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Conventional mice inoculated with Candida albicans per os were unable to
maintain this organism in the intestinal tract as judged by decreasing numbers
of yeast recoverable from feces. After inoculation with 107 cells/mouse, fecal
counts ranged from 105 cells per g of feces to 5 x 103 cells per g of feces during a
12-day experimental period. Addition of various antibiotics to the drinking
water did not result in any improvement in maintenance or stability of the gut
population. A combination ofX irradiation and administration of tobramycin or
gentamicin, however, resulted in a stable population of C. albicans in the
intestinal tract, with cell counts in the feces remaining constant at a level of
about 106/g of feces for a period of 10 to 15 days. The usefulness of this model in
assessing the effect of experimental drugs on C. albicans infections of the gut
was demonstrated by the fact that treatment with a new antifungal antibiotic
(A9145), amphotericin B, 5-fluorocytosine, or nystatin resulted in a reduction in
the fecal counts of C. albicans from experimentally infected animals.

Attempts to establish an experimental Can-
dida infection in the intestinal tract of conven-
tional laboratory animals in order to study
either the pathology of such an infection or the
effectiveness of antifungal agents have not pro-
duced a satisfactory experimental model. It is
well established that germ free mice and chick-
ens can be colonized (1, 2, 4, 5) by C. albicans.
However, C. albicans could not compete (4)
with either thb normal bacterial population in
the gut or with Escherichia coli when both
organisms were inoculated into germfree mice.
Attempts to establish a stable population by the
use of various antibiotics, associated with in-
creased incidence of candidiasis in man, have
not been successful or have shown variable re-
sults (2, 6). This study was undertaken to de-
velop an experimental model to quantitate the
effects of antifungal antibiotics on an intestinal
infection caused by C. albicans. The require-
ments for such a model system were: (i) conven-
tional mice be used; (ii) stable yeast popula-
tions be established; and (iii) known antifungal
antibiotics show effectiveness as judged by a
reduction of cell counts in the feces. These crite-
ria have been met by a combination of X-ray
treatment and administration of tobramycin or
gentamicin.

MATERIALS AND METHODS
C. albicans, strain A26, a clinical isolate that we

have shown to be virulent for mice when injected

intravenously (3), was used for all experiments. An
inoculum was prepared from a 24-h culture on Sa-
bouraud dextrose agar by suspending the cells in
saline and adjusting the optical density to 0.8 (620
nm), which corresponds to a cell concentration of 108
cells/ml. The intestinal infection was established by
inoculating each animal by oral gavage with 0.1 ml
of this yeast suspension. Twenty-four hours before
inoculation, the animals were X irradiated with a
sublethal dose of 400 R, administered at the rate of
50 R/min.
The effect of antibiotics on the stability of the

infection was examined by including the compound
in the drinking water or by administering the com-
pound by gavage. The dose rate for antibiotics added
to the drinking water was based on a 24-h water
consumption of 5 ml/mouse. Mice were treated 10/
cage, and the course of yeast growth in the intes-
tinal tract was followed by making plate counts of
feces (approximately 0.1 g/sample) collected daily
from each cage. The fecal samples were suspended
in 3 ml of saline, ground in a glass tissue homoge-
nizer, and plated on Sabouraud dextrose medium
containing 50 ,Ag of chloramphenicol per ml. Colo-
nies of C. albicans were counted after 48 h of incu-
bation at 30 C.
The distribution of Candida in the gastrointes-

tinal tract was judged from samples taken from
animals 12 days postinfectioi. The animals were
sacrificed, and the stomachs and intestines were
removed and cut into sections. Each section was
then ground in a glass tissue homogenizer with 4 ml
of saline, and plate counts were made from aliquots
of this extract.

Amphotericin B and nystatin were obtained from
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E. R. Squibb, clotrimazole was obtained from Del-
bay Pharmaceuticals, and 5-fluorocytosine was ob-
tained from Hoffmann-LaRoche. Tobramycin (Neb-
cin) and the experimental antifungal agent A9145
were obtained from the Lilly Research Laboratories.
Gentamicin (Garamycin) is a product of Schering
Corp. The minimum inhibitory concentration of
these compounds for C. albicans (strain A26) was
determined in an agar dilution assay using yeast-
nitrogen base (Difco).

