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A model of ascending unobstructed urinary tract infection (UTI) in mice was developed to study the
significance of the antibiotic concentration in urine, serum, and kidney tissue for efficacy of treatment of UTI
in general and pyelonephritis in particular. Outbred Ssc-CF1 female mice were used throughout the study, and
Escherichia coli was used as the pathogen. The virulence of 11 uropathogenic E. coli isolates and 1 nonpatho-
genic laboratory E. coli strain was examined. Strain C175-94 achieved the highest counts in the kidneys, and
this strain was subsequently used as the infecting organism. The model gave reproducible bladder infections,
i.e., bacteria were recovered from 22 of 23 control mice after 3 days, and histological examination of kidney
tissue showed that of 14 infected kidneys, 7 (50%) showed major histological changes, whereas 3 of 36
uninfected kidneys showed major histological changes (P 5 0.018). Once the model was established, the
efficacies of different doses of cefuroxime and gentamicin, corresponding to active concentrations in urine only
or in urine, serum, and kidney tissue simultaneously, were examined. All cefuroxime doses resulted in
significantly lower counts in urine than control treatments, but the dose which produced concentrations of
cefuroxime only in urine and not in serum or kidney tissue had no effect on kidney infection. Even low doses
of gentamicin (0.05 mg/mouse) resulted in concentrations in renal tissue for prolonged times due to accumu-
lation. All gentamicin doses had a significant effect (compared to the effect of the control treatment) on
bacterial counts in urine and kidneys. The antibiotic effect on bacterial counts in bladders was negligible for
unknown reasons. Use of the mouse UTI model is feasible for study of the effect of an antibiotic in the urinary
system, although the missing antibacterial effect in the bladder needs further evaluation.

Urinary tract infections (UTIs) are among the most com-
monly observed infections in clinical practice, and more than
25% of all women experience an UTI at least once during their
lifetimes (6). The majority of UTIs are far from severe; i.e.,
they are not life-threatening and do not produce any irrevers-
ible damage. However, when the kidneys are involved in the
infection, there is a risk of irreversible kidney tissue damage as
well as an increased risk of bacteremia (6).

Escherichia coli is the causative agent in about 85% of com-
munity-acquired UTIs, 50% of nosocomial UTIs, and more
than 80% of cases of uncomplicated pyelonephritis (6, 35).
Several virulence factors among uropathogenic strains of E.
coli have been recognized, including different types of ad-
hesins, serum resistance, iron sequestration, and hemolysin
production (17, 22, 30, 31).

Treatments for cystitis are well documented, especially dif-
ferent strategies concerning short-term treatment with a num-
ber of antibiotics (15, 21, 28), while the documentation con-
cerning the duration of treatment of pyelonephritis is poor (1,
6, 27), with the failure rate for the treatment of pyelonephritis
being approximately 30% (5). The importance of a sufficient
antibiotic concentration in the kidneys, especially in the me-
dulla, has been emphasized by several investigators (6, 8, 25).
It is characteristic of antibiotics used for the treatment of UTIs
that they have up to a 100-fold higher concentration in urine
than the simultaneous concentrations in serum, but the signif-

icance of antibiotic levels in urine, serum, and kidney tissue for
the efficacy of treatment of UTI has not been thoroughly eval-
uated. For several years, models of ascending unobstructed
UTIs in mice have been used to study the factors that enable
bacteria to colonize the urinary tract (12–14, 18–20, 33). Mice
are chosen for these infection models because they seem to be
sensitive to many of the same bacterial properties which cause
UTI in humans, and like humans, they do not have a natural
vesicoureteral reflux like other rodents do (16). In the litera-
ture, the development of animal models for investigation of the
virulence factors possessed by bacteria known to be uropatho-
genic for humans is commonly described; however, aspects of
treatment are less frequently dealt with. Here we describe the
use of a murine model of infection that resembles the natural
course of ascending UTI that causes pyelonephritis for the
study of aspects of antibiotic treatment, i.e., antibiotic efficacy
and course of disease.

