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A persistent vaginal colonization with a pyelonephritogenic strain of Escherichia coli, induced by adminis-
tration of amoxicillin, was established in four adult cynomolgus monkeys. This colonization mimicked the one

seen in urinary tract infection-prone human females. Attempts to eliminate the E. coli colonization and restore
normal conditions were made. Either suspensions of lactobacilli or vaginal fluid from a healthy unmanipulated
monkey was administered as repeated vaginal flushes for 5 to 9 days. A total elimination of vaginal E. coli was
observed in two of six experiments with lactobacilli, and a decrease was observed in the other four. A better
result was obtained with flushes of vaginal fluid, which eliminated the E. coli colonization in eight of eight
experiments. In two of these, a single flush was sufficient to obtain a decolonization. The ability of fresh vaginal
fluid to eliminate E. coli from the vagina could be transferred from one monkey to another. This study
demonstrates the role of the normal flora in the defense against genital colonization with potentially pathogenic
adhering E. coli. The possible clinical relevance of these findings must be further examined.

The periurethral area in women and children with recur-
rent urinary tract infections (UTI) is often colonized by
gram-negative bacteria both during and between infections
(2, 5, 8, 16). Also, the anaerobic flora is disturbed (3). We
have earlier proposed that antibiotics given to UTI-prone
females may facilitate the establishment of such an abnormal
genital flora, presumably by disturbing the ecological bal-
ance (7).

In recent work, we have been able to establish a patho-
logical vaginal Escherichia coli colonization in monkeys,
either by simultaneous administration of amoxicillin and E.
coli (7) or by giving amoxicillin to monkeys who harbored
pyelonephritogenic E. coli in their fecal flora (M. Herthelius
et al., manuscript in preparation). In these studies and in the
present one we have used P-fimbriated pyelonephritogenic
E. coli and cynomolgus monkeys, who carry the alpha-
Gal-1-4-beta-Gal receptor moiety for P fimbriae (13). In this
way, one important adhesion mechanism was standardized.
The aim of the present study was to further develop our

hypothesis and to examine whether the pathological vaginal
E. coli colonization could be eliminated by administration of
indigenous bacteria normally present in the vaginal flora.

MATERIALS AND METHODS

Monkeys. Five healthy adult female cynomolgus monkeys
(Macaca fasciciila/is), referred to as monkeys 1 to 5, were
used throughout the study period. The animals were kept
two per cage or, during certain periods, one per cage.
Monkey 5, used only as a source of normal flora, was not
manipulated in any way and was kept in a separate cage.

Bacterial strains. The pyelonephritogenic E. (oli strain
DS17 carrying type P and type 1 fimbriae (06:K5:H-, pt
and T1+) was used in the colonization experiments. This
strain adheres to monkey uroepithelial cells (17), was iso-
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lated from a case of pyelonephritis, and has been shown to
easily colonize the gastrointestinal tract of newborns and
adults (19). The strain is resistant to ampicillin, trimetho-
prim, sulfonamide, trimethoprim-sulfonamide, and cefa-
lothin. For decolonization experiments, three different
strains of lactobacilli were used: Lactobaci/ll/s acidophilus
NCDO 1748, a commercially available strain used in milk
products (kindly provided by Arla, Stockholm, Sweden); L.
fermentuin MH1, isolated from the vagina of a healthy adult
monkey; and a lactobacillus strain known as GG (not iden-
tifiable at the species level) (15), isolated from the gastroin-
testinal tract of a human volunteer. The strains were identi-
fied by biochemical tests and gas-liquid chromatography.

Preparation of bacteria. For E. coli, the technique used has
been described in a previous paper (7). Briefly, the strain
was stored at -20°C and, for colonization experiments, was

grown overnight at 37°C on a blood agar or Cled agar plate
and then suspended in phosphate-buffered saline (PBS) to a
concentration of 108 CFU/ml. Lactobacilli were stored at
-20°C in MRS-broth (Oxoid Ltd., Hampshire, England).
For decolonization experiments, lactobacilli were grown in
MRS-broth for 1 to 3 days at 37°C. The bacteria were
harvested by centrifugation, washed, and suspended in PBS
to a concentration of 108 CFU/ml.

