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The response of tolerant Streptococcus sanguis and nontolerant Streptococcus
mitis infections to penicillin therapy was compared in the rabbit model of
endocarditis. The minimal inhibitory and bactericidal concentrations of penicillin
were 0.1 and 0.1 ,ug/ml, respectively, for S. mitis and 0.05 and 6.2 ,ug/ml,
respectively, for S. sanguis. Time-kiml studies done in vitro with penicillin
concentrations of 2 and 20 ,ug/ml demonstrated minimal killing of the tolerant
strain, with a 3 log difference in survival between the two strains after 24 and 48 h.
Both strains produced endocarditis with comparable bacterial densities on the
valvular vegetations. Rabbits were treated with procaine penicillin G in two
dosage regimens, 80,000 or 5,000 U/kg given every 8 h. There was no difference
between bacterial densities in valvular vegetations removed from rabbits infected
with either strain after 2, 4, or 6 days of treatment with the high-dose regimen
(serum penicillin concentration at 0.5 h, 9.4 ,ugIml), despite the fact that serum
bactericidal activity against the tolerant strain at 0.5 h was minimal. With the low-
dose penicillin regimen (serum concentration at 0.5 h, 2.5 ,g/ml), therapy was
significantly less effective in the tolerant group only after 6 days of treatment.
Similar results were obtained when penicillin was administered in low and high
doses to prevent infection. In this animal model of infection, penicillin tolerance
was associated with a diminished response to penicillin therapy only when the
dose was severely restricted. In the high-dose regimen, there was no difference in
the response to penicillin therapy between animals infected with either strain,
despite the presence of only minimal serum bactericidal activity in the rabbits
infected with the tolerant strain.

The term penicillin tolerance, as described by
Tomasz et al. (26), refers to bacterial strains
inhibited by penicillin in vitro but not killed by
the usual bactericidal concentrations. This
resistance has been related to defects in the
bacterial autolytic enzyme system (25, 26).

Several recent clinical reports attributed the
failure of penicillin therapy in serious infections
to the presence of tolerant bacteria; however,
these retrospective analyses were uncontrolled,
and the definition of tolerance used varied (17,
18, 22). Therefore, the clinical relevance of this
in vitro phenomenon remains uncertain (12).
The purpose of this study was to compare the

response to penicillin therapy of endocarditis in
rabbits caused by a stable, well-characterized,
tolerant bacterium with that caused by a similar,
nontolerant organism. The strains used, a toler-
ant Streptococcus sanguis and a nontolerant

t Present address: University of Connecticut Health Cen-
ter, Farmington, CT 06032.

Streptococcus mitis, are both viridans strepto-
cocci. The S. sanguis species is a common
isolate in subacute bacterial endocarditis (14)
and by in vitro testing appears to be naturally
penicillin tolerant (9-11). Despite this, penicillin
treatment of endocarditis caused by this particu-
lar type of viridans streptococcus is considered
highly effective. The strain (Wicky) chosen for
this study has been described in several previ-
ously reported in vitro studies on tolerance (9-
11). Reports by Home and Tomasz (11) indicat-
ed that of nine S. sanguis strains tested, all were
tolerant to penicillin. A nontolerant S. mitis
strain with a minimal inhibitory concentration
(MIC) for penicillin similar to that of the Wicky
strain of S. sanguis was therefore chosen for
comparison. S. mitis is also often associated
with bacterial endocarditis (14).

(The results of this study were presented in
part at the 20th Interscience Conference on
Antimicrobial Agents and Chemotherapy, 22 to
24 September 1980, New Orleans, La.)
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MATERIALS AND METHODS

Bacterial strains. S. sanguis Wicky (kindly provided
by A. Tomasz, Riockefeller University, New York,
N.Y.) has been well characterized as a tolerant strain
in previous in vitro studies (9-11). Because attempts to
identify a nontolerant strain of S. sanguis were unsuc-
cessful, a closely related S. mitis strain was selected.
The S. mitis strain used was a blood culture isolate
obtained from a patient at Montefiore Hospital. Stock
cultures of the two strains were prepared by freezing
(-70°C) samples consisting of 0.5 ml of overnight
growth of the organism in Todd-Hewitt broth (THB)
and 0.5 ml of defibrinated sheep blood.

Antibiotic susceptibility tests. Broth dilution suscep-
tibility testing was performed in duplicate in THB. An
average initial bacterial inoculum of 5 x 10' colony-
forming units (CFU)/ml, representing a 1:100 dilution
of an overnight culture, was used. The MIC was
interpreted by visual inspection after 24 h of incuba-
tion at 37°C. A 0.1-mi sample from each tube was
subcultured onto sheep blood agar plates and incubat-
ed for an additional 48 h for measurement of the
minimal bactericidal concentration (MBC). The MBC
was recorded as that antibiotic concentration which
resulted in 99.9o bacterial killing. MIC and MBC
determinations were repeated on streptococcal iso-
lates cultured from rabbit valvular vegetations after
penicillin therapy for experimental endocarditis. Sus-
ceptibility testing was also performed as described
above, with pooled, heat-inactivated rabbit serum
rather than THB.