MATERIALS AND METHODS

Bacteria. The E. coli strains used in the study are described in Table 1. The 11
strains denoted C were isolated from patients with UTIs. Strain D2103-4 is a
nonvirulent laboratory strain.

Preparation of inoculum. The bacteria used to infect the mice were grown in
filter-sterilized human urine and were passaged three times as described by
Sharma et al. (33). The bacteria were incubated at 37°C, shaken at 200 rounds/
min overnight, and centrifuged at 6,500 3 g for 10 min. The pellet was then
suspended in phosphate-buffered saline (PBS) to a concentration of approxi-
mately 1010 CFU/ml.

Animals. Outbred female albino mice (Ssc-CF1 mice; weight, 30 6 2 g) were
used. The mice were housed six to a cage, were allowed a minimum of 24 h of
acclimatization prior to inoculation, and at all times were allowed free access to
chow and water.
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Inoculation procedure. The mice were anesthetized by intraperitoneal admin-
istration of 0.08 ml of a mixture of Hypnorm (fentanyl citrate, 0.315 mg/ml;
fluanisone, 10 mg/ml) and Stesolid (diazepam, 5 mg/ml) at a ratio of 5:1.5.

Anesthetized mice were inoculated transurethrally with the bacterial suspen-
sion by use of plastic catheters. The catheters were made from tubing (auto-
clavable; inner diameter, 0.50 mm; outer diameter, 0.63 mm; reference no.
800-200-100-100; Portex Limited Non Sterile Tubing). Two-centimeter pieces of
tubing were melted carefully over a gas flame so that the ends closed and became
smooth. With a heated needle a hole was made just below the melted end. The
tip had to be perfectly smooth so that it did not cause tissue injury during
inoculation, and if necessary, the tip was reheated to melt off any irregularities.
The pieces of tubing were placed on hypodermic needles (25 gauge by 5/8 in.)
and autoclaved.

Through a microscope with 310 enlargement the urethral orifice was local-
ized, the catheter was carefully pushed in horizontally until it reached the top of
the bladder, and 0.05 ml of bacterial suspension was injected in the bladder over
5 s in order to avoid vesicoureteral reflux (12, 18). The catheter was removed
immediately after inoculation.

Specimens sampled for bacterial count determinations. Before the mice were
killed, urine from each mouse was collected in Eppendorf tubes by gentle com-
pression of the abdomen, and the mice were killed by cervical dislocation. The
organs were removed aseptically, the bladders were cut off near the urethra, and
the kidneys were removed by blunt dissection to avoid bleeding. The organs were
placed in cryotubes (Nunc 363452) containing a 750-ml suspension of collagenase
(500 U/ml; Sigma C9891) and were stored at 280°C. Prior to homogenization,
the infected organs were incubated for 1.5 h at room temperature and were then
homogenized manually with inoculating loops and a whirl mixer. The numbers
of bacteria recovered manually were found to be similar to those recovered by
automatic homogenization (Kinematic Polytron PT3000 tissue homogenizer with
a PTDA3007/2 knife) (data not shown). The manual procedure was preferred,
since it was less time-consuming than the automatic method. Viable counts were
performed on lactose bromthymol blue agar plates (Statens Serum Institut [SSI]
694).

Bacterial tests. Bacteria from the inoculum, bacteria that were recovered from
the urine samples and that had a phenotypic resemblance to the inoculated
bacteria, and bacteria from either the bladder or one of the kidneys were
characterized for specific O and K antigens, P and type 1 fimbriae, and hemolysin
production.

The O and K antigens were detected by agglutination as described by Ørskov
and Ørskov (29). The presence of P and type 1 fimbriae was shown by hemag-
glutination with either guinea pig or human erythrocytes with and without man-
nose as described previously (11).

