were analyzed
as previously described (14).

Data Analysis. The first 80 ^m of the tissue, directly in contact with
the instillation fluid, was trimmed off to avoid contamination by the
dosing solution. This discarded section included the urothelium which
was about 50 /<min thickness, based on microscopic examination (13).
Hence, the concentration at the urothelium could not be determined
directly. The concentration at 50 ^m or directly below the urothelium
(Co) was obtained by extrapolation of the computer-fitted line to a
depth of 50 MHI.The concentration gradient across the urothelium was

Only data between 100 and 2000 Mmdepth were fitted since tissue
concentrations in most specimens approached a plateau at depths
> 2000 litn. Average tissue concentrations between 50 and 3000 ^m
were determined as the area under the actual tissue concentration versus
tissue depth curves divided by the net total depth (2950 ^m). In the
graphical presentation of the data, the effect of random error in tissue
concentration determination was reduced by a smoothing procedure
where logarithmic midpoints between each pair of data points were
used instead of the actual data points.

Distention of the bladder wall during the In vivo experiment was
estimated by comparison of distended (filled with the dosing solution)
and relaxed surface area of the mucosal bladder wall. The surface area
in the relaxed state was determined by summation of the surface areas
of the frozen bladder wall sections. The surface area in the distended
state was calculated as a sphere with a volume of 60 ml, which was the
estimated volume of the instillate plus the inflated Foley catheter
balloon.

Statistical analysis was by analysis of variance (SAS Institute, Gary,
NC). Differences between groups were determined using paired and
unpaired two-tailed Student's I tests at a 5% level of significance.

RESULTS

Concentrations in Bladder Contents. Dogs were given an in
travesical instillation of MMC at a dosage used in patients, 20
mg/40 ml. MMC concentrations in the bladder contents were
determined during the instillation period (Fig. \A). The decline
of urine concentrations over time could be due to urine produc
tion, absorption, degradation, and metabolism. The pH of the
instillate ranged from 6.7 to 7.8 in these animals. We4 and

others (16) have shown that MMC is stable within this pH
range. Hence, nonenzymatic degradation in urine was not a
significant factor in this study. In some animals, we observed a
rapid initial decrease in concentration. This rapid decrease may
be due to the mixing of the intravesical dose with residual urine
present in the bladder at the time of instillation. This phenom
enon was also observed in patients.4

Tissue Concentration-depth Profiles. Tissue concentrations
were standardized to wet tissue weight. We previously reported
that standardization of MMC concentrations relative to tissue
weight was preferred to standardization relative to tissue pro-
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tein contents (13). It should be noted that our method measured
unbound and reversibly bound MMC distributed in extracellu
lar water and into tissue components. Other parameters, such
as protein and/or DNA measurements, may be useful for stand
ardizing drug concentrations for compounds which have a
predominant association with these tissue components. Simi
larly, standardization relative to a marker for extracellular
volume is potentially useful. The equilibrium between the intra-
cellular and extracellular compartments is determined by the
partitioning of the unbound drug across the cell membranes
and the concentration gradient of the unbound drug in the two
compartments. The transfer of unbound drug from urine across
the bladder tissue to reach the perfusing capillaries is driven by
the gradient of unbound drug concentration in the extracellular
space, which follows the rank order of Cu > Cx > Cb. As
expected, the average tissue concentration (d) was found to be
lower than the urine concentration (Cu). C\, cannot be measured
experimentally, but is between the concentration in plasma
entering and leaving the bladder. Cv was higher than the average
of these concentrations in dogs where the needed measurements
were made.

Fig. 2A shows a representative tissue concentration-depth
profile of MMC in the bladder wall of a dog. Tissue concentra
tions declined with respect to the tissue depth from the urothe-
lium. Fig. 2B shows the mean and median MMC concentration-
depth profiles in a total of 24 tissue sites in 9 dogs. The averaged
concentrations (from 50 to 3000 ^m) ranged from 0.5 to 33
fig/g in individual dogs, with a median value of 5 pg/g (Table
1). C0 ranged from 3 to 190 ng/g, with a median value of 24
fig/g. The variability in tissue concentrations can be explained
in part by the distention of the bladder wall during instillation.
Bladder wall distention, expressed as the increase in surface
area between the relaxed and distended states, ranged from 2.4-
to 4.2-fold (Table 1). Bladder wall distention correlated with
the Co (r2 = 0.34; P < 0.02). In 2 dogs with a bladder distention
greater than 4-fold, the C0 was severalfold higher than the other
animals. When these 2 dogs were excluded, the median value
decreased significantly to 11 Mg/g-