RESULTS
C. albicans can be maintained in the intes-

tinal tract of orally infected mice and quanti-
tated by plating the feces of these animals. In
untreated conventional mice, however, the gut
yeast population tends to drop rather rapidly
after infection and shows a large day-to-day
variation. Previous work in this laboratory (3)
showed that X irradiation reduced the varia-
tion in the death pattern of a systemic Candida
infection in mice. This immune suppressive
procedure was examined to determine whether
a similar effect could be found with an intes-
tinal infection. Figure 1 shows a comparison of
infected mice with and without X irradiation of
400 R 24 h before oral inoculation. Under both
conditions, the yeast population was erratic
after day 7, although animals that received
the irradiation had consistently higher yeast
counts. Because of the previous demonstration
(4) that germfree mice were capable of main-
taining a population of C. albicans in the intes-
tinal tract and the fact that certain antibacte-
rial antibiotics have been associated with C.
albicans infections, a number of these antibiot-
ics in combination with irradiation were exam-
ined for their effect on fecal counts after infec-
tion with C. albicans.

Figure 2 shows fecal counts from animals
receiving vancomycin, kanamycin, and a com-
bination of vancomycin plus kanamycin. Van-
comycin treatment resulted in fecal cell counts
essentially identical to control counts. The fecal
cell counts in the presence of kanamycin alone
or in combination with vancomycin were initi-
ally higher than controls; however, all condi-
tions shown were quite variable and not suffi-
ciently stable for a reliable experimental sys-
tem. In addition, irradiated animals treated
with vancomycin or kanamycin but not infected
with Candida developed a fatal systemic infec-
tion apparently caused by a gram-negative rod,
tentatively identified as an enterobacter. The
same bacterium was found in animals orally
infected with C. albicans, although those ani-
mals survived. Susceptibility testing showed
this bacterium to be susceptible to tobramycin,
gentamicin, and polymyxin B and resistant to

R

DAYS, POST INFECTION
FIG. 1. Effect ofX irradiation on the gut Candida

population.

DAYS, POST INFECTION
FIG. 2. Effect of vancomycin (50 mglkg per day),

kanamycin (50 mg/kg per day), and vancomycin plus
kanamycin (both at 50 mg/kg per day) on fecal Can-
dida counts in mice X irradiated with 400 R. Vanco-
mycin and kanamycin were administered by gavage.
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ampicillin, penicillin, carbenicillin, cephalo-
thin, chloramphenicol, kanamycin, tetracy-
cline, and vancomycin. Since the erratic Can-
dida counts may have been associated with the
growth of this bacterium, experiments were
conducted to examine the effect of those anti-
biotics to which this organism was susceptible,
i.e., tobramycin and gentamicin.
Figure 3 shows the effect of tobramycin and

gentamicin (25 mg/kg per day), in combination
with X irradiation, on fecal Candida counts.
Administration of either of these antibiotics
resulted in fecal counts between 106 and 105
cells per g of feces for a period of 13 days. The
counts were quite stable, and these results have
been repeated in many subsequent control
groups with little change in variability. We
selected to use tobramycin in our work with
this model, although both antibiotics are equiv-
alent in this system and give stable reproduci-
ble counts. Tetracycline treatment was also ex-
amined, but failed to enhance the stability of
the gut yeast population.
During the first 3 days postinfection, consid-

erable variation occurred in the fecal counts
under almost all conditions. Therefore, in ex-
periments to evaluate antifungal compounds,
administration of the experimental compound
and collection of fecal counts were not begun
until the 3rd day after infection. To establish
the incidence of infection in these animals after
oral inoculation, the colon and rectum of un-
treated mice were removed at various times
after inoculation and homogenized, and plate
counts of the homogenate were made. Fifty
mice were inoculated and placed 10 mice per
cage. On days 3, 5, 7, 9, and 12, all of the
animals in a single cage were sampled. Table 1
shows the average colony counts per animal
and the number of animals in each cage from
which Candida was recovered. The average
counts per infected mouse varied by less than
10-fold during the experiment, and the number
of uninfected animals per group was 1 or 2
except on day 12, where three animals were
negative.