The presence of hemolysin was illustrated by subculturing the strains on 10%
horse blood agar plates (SSI 686). Positive reactions were interpreted as a
transparent zone around the colonies.

Specimens sampled for correlation of kidney infection and histological
changes. Kidneys were collected, divided sagitally, and weighed. One half was
placed in 0.5 ml of 10% formaldehyde solution (pH 7.4) and stained with
hematoxylin and eosin. Histological examination was performed by the same
person (N.C.) without knowledge of the culture results. Noninfected kidneys
were blindly included as controls. Criteria for positive histology included accu-
mulation of leukocytes or other inflammatory cells in the stroma of the cortex or
the medulla and the presence of increased amounts of leukocytes in the tubules
or the collecting ducts. The histological changes, when present, were always
patchy in distribution. Viable counts were determined with the other half.

Antibiotics, dosage, and sampling. The antibiotics used were cefuroxime (Zi-
nacef; Glaxo), which was dissolved in PBS, and gentamicin (gentamicin sulfate;
Sigma), which was dissolved in distilled water. The largest doses corresponded to
the doses used for humans as related to surface area. The surface area of a
mouse is considered to be 65 cm2 (7), and that of a human is considered to be
1.73 m2 (standard) (9). This resulted in the largest cefuroxime dosage being 5
mg/mouse given twice 8 h apart and the largest gentamicin dosage being 1
mg/mouse given once. The gentamicin dosage corresponds to approximately
twice the human dosage, and it was chosen in order to achieve a high peak
concentration, which has been found to be more effective (10) and less toxic than
the same total amount of drug given repetitively (38). The same total amounts of
both drugs were given by repetitive administration of smaller dosages, i.e., 2 mg
of cefuroxime five times at 2-h intervals and 0.2 mg of gentamicin five times at 2-h
intervals. Also, dosages that were intended to produce suboptimal concentra-
tions in the kidney and urine were administered, i.e., 0.1 mg of cefuroxime given
five times at 2-h intervals and 0.05 mg of gentamicin given five times at 2-h
intervals. PBS was administered as a control five times at 2-h intervals. Mice were
given injections of 0.25 ml of antibiotic solution subcutaneously in the neck with
hypodermic needles (22 gauge by .25 in.), and subsequent injections were given
farther down the back.

Cefuroxime concentrations in serum and kidney tissue versus time were de-
termined for groups of three mice each that were given injections of 5, 2, and 0.1
mg of cefuroxime and that were killed 15, 30, 45, 60, 90, and 120 min after the
injection. The concentrations in urine were determined for groups of five mice
each that were given injections of 5, 1, and 0.1 mg of cefuroxime and that were
killed 0.5, 1, 2, 3, 4, 5, 6, and 8 h after the injection.

Gentamicin concentrations in serum versus time were determined for groups

of five mice each that were given injections of 1, 0.2, and 0.05 mg of gentamicin
and that were killed 15, 30, 45, 60, 90, and 150 min after the injection. Concen-
trations in urine and kidney tissue were determined for groups of five mice each
that were given injections of the same gentamicin doses and that were killed 0.25,
0.5, 1.5, 2.5, 4, 6, 12, and 24 h after the injection. Urine collected at the time of
death was used to estimate the amount of drug eliminated in urine since frac-
tional collection of urine proved to be difficult. Antibiotic concentrations in
kidney tissue were derived from homogenates of whole organs.

Antibiotic concentration determinations. Drug concentrations in urine, serum,
and kidney tissue were determined by the agar disc diffusion method. The
coefficients of variation for the bioassay controls for both antibiotics ranged from
4 to 8%. Blood was sampled by ocular cut-down after anesthetizing the mice with
CO2. The blood was centrifuged at 2,000 3 g for 15 min, and the supernatant
(serum) was transferred to Eppendorf tubes. Kidneys sampled for estimation of
antibiotic concentrations were homogenized with the Kinematic homogenizer.