The MMC concentration declined as the distance into the
bladder wall increased from directly below the urothelium to
2000 urn. At about 2000 urn, the concentrations approached an
asymptotic value of 1 ng/g (median, Â«= 24). Two mathematical
models of the concentration-depth profile were compared; these
were the diffusion model (9, 10) and the distributed model (11,
12). In the diffusion model, drug diffuses from an area of high
concentration (urothelium) to an area with low concentration
(serosal side of the bladder). The distributed model considers
drug removal by capillary drainage in addition to drug diffusion.
The model-predicted concentration-depth profiles are charac
terized by two differences. First, the diffusion model predicts a
linear concentration decline with depth, while the distributed
model predicts a log-linear decline. Second, the diffusion model
predicts a continuous decline from directly below the urothe
lium to the serosal surface, while the distributed model predicts
that a plateau concentration will be reached in the deep tissue
when tissue concentrations are in equilibrium with the perfusing
blood. To distinguish between a linear or log-linear decline, the
experimental data points between tissue depths of 100 and 2000
urn were fitted to Equation D for the linear function and
Equation E for the monoexponential function. Fig. 2A shows
an example comparing the two fits. The quality of fit was
compared by the AIC (15). The concentration decline was best
described by a monoexponential function for 19 of the 24 tissues

100 -

o>

o

10 -ÃŒ

0.1

100

10

2000 4000 1000 2000 3000

DEPTH, Â¿Â¿m

Fig. 2. Bladder wall concentrations in dog bladders after MMC instillation (20
mg/40 ml). A, representative concentration-depth profile. , best fit line for
linear concentration decline (equation 4); , best-fit line for long-linear concen
tration decline (equation 5). //. mean (â€¢)and median (O) concentrations in the
bladder wall of 24 tissue sites, obtained from 9 dogs. The tissue depth was related
to the anatomical depth was follows: urothelium, 0â€”50 ^m; lamina propria, 50-
~400 um; inner longitudinal muscle. 400â€”1600 >im; outer circular muscle,
1600â€”3100 firn; outer longitudinal muscle, 3100â€”4500 urn; adjunctiva, 4500-
-5000 i*m.

examined (Table 2). For the remaining 5 tissues, the concentra
tion decline was better fitted by a linear function. In these latter
tissues, the concentration-depth profile was more shallow, as
indicated by the longer wv, (883 Â±363 Mm; mean Â±SD)
compared to that described by a monoexponential decline (373
Â±174 /itm;Â«= 19; P < 0.001). The distinction between a linear
and monoexponential decline is more apparent when a large
concentration span can be evaluated. The shallow concentration
decline in some tissues may therefore have compromised the
distinction between a linear and exponential concentration de
cline. Our data further show that a plateau level was reached
or approached in 17 of 24 tissues at tissue depths beyond 2000
Â¿Â¿m,where the tissue concentrations deviated from a log-linear
decline. An example is shown in Fig. 2A. In the remaining 7
tissues, concentrations declined below the assay detection limit
of 0.1 fig/g or maintained a log-linear decline until the end of
data collection at 3000 to 3500 pm.

Concentration Decline over Urothelium. Urine concentrations
at the time of tissue harvesting were compared to the C0 in 8
dogs (Table 1). Two dogs with bladder distentions in excess of
4-fold showed very high C0, approaching the concentrations in
the urine. In the remaining 6 dogs, the C0 were 8- to 67-fold
lower than the urine concentrations. The overall concentration
drop across the urothelium was 31 Â±28-fold with a median of
27-fold. The same comparison was made in 5 additional dogs
used to examine the vesical venous concentration. In these
dogs, the concentration drop across the urothelium had a me
dian value of 32 (Table 3).