Preparation of vaginal fluid used for decolonization experi-
ments. The fluid was obtained from the healthy, unmanipu-
lated animal (monkey 5). Five cotton-tipped swabs were
introduced one by one 2 cm into the vagina with the aid of a
speculum. The swabs were gently rotated against the vaginal
wall and were immediately stirred in 5 ml of PBS. The swabs
were removed from the PBS after 30 s, and the fluid was
given to the E. coli-colonized monkey within 5 min after
collection. The aerobic bacterial content of the vaginal fluid
from this monkey was examined repeatedly and was domi-
nated by Corvnebacterium species. Gram-negative bacteria
were only occasionally encountered and usually did not
exceed 102 CFU/ml; sometimes Staphylococcis species
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FIG. 1. (a) Persistence of vaginal E. coli DS17 following colonization supported by amoxicillin administration. The figure summarizes 20
experiments with four monkeys. (b) Persistence of vaginal E. coli DS17 at the beginning (U) and at the end (0) of the study period in four
monkeys. The intervals between the experiments shown were 14, 13, 15, and 7 months, respectively, and the numbers of colonization
attempts were 2, 2, 4, and 2, respectively. The results are interpreted as not showing any decreased receptivity to E. coli DS17.

were recovered. The anaerobic bacterial content was exam-

ined on two occasions, and Eubacterium, Propionibacte-
rium, Lactobacillus, Peptococcus, and Bacteroides species
were recovered on both occasions.

Suspensions used in control experiments. Suspensions used
in control experiments were as follows: (i) PBS (pH 7.4); (ii)
acetic acid diluted in NaCl to two concentrations, 2.1 g/liter
(pH 2.98) and 6.0 g/liter (pH 2.76); (iii) lactic acid diluted in
NaCl to two concentrations, 13.4 g/liter (pH 2.16) and 27.0
g/liter (pH 2.00); (iv) vaginal fluid (from monkey 5) heated at
80°C for 10 min; and (v) vaginal fluid (from monkey 5) filtered
through a 0.45-1km filter (Sartorius, Gottingen, Federal Re-
public of Germany).

Sampling of vaginal bacteria. Sampling was performed
daily (weekends excluded). The samples were cultured aer-
obically daily and anaerobically at certain intervals. The
method has been described previously (7). In summary, a

cotton swab was inserted deep into the vagina and rotated
against the vaginal wall. The swab was stirred in 1 ml of PBS
or prereduced anaerobic substrate, referred to below as
vaginal fluid. A 0.1-ml sample was spread and grown on a

Cled agar plate and occasionally on a Rogosa agar plate. E.
coli was semiquantitated and identified by biochemical tests,
antibiotic sensitivity, determination of 0 group, and occa-

sionally biochemical fingerprinting (9). Colonies of different
appearance growing on Rogosa agar were stained, and
gram-positive rods were further identified by biochemical
tests and gas-liquid chromatography.

Colonization of the vagina with E. coli DS17. The monkeys
were flushed daily with 5 ml of an amoxicillin solution
(Imacillin [12.5 mg/ml]; Astra, Sodertalje Sweden) for a

minimum of 5 days. During this treatment, the monkeys
were flushed with 5 ml of an E. coli DS17 .suspension (108
CFU/ml of PBS) as a single dose. The procedure has been
described in more detail elsewhere (7). A persistent coloni-

zation was defined as 2104 CFU/ml of vaginal fluid for 6
subsequent days or more.

Decolonization experiments. When a persistent coloniza-
tion with E. coli DS17 was established, attempts to decolo-
nize were made in three sets of experiments with (i) suspen-
sions of lactobacilli, (ii) vaginal fluid from a healthy monkey,
or (iii) different control fluids. The monkeys were flushed
once daily for 5 to 9 days with 5 ml of one of the suspensions
as described above. In two instances, vaginal fluid was

administered as a single flush.

RESULTS
Persistence of vaginal E. coli DS17. In 20 experiments in

four monkeys, comprising 117 sampling occasions, the per-
sistence of amoxicillin-induced E. coli DS17 colonization
was monitored for 6 to 14 days (Fig. la). There were only
small day-to-day variations, usually within 1 log. No trend in
any direction was observed, and no spontaneous decoloni-
zation occurred. There were also no signs of a decreased
receptivity with increasing number of colonization attempts
(Fig. lb).

Decolonization experiments. Attempts to decolonize were

started only when a persistent vaginal colonization with E.
coli DS17 had been established.

(i) Decolonization with lactobacilli. Six experiments were

performed with three monkeys (Fig. 2). Three different
lactobacillus species were used and administered as de-
scribed above. In two instances, the E. coli DS17 was
eliminated. In the other four experiments, a decrease ex-

ceeding 2 logs was observed. Typically, there was a latency
period of a few days before an effect could be observed.
There was no obvious increase in lactobacillus growth after
lactobacillus flush.