The bacteria used in the assay were the cefuroxime-sensitive organism Sarcina
lutea ATCC 9441 and the gentamicin-sensitive organism Staphylococcus haemo-
lyticus P903 grown on Mueller-Hinton agar (SSI 24243). Standard curves of five
threefold dilutions starting at 100 mg/ml were prepared in mouse serum for
determination of the concentrations in serum and kidney tissue and in PBS for
determination of the concentrations in urine. For cefuroxime the coefficients of
variation for the highest standard concentration (100 mg/ml) were 6.6% in serum
and 7.2% in PBS. The coefficients of variation for the highest standard concen-
tration of gentamicin (100 mg/ml) in serum and PBS were 5.8 and 8.5%, respec-
tively.

MICs. The MICs were determined by the E-test (Biodisk, Stockholm, Swe-
den), whereas the minimum bactericidal concentration was not determined.

Statistical methods. Two-by-two tables were used for statistical evaluation of
the correlation of infected kidneys and histological changes. Fischer’s exact test
was used for values ,50, and the x2 test was used for values $50.

The number of mice needed in each group for treatment was calculated by
using the binomial scale. The type 1 error was set to 5%, the type 2 error was set
to 20%, the expected effect rate in control groups was set to 50%, and the
minimal difference between rates not to be overlooked was set to 40%. With
these conditions 24 mice in each group would be necessary. The Mann-Whitney
U test was used for statistical evaluation, and parameters for antibiotic efficacy
were chosen as the numbers of bacteria (CFU) recovered from the specimens.
The efficacy of each regimen was compared to those of the other regimens with
the same drug, to that of the control treatment, and to the corresponding
regimen with the other drug. P values less than 0.05 were considered significant.

RESULTS

Testing different E. coli clinical isolates in the UTI model. In
the search for an infecting organism with a high degree of
uropathogenicity, the infective abilities of 12 E. coli strains
were examined in the mouse model (Table 1). Each strain was
inoculated into three mice. After 3 days the mice were killed
and their kidneys were collected.

As seen in Table 1, strain C175-94, serotype O8:K48:H9,
which expresses type 1 fimbriae, produced the largest numbers
of CFU per kidney, and the strain was subsequently used as the
infecting organism.

The MICs for strain C175-94 were 3.0 mg/ml for cefuroxime
and 0.75 mg/ml for gentamicin.

Course of infection. The uropathogenicity of strain C175-94
in the mouse model was compared with that of the nonpatho-
genic laboratory strain D2103-4 by monitoring the course of
infection with regard to the number of CFU at different times
after inoculation and examining the histological changes in
kidneys from inoculated animals.

The number of bacteria recovered from mice killed at 1, 3,
7, 14, 21, and 28 days after inoculation with strain C175-94 are
shown in Fig. 1. Seven days after inoculation, all mice had
positive bladder cultures, and after 28 days, bacteria were re-
covered from bladders from four of six animals. The number of
bacteria recovered from the kidneys decreased throughout the
period, but after 14 days more than half the kidney cultures
were still positive. In contrast, strain D2103-4 was eliminated
rapidly from the urinary tract, with no kidney cultures being
positive 7 days after inoculation (data not shown). In approx-
imately half the mice with pyelonephritis both kidneys were
found to be infected during the period. When both kidneys
were infected, the numbers of bacteria recovered from the two
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kidneys were generally similar, and in the majority of mice less
than a 10-fold difference in the numbers of CFU was observed.

For the uropathogenic strain E. coli C175-94 there was a
significant correlation between the presence of bacteria in cul-
tures of renal tissue and histological changes (Table 2).