Earlier work (4) using germfree mice inocu-
lated with Candida established that the yeast
could be recovered from all parts of the intes-
tinal tract. Results from a similar examination
with mice treated with X rays and tobramycin
are shown in Fig. 4. Candida was found
throughout the intestinal tract, with highest
numbers occurring in the stomach and cecum.
Mice given 107 Candida cells were shown to
have an established yeast population after plat-
ing 12 daily fecal samplings. Gut sections, in-
cluding stomach, duodenum, and sections of
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DAYS, POST INFECTION
FIG. 3. Effect of tobramycin (25 mg/kg per day)

and gentamicin (25 mglkg per day) on fecal Candida
counts in mice X irradiated with 400 R. Tobramycin
and gentamicin were added to the drinking water at
a concentration of 0.09 mg/ml.

TABLE 1. Incidence of infection in mice after oral
inoculation with C. albicans

Day8tin- Avg colony count/in- No. of animalsDays tin fected animal (colon- infected/no. in-oculation rectum) oculated

3 3.66 x 105 10/10
5 1.23 x 105 9/10
7 8.73 x 104 8/10
9 5.37 x 104 9/10

12 3.19 x 105 7/10

ileum, cecum, colon, and rectum, were homoge-
nized and plated for yeast cell counts. The aver-
age yeast cell counts of each section from four
mice are summarized in Fig. 4. These yeast
populations were quite consistent from animal
to animal. After a drop in counts in the section
just below the stomach, subsequent sections
showed increasing counts which leveled off at
the cecum, colon, and rectum. This shows that
not only is the entire intestine colonized, but
the stomach and cecum also harbor the yeasts.
An attempt to assess the degree of infection in
these animals versus colonization was made by
microscopic examination of sections from var-
ious parts of the intestine. Because of moderate
damage to the gut epithelium as a result of X
irradiation, no meaningful assessment of in-
flammatory response due to the yeast could be
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FIG. 4. Distribution ofCandida in the gastrointestinal tract of mice 12 days after oral inoculation with C.
albicans. Mice were X irradiated with 400 R, and tobramycin was added to the drinking water at a
concentration of 0.09 pg/mi.

made. The fungus was present in all sections
examined. In the unirradiated animals, only
the yeast form was observed, and it was associ-
ated with the epithelial layer. The mycelial
form, along with the yeast form, was found
associated with the epithelium in X ray-treated
animals. The presence ofthe mycelial form sug-
gests an infection (6) in the X ray-treated ani-
mals as opposed to colonization as seen in the
nonirradiated group.
The importance of the bacterial flora of the

gut in competing with C. albicans has been
well established by the use ofgermfree animals
(4-6). The apparent competition between bacte-
rial populations and Candida in normal mice
may explain the inability of yeast to success-
fully colonize the gut of these animals. Since
the animals used in this study were treated
with X rays and tobramycin, the possibility ex-
ists that the bacterial population had been low-
ered and thus the competition normally ob-
served with Candida was sufficiently reduced
to allow proliferation ofthe yeast. Examination
of the fecal flora of these animals indicated no
apparent antibiotic-induced shift in the quali-
tative nature ofthe bacterial population, except
for elimination of a virulent Enterobacter sp.
Further, plate counts of these samples showed
total bacterial counts approximately equivalent
to those of control animals. Therefore, in this
model infection, no evidence was obtained sug-
gesting that a drastic shift in the bacterial flora
or a reduction in the total number of bacteria

could account for the establishment ofCandida
in the intestinal tract.
The usefulness of this system to assess the

effectiveness of antifungal antibiotics on an in-
testinal infection as judged by a reduction in
fecal counts is shown in Fig. 5. This experiment
shows the effect of amphotericin B at 20 mg/kg,
nystatin at 20 mg/kg, 5-fluorocytosine at 50 mg/
kg, and a new antifungal antibiotic, A9145, at
10 mg/kg. Treatment with these compounds
commenced 3 days postinfection. Amphotericin
B and nystatin were administered by gavage,
whereas 5-fluorocytosine and A9145 were ad-
ministered in the drinking water. The effects of
amphotericin B and nystatin were about equiv-
alent, with cell counts dropping from 6 x 10' to
around 5 x 104 cells/g after 5 days of treatment.
5-Fluorocytosine was slightly more effective,
with counts dropping to 1 x 104 in 5 days and
then leveling off. Of these four compounds, the
experimental compound A9145 was the most
effective in reducing cell counts, since the 5-day
count was down to 5 x 102/g of feces and no
Candida was recoverable after day 10.
We have examined other experimental anti-