(ii) Decolonization with vaginal fluid. Eight experiments
were performed with four monkeys. Vaginal fluid obtained
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FIG. 2. Vaginal E. coli DS17 before (0), during (0), and after
(0) vaginal flushing with various solutions of lactobacilli (108
CFU/ml) for 5 to 9 days. The figure summarizes six experiments
with three monkeys. The findings were interpreted as showing a
decolonizing effect of some degree.

from the healthy monkey 5 was given as a vaginal flush once
daily for 5 to 6 days in six experiments (Fig. 3) and as a single
flush in two experiments (Fig. 4). E. coli DS17 was elimi-
nated in all instances, but a minor rebound was observed in
one monkey. A latency period of at least 1 day was seen in
all experiments.

(iii) Control experiments. Seven experiments were per-
formed with four monkeys (Fig. 5). The mechanical effect of
flushing did not induce any obvious change in vaginal E. coli
DS17 colonization. Two major metabolic products of lacto-
bacilli, acetic acid and lactic acid, were administered as
repeated vaginal flushes in two different concentrations.
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FIG. 4. Vaginal E. coli DS17 before and after a single vaginal
flush with vaginal (vag.) fluid from a healthy monkey. Shown are
results of two experiments with two monkeys. Each dot represents
one sampling occasion.

Neither induced any decrease in vaginal E. coli DS17 colo-
nization, although the pH of the acid solutions was very low.
To examine whether the effect of vaginal fluid was due to
microorganisms or to metabolites, both heated and filtered
vaginal fluid from the healthy monkey 5 were tested. Neither
had any effect on vaginal E. coli DS17.
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FIG. 3. Vaginal E. coli DS17 before (0), during (0), and after
(0) vaginal flushing with vaginal (vag.) fluid from a healthy monkey
for 5 to 6 days. The figure summarizes six experiments with four
monkeys.

Days
FIG. 5. Persistence of vaginal E. coli DS17 before (0), during

(@), and after (0) flushing with different control fluids. Shown are
results of seven experiments with four monkeys. No effect on E. coli
DS17 colonization was observed in any experiment. Vaginal (VAG.)
fluid was obtained from healthy monkey 5.
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FIG. 6. Transfer of decolonization ability from one monkey to another. (See text for details.) Each vaginal (vag.) sampling occasion is
represented by (indicating growth of E. coli DS17) or * (indicating no growth of E. coli DS17).

Transfer of decolonizing property from one monkey to
another. Vaginal fluid from the healthy monkey 5 (donor
monkey) could eliminate E. coli DS17 from the vaginas of
four other monkeys, as shown above. This property could be
transferred to another monkey. The following experiment
(Fig. 6a) was performed to further examine whether the
decolonizing property was due to live microorganisms. The
decolonizing property was first transferred from the donor
monkey to one of the earlier antibiotic-treated and E. coli-
colonized monkeys as an intermediate host (host monkey).
The host monkey was successfully decolonized within 2
weeks after a single flush of vaginal fluid from the donor
monkey. The vaginal fluid from the host monkey was then
flushed into a third monkey (target monkey), who was
heavily colonized with E. coli DS17 for 8 weeks. In this case
also, E. coli DS17 disappeared rapidly. The decolonizing
property had thus been transferred from the donor monkey
to the host monkey.
To show that the host monkey did not have a decolonizing

property before receiving vaginal fluid from the donor mon-
key, the experiment was repeated with some additions (Fig.
6b). An uncolonized host monkey was treated with amoxi-
cillin for 8 days. Her vaginal fluid was given to a colonized
target monkey during and after this amoxicillin treatment.
The vaginal fluid transferred during the amoxicillin treatment
period contained 1.3, 0, 0, and 1.6 mg of amoxicillin per ml,
respectively (days 16 to 19 in Fig. 6b). No effect on the E.
coli colonization was observed. Thus, the host monkey did
not possess the decolonizing property. After the host mon-
key received vaginal fluid from the donor monkey, the target
monkey again received vaginal fluid from the host monkey.
A decolonization occurred within 1 week. Thus, the host
monkey had acquired the decolonizing property from the
donor monkey.

DISCUSSION

Lactobacilli have long had a reputation as a health pro-
moter. They produce acetic and lactic acids and other
compounds capable of restricting the growth of members of
the family Enterobacteriacae (1, 10, 15, 18). With regard to

urogenital infections, it was claimed in the preantibiotic era
that bladder infusion of lactobacilli could cure severe cystitis
(6, 11). Furthermore, Reid et al. later showed in vitro that
different species of lactobacilli are able to adhere to and
competitively exclude attachment of gram-negative aerobic
rods to uroepithelial cells (12).
The monkeys were colonized with E. coli DS17 and then

flushed with lactobacilli or vaginal fluid. Lactobacilli induced
a reduction in vaginal E. coli DS17 growth, but only in two
instances induced a complete elimination. There was a
latency period between administration of lactobacilli or
vaginal fluid and effect on vaginal flora. This delay is
reminiscent of the incubation time of infectious diseases. A
similar finding has been reported in other in vivo studies of
bacterial interference (20).
Concerning the mechanisms for the decolonizing effect of

lactobacilli, neither lactic acid nor acetic acid infusion influ-
enced the colonization, although the pH of the solutions was
very low. Other modes of action of lactobacilli have been
suggested, such as production of bacteriocins (1) or compet-
itive adherence (12), but these were not examined in this
study.
The observed effect of lactobacillus flushing on vaginal E.