Concentrations of cefuroxime and gentamicin. The curves of
the log concentration versus time are shown in Fig. 2. Cefu-
roxime was present at similar concentrations in the serum and
kidneys, and peak concentrations in urine were approximately
100-fold larger than those in the serum and kidneys (Fig. 2A).
The 5- and the 1-mg doses were detectable in urine for at least
8 h, the 0.1-mg dose was detectable in urine for 4 h, and the 5-
and 2-mg doses were detectable in serum and kidneys for 1.5 h,
whereas the 0.1-mg dose was undetectable in either type of
sample. Peak concentrations in serum and kidneys were found
in the first samples drawn, i.e., those obtained 15 min after
administration, for the 5- and 2-mg doses. Peak concentra-
tions in urine occurred 2 h after administration of the 5-mg
dose and 30 min after administration of the 1- and 0.1-mg
doses.

Peak gentamicin concentrations in urine were approximately
100-fold larger than those in serum and kidney, but from 12 to
24 h after injection, concentrations in the urine and kidneys
were alike (Fig. 2B). All gentamicin doses were detectable in
the urine and kidneys for at least 24 h, whereas in serum the
1-mg dose was detectable for 2.5 h, the 0.2-mg dose was de-
tectable for 1.5 h, and the 0.05-mg dose was detectable for 30
min. Peak concentrations in serum and kidneys were found in
the first samples drawn, i.e., those obtained 15 min after ad-
ministration, for all doses. Peak concentrations in urine were
seen 2.5 h after administration of the 1-mg dose, 30 min after
administration of the 0.2-mg dose, and 1.5 h after administra-
tion of the 0.05-mg dose. Table 3 shows the peak concentration
above the MIC and the area under the curve (AUC) above the
MIC for all doses, when it could be measured and calculated,
for the two drugs in serum, kidney, and urine. There was a
strong correlation between peak concentration and AUCs at
the three doses for both drugs and sites. Therefore, it was
impossible to differentiate between the different parameters
and effect.

Significance of concentration in urine, serum, and kidney
tissue for effect on treatment for UTI. Antibiotic treatment was
given 3 days after inoculation. Mice were killed in groups of 24
the day after treatment as well as 10 days later. Bacterial
counts on the day after treatment for mice treated with cefu-
roxime or gentamicin are shown in Fig. 3.

On the day after treatment with cefuroxime, significantly
fewer bacteria were found in kidneys from mice from the 5-mg
group, i.e., mice treated twice with 5 mg of cefuroxime, than in
kidneys from mice in the control group, i.e., mice treated five
times with PBS (P 5 0.015) (Fig. 3C). Significantly fewer bac-
teria were found in the kidneys from the 5-mg group than in
mice treated five times with 2 mg (P 5 0.007) and five times
with 0.1 mg (P 5 0.003) (Fig. 3C). The numbers of bacteria
found in the kidneys of the 2- and 0.1-mg groups were not
different from those found in the kidneys of the control group
(for the 2-mg group, P 5 0.32; for the 0.1-mg group, P 5 0.67)
(Fig. 3C). The bladders of all groups had similar numbers of
bacteria (Fig. 3B). Significantly lower bacterial counts were
found in the urine of treated groups than in the urine of the
control group (for the 5-mg group, P 5 0.004; for the 2-mg
group, P 5 0.013; for the 0.1-mg group, P 5 0.014) (Fig. 3A),
but no differences in bacterial counts were found between the
treated groups. Ten days after treatment no differences in the
numbers of bacteria were found in either the kidneys, bladder,
or urine between any of the groups.

On the day after treatment with gentamicin the numbers of
bacteria in kidneys from mice from all three dosing groups, i.e.,
mice treated with 1 mg once, 0.2 mg five times, or 0.05 mg
five times, were significantly lower than the numbers found
in the kidneys from mice from the PBS-treated control group
(P 5 0.0001, P 5 0.00005, and P 5 0.0003, respectively) (Fig.
3C). No differences in the numbers of bacteria in kidneys
between any of the gentamicin-treated groups were found. The
bladders of the 1-mg group had significantly fewer bacteria
than the bladders of the control group (P , 0.000005) and
those of the 0.2-mg (P 5 0.002) and 0.05-mg (P 5 0.000001)
groups. The number of bacteria per bladder in the 0.2-mg
group was significantly lower than those for the control group
(P 5 0.0002) and the 0.05-mg group (P 5 0.014), and the

TABLE 1. Twelve E. coli strains tested for pathogenicity for kidneys

SSI no.a Serotype and virulence factors Origin No. of infected
kidneys/total no.