Inter- and Intra-animal Variabilities. We examined MMC
concentrations in three different sites of the bladder, i.e., the
dome and the left and right lateral sides. The concentration-
depth profiles in different tissue sites and in different animals
were compared with respect to C0, average tissue concentrations
across the bladder wall (50-3000 /im), and wv,of MMC pene
tration. Co ranged from similar up to a difference of 5-fold
within animals and up to a 20-fold difference between animals.
Average tissue concentrations showed similar magnitudes of
intra- and interanimal variability (Table 1). Table 2 summarizes
the Wv,of concentration decline in the bladder wall. The wv,of
the 3 different sites of the same bladder were about the same
or had a 1-fold difference. The mean wVl,calculated from the
three tissue sites per dog, showed a 4-fold range in 9 dogs. To
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Table 1 Mitomycin C concentrations in bladder wall and bladder contents
Dog bladder wall concentrations were analyzed after intravesical administration of MMC (20 mg in 40 ml of water). Time was the interval between drug instillation

and tissue harvesting. The C0 tissue concentration was calculated by extrapolation to the concentration at 50 ^m depth. The average tissue concentration across the
bladder wall was determined as the area under the concentration-depth profile from 50 to 3000 /im divided by the total depth. MMC concentrations and pH were
determined in the instillate after removal from the bladder.

Dog123456789MedianMeanSDTime(min)573474909090115120Co

tissueconcentration(Mg/g)Dome5.9439.982.28ND5.523.2642.2834.6261.6120.2824.4322.94Left7.3015.98ND275.439.2223.0622.5812.40260.9219.2878.36117.36Right7.5232.054.01103.598.577.3830.01ND164.6619.2944.7258.52Mean

Â±SD6.92

Â±0.8529.34
Â±12.233.15
Â±1.23189.51
Â±121.507.77
Â±1.9811.23+

10.4531.62
Â±9.9523.51

Â±15.71162.40
Â±99.6723.5151.7271.48Average

tissue concen
trations(jig/g)Dome2.335.470.41ND1.301.2014.9211.2315.893.906.596.46Left4.202.63ND37.691.304.804.955.3223.304.8710.512.9Right2.915.460.5327.351.292.629.48ND43.764.1811.615.6Mean

Â±SD3.15

Â±0.964.52
Â±1.640.4732.521.292.879.798.270.087.320.011.814.994.1827.65

14.434.5210.0611.81Distention

(fold)3.743.752.424.17NDND3.482.934.163.743.520.64Final

urine
concentration

(fg/ml)465244173191500408ND398299349335125Final

plasma
concentration(/Â¿g/ml)ND"0.03690.00640.02620.00180.00620.03010.00260.14330.01610.03170.0471

1ND. not determined.

Table 2 Mitomycin C bladder wall penetration
Dog bladder wall concentrations were analyzed after intravesical instillation

of mitomycin C (20 mg in 40 ml of water). Time was the interval between drug
instillation and tissue harvesting. The half-width or tissue thickness over which
concentration declined by 50% was calculated from the best fit exponential
relationship. Linear (equation 4) and exponential (equation 5) models for the
tissue concentration tissue depth profiles were compared according to the Akaike
criterion.

Dog123456789MeanSDTime(min)573474909090115120Half-width

(Ãim)Dome885

(L)Â°257

(E)318
(E)ND368

(L)784
(E)456
(E)485
(E)440
(E)499222Left1338(L)276

(E)ND*255

(E)241
(E)362
(E)370
(E)1076
(L)319
(E)530426Right757

(E)321
(E)178(E)327

(E)305
(E)749
(L)400
(E)ND480

(E)440211Mean

Â±SD
(jan)993

Â±305285
Â±32.8248
Â±99.0291
Â±50.9305
Â±63.5632
Â±234409
Â±43.6780

Â±418413
Â±84484261

" Letters in parentheses, model providing the best fit; L, linear; E, exponential.
* ND, not determined.

determine whether bladder wall concentrations and drug pene
tration were site dependent, Co, average tissue concentrations
across the bladder wall, and wv, were compared between the
three sites. No statistical differences were found. The variability
in tissue concentration could be partly explained by tissue
distention, as discussed above. There was no correlation be
tween Wy,and the extent of bladder distention. The variability
in wVl therefore occurred randomly, the cause of which is
unknown.

Tissue Equilibration. The duration of intravesical instillation
was varied between animals to determine the time required to
establish cytotoxic MMC concentrations in the bladder wall.
Substantial tissue concentrations were achieved within 5 min
after instillation (Table 1). Average tissue concentrations be
tween 50 and 3000 (im were calculated and plotted against the
duration of intravesical instillation (Fig. 3). The tissue concen
trations did not correlate with the duration of instillation (r2 =

0.16 P > 0.05). In two dogs, bladder tissue was harvested 60
and 75 min, respectively, after removal of the bladder instillate
from the bladder. MMC concentrations were not detectable in
5 of 6 tissue sites in these animals. The remaining tissue site
showed low tissue concentrations of <1 Mg/g-The rapid increase
and decrease of tissue concentrations with drug instillation and

removal suggest that a steady state was rapidly established
between concentrations in the urine and tissue.