coli colonization was not correlated with any increase in
vaginal lactobacillus growth. Inhibition and elimination of E.
coli growth was thus not dependent on an extensive vaginal
growth of lactobacilli that we could demonstrate with our
methods of sampling and culturing. The pertinent question
about the persistence of the inoculated lactobacillus strain
remains unanswered, not least because of methodological
difficulties. Upon testing single strains in two different sys-
tems (the API 50 CH system as well as the standard methods
used at the Anaerobic Reference Laboratory at the National
Bacteriological Laboratory in Stockholm, Sweden), we
sometimes obtained different results as to species classifica-
tion. Even in the same test system phenotypic variations
were observed upon repeated testing. Also, variations in
colony appearance could be observed. Similar observations
have been made by others (C. Lonner, Ph.D. thesis, Lund
University, Lund, Sweden, 1988). Few authors seem to have
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commented upon such difficulties in studies of bacterial
interference.

In the experiments with vaginal fluid directly transferred
from a healthy monkey, this fluid successfully eliminated
vaginal E. coli colonization in all experiments. A reduction
was observed 2 to 6 days after onset of flushing, and
elimination was completed with 12 days, even in those two
instances in which vaginal fluid was flushed only once. The
recent report of a case of relapsing Clostridiiumn difficile-
associated enterocolitis (14) might be a parallel to our
findings. The diarrhea remained uninfluenced by six antibi-
otic treatments and by oral lactobacillus feeding. The patient
was finally cured by rectal infusion of normal feces. The
difference in effect between lactobacilli and total normal
flora in this case as well as in our experiments might indicate
that a stable ecological balance is a complex phenomenon
which probably requires interaction between several micro-
organisms or factors. An alternative explanation to the
better results obtained with the total normal flora may be a
lowered colonizing ability of lactobacillus strains precul-
tured in vitro.
The mechanism for the observed effect of both lactobacilli

and vaginal fluid remains uncertain. The available results,
however, indicate that the decolonizing ability was due to
transfer of living microorganisms, for the following reasons.
(i) Monkeys were easily colonized only after treatment with
antibiotics (7). (ii) The decolonizing ability of vaginal fluid
was eliminated by heating and by sterilizing. (iii) The ability
to decolonize other monkeys could be transferred from one
monkey to another (Fig. 6). Further support for the hypoth-
esis is the fact that there was a latency period between onset
of flushing and elimination. Possibly, the microorganisms
need to adapt to the environment before being able to
interfere with the pathogens.
Our monkey model shows that amoxicillin can facilitate an

abnormal genital colonization with P-fimbriated uropatho-
genic E. coli if these bacteria are administered intravaginally
or are present beforehand in the fecal flora (7; Herthelius et
al., in preparation). The present study shows that normal
conditions can be restored by local administration of lacto-
bacilli or, better still, by fresh vaginal fluid from a healthy
donor. The clinical implication is that if the genital flora is
severely disturbed because of antibiotic treatment, whether
in UTI-prone females or in others, it might be worthwhile to
try to restore normal conditions by a bacterial interference
approach.
The abnormal gram-negative genital colonization in the

monkey model mimics the one seen in human females prone
to UTI (2, 5, 8, 16). In UTI-prone girls there is also an
abnormal anaerobic genital flora; whether it is induced by
antibiotic treatment is unknown (3). How much further the
parallel extends is unknown, since the basic defect underly-
ing recurrent urinary tract infections is unknown. Whether it
will become feasible in clinical practice to restore a normal
ecological balance through bacterial interference therapy
(e.g., by the use of single strains or a laboratory-prepared
cocktail of strains) and so prevent ascending urinary infec-
tions remains unknown. Recently, vaginal lactobacillus in-
oculation was attempted with some success as a prophylac-
tic method in patients with recurrent UTI (4). However,
much further work remains to be done before this can
become a prophylactic alternative. Among other things, the
mechanisms through which the resident flora exclude an
intruder must be better understood. The monkey model may
be of some help in investigating this.
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