Range of no. of
CFU/kidney

Median no. of CFU/
kidney

C175-94 O8:K48:H9, type 1 fimbriae Fecesb 5/6 0–3.4 3 107 1.8 3 105

C165-94 O2:K13:H1, type 1 fimbriae, hly1d Fecesc 4/6 0–3.2 3 106 3.0 3 104

C760-85 O1:K1:H7, type 1 fimbriae Unknown 4/6 0–6.6 3 106 2.2 3 104

C711-92 O18ac:K5:H2 Bloode 5/6 0–3.6 3 105 7.8 3 103

C190-92 O15:K52:H1, P fimbriae Blood 6/10 0–2.2 3 105 3.5 3 103

C153-94 O1:K1:H2, P fimbriae, hly1 Cervixf 4/6 0–6.2 3 103 5.1 3 102

C263-93 O2:K2:H1, hly1 Urine 3/6 0–1.1 3 105 40
C178-94 O2:K1:H6, P fimbriae, hly1 Urine 3/6 0–1.2 3 106 0
C561-93 O2:K1:H7 Urine 2/6 0–3.8 3 104 0
C309-94 O6:K2:H1, hly1 Urineg 3/10 0–7.4 3 104 0
C236-94 O12:K1:H7 Unknown 1/6 0–1.5 3 106 0
D2103-4 Orough:H2 Laboratory 0/10 0 0
Control PBS 0/6 0 0

a The strains denoted C were isolated from patients with UTIs. Strain D2103-4 is a nonvirulent laboratory strain.
b Isolated from feces after a febrile UTI in a male.
c Isolated from feces during a febrile UTI in a male.
d hly1, hemolysin positive.
e Isolated from a patient with bacteremia caused by a UTI.
f Isolated from the asymptomatic female partner at the time of febrile UTI in a male.
g Isolated from a boy with relapse of cystitis.
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bladders of the 0.05-mg group also had significantly fewer
bacteria than those of the control group (P 5 0.0003) (Fig. 3B).
Significant differences in the number of bacteria per milliliter
of urine were found for all three treatment groups compared to
those for the control group (P 5 0.0013, P 5 0.0002, and P 5
0.00002, respectively) (Fig. 3A). However, there were no dif-
ferences in counts in urine between the three gentamicin dos-
ing groups. Ten days after treatment, no differences in the
number of bacteria in urine and kidneys were found between
any of the groups. The numbers of bacteria in bladders were
significantly lower for the 0.2- and 0.05-mg groups than for the
control group (for the 0.2-mg group, P 5 0.007; for the 0.05-mg

group, P 5 0.0002) and for the 0.2-mg group than for the
0.05-mg group (P 5 0.021).

The efficacies of the largest doses (5 mg of cefuroxime twice
and 1 mg of gentamicin once) of the two antibiotics were
compared, as were the efficacies of the medium (2 mg of
cefuroxime five times and 0.2 mg of gentamicin five times) and
the smallest (0.1 mg of cefuroxime five times and 0.05 mg of
gentamicin once) doses. On the day after treatment, mice that
received any of the gentamicin regimens, with two exceptions,
had significantly fewer bacteria in all specimens than mice that
received the cefuroxime regimens. The exceptions were the
colony counts in urine in mice treated with the largest doses
and the colony counts in kidneys in mice treated with the
medium doses. Comparisons 10 days after treatment showed a
similar pattern, but the exceptions were colony counts in urine
and colony counts in kidneys in mice treated with the largest
doses.