Plasma Concentrations. Maximal plasma concentrations of
MMC after intravesical instillation ranged from 2 to 94 ng/ml
or at least 5000-fold lower than the instilled intravesical con

centrations of 500 Mg/ml. Plasma concentrations increased
rapidly and plateaued within 10 to 30 min (Fig. IB). The plateau
concentration was maintained for the instillation period. In two
animals, where blood samples were obtained at 60 and 75 min
after removal of the intravesical dose, MMC concentrations
declined with half-lives of 39 and 45 min. These half-life values
are comparable to those reported in the literature (17).

The plasma concentrations in dogs were substantially higher
than those in patients who received intravesical MMC after the
surgical wounds had healed. Previous studies have shown the
clearance of MMC in dogs is about 10 ml/min/kg (17) and
about 5 ml/min/kg in humans (18). The dose administered to
dogs in our study, normalized for body weight, was 6-fold higher
than the MMC dose in patients.4 This, together with the 2-fold
higher clearance, would account for a 3-fold higher plasma
concentration in dogs. In the present study, the median plasma
concentration in dogs was at least 16-fold higher than in pa
tients. The volume of the dose solution (40 ml) administered
to dogs was identical to that used in patients.4 Bladder capacity
in dogs (40 ml/9 kg)6 is lower than that of humans. Based on

the bladder capacity and the correlation between bladder disten
tion and bladder tissue concentrations, we speculate that the
higher plasma concentrations in dogs are, in part, the result of
bladder distention, leading to greater MMC absorption.

Vesical Vein MMC Concentrations. In a separate study in 6
dogs, we collected blood from the inferior vesical vein on the
serosal surface of the bladder. The vesical vein drains the
capillary beds which perfuse the bladder wall tissue. Vesical
vein concentrations are therefore expected to reflect indirectly
the MMC concentrations in the bladder wall tissue, depending
on the extent of equilibrium between the tissue and the perfus
ing blood and on the perfusion rate of each tissue layer. Differ
ent values of dog bladder perfusion rate have been reported (19,
20). The perfusion of the connective tissue layer is similar to
or 13-fold higher than that in the muscle layers in undistended
bladders (19, 20). Bladder distention may cause a greater than
5-fold reduction in or may have little effect on the relative blood

' Unpublished observations.
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100
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Fig. 3. Effect of duration of instillation on bladder wall concentrations. The
mean tissue concentrations of MMC (50-3000 /<m) were presented for bladder
instillations of different duration. â€¢.dome; D, right lateral side; A, left lateral
side.

Table 3 MMC concentration in vesical venous blood
Inferior vesical venous MMC concentrations, leaving the bladder wall tissue,

were determined in six dogs. Vesical vein concentrations at the time of sacrifice
were compared with systemic plasma concentrations, tissue concentrations, and
bladder contents concentrations. Tissue concentrations were determined by ex
trapolation. Average tissue concentrations were calculated between 50 and 3,000
pan.

Tissueconcen-Dog21011121314MeanSD(min)7120120120120120trations
(/Jg/g)Câ€ž39.3414.860.432.982.2617.2211.2711.39Average"4.523.270.211.371.015.362.622.075.9963.7850.0930.324C0.0622.3712.1052.426Systemic0.0370.0790.0540.0530.0160.1000.0570.030Bladdercon-(Mg/ml)ND*441374344291162322105

Â°Average tissue concentrations and vesical vein concentrations showed a

coefficient of determination of 0.36, which was not statistically significant.
* ND, not determined.
c No sample was obtained at the time of euthanasia. The concentration obtained

at 76 min is presented.