fungal compounds for an effect on this system;
however, none have shown as dramatic an ef-
fect as A9145. Since the yeasts are distributed
throughout the entire intestinal tract including
the stomach, active compounds must be stable
to pH changes and metabolism by the bacterial
flora of the intestine. This may be a contribut-
ing factor to the activity of A9145, since a large
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FIG. 5. Comparison of antifungal antibiotics for
the ability to reduce fecal yeast counts of Candida.
Amphotericin (minimal inhibitory concentration
[MIC] = 0.24 pg/ml) and nystatin (MIC = 0.94 pgl
ml) were administered by gavage once each day.
Compound A9145 (MIC = 0.47 pg/ml) and 5-fluoro-
cytosine (MIC = 0.12 pg/ml) were administered in
the drinking water. Mice were X irradiated with 400
R and received tobramycin in the drinking water at a
concentration of 0.09 pg/ml.

portion of the orally administered dose can be
recovered from the intestinal tract.

DISCUSSION

Because of the importance of understanding
the processes by which a relatively inefficient
pathogen like C. albicans gains a position al-
lowing it to cause infection, a number of at-
tempts have been made to define a model sys-
tem with which to study such infections. Sys-
temic infection of mice of varying degrees of
severity can be easily established depending on
the inoculum size, the route of infection, or the
immune state of the animals. However, the
intestinal tract of mice appears to be a rela-
tively poor environment for supporting the pro-
liferation ofthis organism and as a reservoir for
systemic infection. This may be a result of com-
petition from the normal bacterial flora or be-
cause of an inability of Candida to penetrate
the mucosal epithelium of the gut wall. The
mechanism of this resistance to infection is not
fully known. However, it is well documented
that Candida is not a normal inhabitant of the

mouse as it is in man, and severe measures
must be used in order to establish an infection
or colonization of the intestinal tract of these
animals.
The system described here uses X irradiation

at a relatively high, although sublethal, dose.
No doubt a drastic change in the immune com-
petence occurs in these animals as well as dam-
age to the intestinal wall lining that may con-
tribute to the resultant susceptibility to infec-
tion. Furthermore, to maintain a stable popula-
tion in the gut, continuous administration ofan
antibiotic, tobramycin, is needed. Since pre-
vious work has indicated that Candida cannot
compete with E. coli in the gut (4), the require-
ment for a broad-spectrum antibiotic possibly is
involved in reducing the growth of gram-nega-
tive species. Certainly, the ability ofmicroorga-
nisms to survive in the intestine involves a
complex set of competitive pressures. The effec-
tiveness of a given antibiotic to stabilize Can-
dida in the mouse gut may, however, involve
selective reduction of a few bacterial species
rather than general clearance of the bacterial
flora. The fact that we could not detect any
gross changes in the flora and that elimination
ofa specific Enterobacter resulted in stability of
the yeast population suggests such a selective
effect.

Attempts to determine whether the yeast had
infected the epithelium of the gut were ham-
pered by X irradiation damage. We did not look
for evidence of sublethal infection as judged by
the presence of yeast in body organs. However,
there were no deaths among these irradiated
animals attributable to Candida infection even
though they are quite susceptible to systemic
infection by the strain of C. albicans used.
Therefore, during the test period of 10 to 13
days, there were probably few if any organisms
escaping the gut, and systemic infection from
this source seems not to occur as easily in mice
as it apparently does in man (6).
The most interesting aspect of this system

appears to be its possible usefulness for evalu-
ating antifungal antibiotics. Since the fecal
counts are quite stable and are reduced to var-
ious degrees by known and experimental anti-
fungal compounds, this model may have predic-
tive capabilities for detecting activity against
this type infection as it occurs in man.
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