DISCUSSION

The significant correlation between positive kidney cultures
and histopathological findings indicated that the model pro-
duced a true infection rather than a mere colonization of the
kidney tissue. The histological changes were patchy in distri-
bution, which may explain why bacteria were cultured from
some kidneys in which no changes were detected. The course
of the untreated infection with the virulent strain (strain C175-
94) showed increases in bacterial numbers in the urine, blad-
der, and kidneys until day 7 after inoculation, after which the
infection tended to clear by itself; counts in the bladders were
still high, however, even after 28 days postinoculation. This
course of UTI follows closely that shown by Hagberg et al.
(11–14). The fact that the infection subsides after 3 to 4 weeks
sets the limits for antibiotic treatment to within the first 2
weeks.

Cefuroxime had high concentrations in urine compared to
those in serum; i.e., concentrations in urine were approxi-
mately 100-fold higher than those in serum. This result corre-
lates to the findings for humans (34). It has previously been
reported that cephalosporins produced higher or similar con-
centration levels in renal tissue compared to the simultaneous
levels in serum, corresponding to our findings of slightly higher
concentrations in renal tissue compared to those in serum (4).
The antibiotic concentrations found in kidney tissue were
based on whole organs; i.e., the concentration consists of a
blend of the concentrations in serum, urine, lymph tissue, and
interstitial liquid immersed in 500 ml of PBS. Maigaard et al.
(23) showed that the trimethoprim and sulfadizine concentra-
tions in renal lymph tissue and interstitial fluid were lower than
those in plasma, which is presumably also the case for cefu-

FIG. 1. Bacterial counts in urine, bladder, and kidneys of mice killed at
different times after inoculation with C175-94. At each time of killing, specimens
were obtained from six mice. The number of urine samples at some time points
was less than six due to unsuccessful urine sample collection.

TABLE 2. Results of histological examination and bacterial culture
of kidneysa

Bacterial recovery
from renal tissue

No. of kidneys with major
histological changes

Yes No Total

Yes 7b 7 14
No 3 23 26

Total 10 30 40

a Transected kidneys, with one half used for histologic comparison and the
other half processed for quantitative bacteriology. Kidneys from noninfected
mice were included as controls.

b Number of mice; 7 of 7 versus 3 of 23 (P 5 0.018).
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roxime and gentamicin. Furthermore, it was reported that the
antibiotic concentration in urine reflects the concentration in
the collecting ducts but not the concentration in the interstitial
fluid of the medulla (4). Since the urine that is produced is led
from the kidneys, the concentrations in kidney tissue obtained

in our model presumably reflect the concentrations in serum
rather than the concentrations in urine.

Gentamicin accumulated in the kidneys and was detectable
in urine for a prolonged period. This finding is due to the
accumulation of gentamicin in kidney tubular cells, and since

FIG. 2. Concentrations of cefuroxime (A) and gentamicin (B) in urine, serum, and kidneys following subcutaneous administration of the stated doses. At each time
of killing, specimens were obtained from three or five mice, and the average drug concentrations in the specimens are plotted against times of sampling.
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the accumulation causes lysis of the cells, the drug will be
present in urine for a period corresponding to the turnover
rate of lysis (32). This accumulation is also found in humans
(34). In healthy dogs it was found that aminoglycosides
reached higher concentrations in renal tissue than the simul-
taneous levels in serum (39); however, our findings showed
higher initial levels in serum than in kidneys.

The duration of treatment in this study was chosen to be
short for two reasons. First, short-duration treatment (1 to 3
days) is commonly used for the treatment of UTI in humans in

order to improve compliance and reduce side effects, and sec-
ond, shorter-duration regimens were considered necessary for
studying the differences in the effects of the individual dosing
regimens.