perfusion of the connective tissue layer (19, 20). The ratio of
the inferior vesical vein MMC concentration at the time of
tissue harvest to the averaged tissue concentration ranged from
0.06 to 1.34, with a mean value of 0.64 (Table 3). Fig. 4
compares the MMC concentrations in urine, vesical vein
plasma, and systemic plasma. Vesical vein MMC concentra
tions rapidly increased to reach a maximum value between 10
and 30 min after instillation of the intravesical dose. This
increase was followed by a decline to 5-fold lower concentra

tions at the end of the instillation period. The decline was not
the result of declining urine concentrations, which decreased by
only about 20%. The peak in the vesical venous plasma concen
tration coincided with a peak in the systemic plasma concentra
tions. Systemic plasma concentrations declined approximately
4-fold from their peak at the end of the instillation. In animals
in which the vesical vein was not cannulated, the systemic
plasma concentrations rose to a plateau which was maintained
until the instillate was removed from the bladder (Fig. IB). The
early peaks in systemic and vesical venous plasma concentra
tions could therefore be due to the handling of the bladder
during the cannulation procedure. Tissue concentrations at the
time of euthanasia were not different between the groups that
were studied with and without vesical vein cannulation. Vesical
venous concentrations were between 2- and 160-fold higher

than systemic plasma concentration.

DISCUSSION

Several clinical studies have shown variable response rates to
intravesical MMC therapy and superficial tumors responding
more favorably than invasive tumors (4). In addition to differ
ences in patient selection and evaluation criteria, several other
factors may have contributed to these variable findings. These
include variable drug concentrations at the target site and
different sensitivities of superficial and invasive tumors to
MMC. Drug concentrations at the urothelium, where Ta and
TÂ¡stumors are located, are determined by the urine concentra
tion. Drug concentrations in the lamina propria, and thus
exposure of T] tumors, are determined by the urine MMC
concentration and the ability of MMC to cross the urothelium.
Drug concentrations in the muscularis, where T2 tumors are
located, are determined by the urine MMC concentration and
transfer of MMC across the urothelium and capillary-perfused
tissues. Data of this study established the concentration profiles
of MMC in bladder wall tissues, transfer of MMC across the
urothelium, transfer across the capillary-perfused mucosa and
muscle layers, and absorption into the systemic circulation.
These data are used to examine the role of tissue penetration
in the variable and differential clinical responses to MMC. Two
concurrent studies in our laboratories addressed the factors
which determined the urine concentration-time profiles in pa
tients and the MMC activity in tumors obtained from individual
patients.4-5

MMC concentrations and H>./,at different sites of the bladder
from the same animals and in bladders of different animals
showed considerable variability. Bladder tissue is heterogeneous
(12). The mucosa is loosely but homogeneously packed, while
the muscularis consists of muscle bundles separated by substan
tial volumes of extracellular space. Our data were standardized
by wet tissue weight. Thus, different tissue compositions of
adjacent tissue sections could introduce fluctuation between
data points (13). Interanimal variability in tissue concentrations
can be explained in part by bladder distention. Bladder disten-
tion will decrease the thickness of the urothelium and therefore
increase drug transfer across this barrier (9, 10). Furthermore,
bladder distention has been shown to reduce bladder blood flow
(19, 20). A reduced blood flow will lead to a decrease in drug
delivery by the drug-containing blood perfusing the bladder.
But because the systemic plasma concentrations were 250-fold
lower than the median tissue concentrations, different blood
flows to various tissue sites will not significantly affect the total
tissue concentration. On the other hand, a reduced blood flow
will reduce the drug removal by the capillaries, leading to an

1000

100

^ 10
o>
a.
o 1
2
2

0.1

0 30 60 90 120

Time, min

Fig. 4. Concentrations of MMC in vesical venous blood plasma (â€¢),systemic
plasma (O), and urine (D) in dogs which were cannulated in the inferior vesical
vein. Points, mean; bars, SD. n = 5.
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increased total tissue concentration and a reduced slope of
tissue concentration decline per tissue depth and an increased
wv,.Thus, it is conceivable that different blood flow to various
bladder tissue sites may have contributed to the different wVl.
Other causes of the intra- and interanimal variability are not
apparent. Several other factors are under consideration, includ
ing blood perfusion rate and the condition of urothelium.

Concentrations in the bladder wall reached a steady-state
equilibrium with the concentrations in the bladder contents
within minutes. Bladder wall concentrations just below the
urothelium were then on average 3% of urine concentration
with severalfold variability within and between animals. In the
bladder wall, drug concentrations declined log-linearly with a
wv, of about 500 ^m to a plateau level at 0.3% of urine concen
trations. The systemic plasma concentration was 0.005, 0.07,
and 0.4% of the median urine, the C0, and average tissue
concentrations, respectively. These data indicate (a) that there
is considerable intra- and interanimal variability in bladder
tissue concentrations, (b) that the urothelium was an effective
barrier of MMC absorption, (c) that the exposure of the bladder
wall to MMC was determined by the dwell time of the intraves-
ical dose, and (</) that there is a therapeutic advantage to
intravesical therapy in that it achieves high local drug concen
trations while minimizing systemic exposure. Preliminary data
of an additional study using patient bladders removed after an
intravesical MMC pretreatment showed similar tissue phar-
macokinetics, including the concentration decline across the
urothelium and w</,(21).