None of the antibiotic dosage regimens given were able to
sterilize the urinary tracts of the infected mice. However, 1 day
after treatment, specimens from mice treated with 5 mg of
cefuroxime twice and 1 mg of gentamicin once generally had
lower bacterial counts than specimens from mice treated with
the other regimens. Specifically, 5 mg of cefuroxime given

TABLE 3. Peak concentration above the MIC and AUC above the MIC for the two drugs in serum, renal tissue, and urine

Drug (dose [mg/mouse])
Peak concn above MIC (mg/liter) AUC above the MIC (mg/liter/h)

Serum Kidney Urine Serum Kidney Urine

Gentamicin
1 69.1 27.0 3,493.1 38.6 396.2 8,477.5
0.2 15.0 12.0 898.6 7.0 168.7 1,099.5
0.05 8.1 8.1 52.5 1.9 145.6 200.5

Cefuroxime
5 172.0 238.9 11,588.0 126.1 126.1 29,912.0
1 72.2 172.0 6,050.5 39.5 39.5 9,277.0
0.1 607.6 326.8

FIG. 3. Bacterial counts recovered from urine (A), bladder (B), and kidneys (C) of mice inoculated with C175-94 and treated with cefuroxime or gentamicin.
Twenty-four mice were treated with one of the stated dosage regimens and were killed 1 day after treatment. The number of urine samples at some time points was
less than 24 due to unsuccessful urine sample collection. The horizontal line represents the median bacterial count.
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twice was significantly better than the control treatment and
the two other dosing regimens at eradicating bacteria from the
kidneys; i.e., the high concentrations of antibiotic in urine
alone without measurable concentrations in renal tissue were
unable to clear the infection from the kidneys. The effect on
the number of bacteria in the kidneys following administration
of the largest dosage regimen (5 mg given twice) indicated that
the concentration in the kidney tissue is of importance. This
finding correlates with the findings of others (3, 6, 8, 36, 37).
The effect of gentamicin on eradicating bacteria from the kid-
neys compared to the effect of the control treatment was sim-
ilar for the three dosing regimens, also indicating that con-
centrations in tissue are important for achieving an effect.
The similarities of the effects of all gentamicin dosage reg-
imens, including 0.05 mg given five times, could be due to
accumulation in kidney tubular cells, followed by excretion
through lysis of the cells (32), thereby prolonging the anti-
bacterial effect.

The efficacy of gentamicin was found to be superior to that
of cefuroxime, which is likely to be explained partly by its more
rapid bactericidal activity as well as its continuing excretion
from the kidneys. From clinical trials on the treatment of UTI
with antibiotics which yield high concentrations in urine but
concentrations in tissue insufficient to be active, it was deduced
that cure was dependent on the drug concentration in urine
and was independent of the drug concentration in serum (24,
36, 37). Our data seem to contradict those observations, at
least when renal infection is concerned.

The in vivo activities of antibiotics can be influenced by the
patient’s state of hydration and the pH of the patient’s urine,
and the mere presence of infection may jeopardize the pene-
tration of antibiotics into tissue as well as modify the intrarenal
pharmacokinetics of the drugs (2, 4, 6, 39).

The bacterial counts in the bladder were surprisingly little
affected by the high concentrations of either drug in urine.
Perhaps a longer duration of treatment would be more effec-
tive, which we pursued in the present investigation.

Our findings suggest that the ascending UTI model in mice
is useful for study of the effect of antibiotics in vivo against
UTIs involving the kidneys, since it is possible to evaluate the
antibiotic concentrations in various tissue or fluid compart-
ments. Furthermore, the results of our study indicate that the
use of antibiotics that achieve adequate concentrations in the
kidney tissue is necessary for the effective treatment of pyelo-
nephritis. Furthermore, we show that despite high concentra-
tions in urine, bacteria were able to survive in bladder tissue.
Very recently it was showed by scanning electron microscopy
that the bacteria are engulfed in the bladder wall and are not
killed by treatment with gentamicin ex vivo (26). Further ex-
periments will be designed to reveal the mechanism of bacte-
rial survival in the bladder during antibiotic treatment.
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