The parameters of MMC penetration established in this study
and the data of a concurrent study on the urine pharmacoki-
netics in patients, i.e., urine concentrations, the concentration
gradient across the urothelium, and wV2,can be used to construct
the MMC tissue concentration-depth profiles at different times
during therapy. The concentration drop across the urothelium
and the w./, are largely dependent on the physicochemical pa
rameters of the drug. We assumed a comparable bladder blood
flow between dogs and humans. The morphological differences

Urine I Urothelium I Capillary Perfused Tissue

5 min

120 min
100

O

lu

C
(D

0.1
O 25 50 1000 2000 3000 4000

microns

between the human and dog were incorporated into the simu
lation. The urothelium in humans and dogs is about 50 /un in
thickness. The distances of the subepithelial connective tissue
(Tr tumors) and the superficial muscle (T2 tumors) from the
urothelium are 400 and 1600 /urn in dogs and 700 and 2000 urn
in humans (22).6 These concentration-depth profiles may be

compared to the MMC concentrations required for cytotoxicity
(i.e., ICso and IC90) to infer the pharmacodynamics of the
intravesical MMC treatment in patients. Fig. 5 shows a com
puter-simulated concentration-depth profile of MMC at the
beginning and at the end of the standard 2-h therapy. Patient
studies showed that MMC concentrations in the bladder con
tent declined from 519 Â±34.8 jig/ml in the dosing solution to
315 Â±127 ÃŸg/mlafter 5 min, and to 64.6 Â±39.4 Â¿ig/mlafter
the 2-h instillation period.4 Equations B and C were used to
simulate the tissue concentration-depth profiles at 5 and 120
min, using the appropriate urine concentration. The concentra
tion drop across the urothelium was 30-fold, wv, was 500 Â¿Â¿m,
and Cb was 0.3% of the urine concentration. In a concurrent
study using human bladder tumors maintained in explant cul
tures, we established the MMC concentrations at a 2-h exposure
needed to produce a 50% and 90% inhibition of the labeling
index in Ta, TI, and T2 tumors from 14 patients.5 A comparison

of the simulated tissue pharmacokinetic data with the in vitro
chemosensitivity data suggests that treatment of tumor cells
located in the bladder wall may be insufficient (Fig. 5). Inhibi
tory concentrations were achieved in the urothelium (Ta tumors)
in all cases, but only partially in the lamina propria (Ti tumors),
and concentrations in the muscle layer were <20% of the IC90
for T2 tumors. These data further demonstrate the importance
of urine pharmacokinetics for the efficacy of treatment of TI
tumors. There was an 8-fold drop in the urine concentration
over 120 min, due to dilution by urine and pH-dependent drug
degradation. This led to a parallel drop in tissue concentrations.
For the TI tumors, 5 of 6 tumors received a concentration >IC50
at 5 min, but only 50% received an effective IC50 at 120 min. It
should be noted that these extrapolations are based on the
MMC tissue penetration in dogs, coupled with pharmacokinetic
and chemosensitivity data in patients. Unequivocal correlation
of pharmacodynamic and pharmacokinetic data requires a clin
ical study to simultaneously establish the drug concentration at
the target site and the antitumor effect. A study to measure
MMC concentrations in patient bladder tissue is ongoing (21).

Based on the present and concurrent studies (20),"'5 we

conclude that variable urine and tissue concentrations and
variable chemosensitivity contribute to the variable and incom
plete clinical response. Furthermore, the lower drug concentra
tion in the deeper tissues compared to that in the subepithelial
connective tissue and the lower MMC sensitivity of the invasive
tumors are consistent with the clinical observation of a lower
response of the invasive tumors. The efficacy of intravesical
MMC may be improved by increasing the drug exposure of
tumors in bladder tissues. This can be accomplished by main
taining high drug concentration in urine, enhancing the drug
absorption across the urothelium, and increasing the dwell time.
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