Time-kill studies. Time-kill studies were performed
at 37°C with either a 1:10 or 1:200 dilution of an
overnight growth of the S. sanguis or S. mitis strain in
THB. The bacterial suspension was preincubated for
1.5 h before the penicillin was added (at a concentra-
tion of 2 or 20 ,ug/ml) to assure log-phase growvth.
Portions were removed for colony counting at 0, 1, 2,
4, 6, 24, and 48 h and treated with Bacillus cereus beta-
lactamase to minimize carry-over of penicillin activity
(21). Serial 10-fold dilutions were plated in duplicate
into Todd-Hewitt agar. The plates were incubated for
48 h at 37C, and then the number of colonies was
counted. The results represent the arithmetic mean of
two separate studies.
Because of disparities observed between the MIC

and MBC results and the time-kill studies, quantitative
colony counts were performed on the clear tubes used
in the broth dilution susceptibility studies that showed
no growth after 24 h. Portions were removed from the
clear tubes, serially diluted in saline, and plated in
Todd-Hewitt agar containing beta-lactamase. The col-
onies were counted after 48 h of incubation at 3TC.
These determinations were then compared with the
data from the time-kill studies.

Rabbit model of e it Aortic valvular endo-
carditis was produced in male New Zealand rabbits
(Penn Dutch Laboratory Animals, Denver, Pa.) by a
modification of the method described by Perlman and
Freedman (5, 15). At 48 h after surgery the rabbits
were inoculated with appropriate numbers of the test
organisms via the marginal ear vein. Therapy was
begun 72 h later. In all, 147 rabbits were inoculated in
groups of 6 to 10 at each of the 16 sessions. In most
sessions, equal numbers of rabbits were infected with
the tolerant and the nontolerant strain. Rabbits were

assigned randomly to treatment or control groups.
Endocarditis was documented by the presence of

positive blood cultures before therapy was instituted
and verified by the presence of vegetations at autopsy.
Quantitative blood cultures were obtained from groups
of infected rabbits on the day after infection and during
day 1 or 2 of therapy. Venous blood (1 ml) was
collected in heparinized tubes and inoculated into
Todd-Hewitt agar. The number of bacterial colonies
was counted after 48 h of incubation at 37°C. At the
conclusion of therapy, cardiac valvular vegetations
were removed from the sacrificed rabbits 12 h after the
6th, 12th, or 18th dose. The vegetations were excised,
weighed, homogenized in 1.0 ml of sterile saline, and
plated in duplicate into Todd-Hewitt agar plates. Bac-
terial densities in valvular vegetations that were calcu-
lated to be between 0 and log1o 2 CFU/g were reported
as loglo 2 CFU/g rather than as 0 because of potential
errors associated with the low weight of the valvular
tissue (4).

Penicllin serum levels. Serum antibiotic levels were
obtained 0.5, 1, 3, 5, and 7 h after intramuscular
injection and measured by a microbiological disk assay
method with Sarcina lutea (21). The highest penicillin
serum levels were noted at 0.5 h. Standard solutions of
penicillin were prepared in rabbit serum for controls.
The results represent the arithmetic mean of at least 10
determinations per group.
Serum bacterkidal activity. Serum bactericidal lev-

els were measured in the high-dose penicillin treat-
ment groups. Rabbit serum was obtained 0.5 h after
the intramuscular injection of penicillin on day 1 or 2
of therapy. The assays were performed as previously
described (1). Serial twofold dilutions of 0.5-ml sam-
ples of serum were made in THB. The S. sanguis
strain was used to measure bactericidal activity in
serum obtained from rabbits infected with S. sanguis,
and the S. mitis strain was used for the rabbits infected
with S. mitis. The bactericidal level was determined
after 0.1-ml samples from each tube were streaked
onto a sheep blood agar plate and incubated at 37°C for
48 h.
Pe r therapy experiments. Rabbits infected with

either the S. sanguis or S. mitis strain were treated
with penicillin for 2, 4, or 6 days. Both groups of
infected rabbits were represented in each experiment.
The animals were treated with procaine penicillin G
(provided by Wyeth Laboratories, Philadelphia, Pa.,
and Eli Lilly & Co., Indianapolis, Ind.) administered
intramuscuarly in a dosage of 5,000 or 80,000 U/kg
every 8 h. The low-dose rpgimen was selected to
achieve serum penicillin concentrations above the
MIC but below the MBC of the tolerant S. sanguis
strain. The high-dose regimen produced penicillin lev-
els comparable to those commonly achieved in pa-
tients.
An additional experiment with a total of 22 rabbits

was performed to determine whether a higher propor-
tion of rabbits infected with one of the two bacterial
species had positive valve cultures after 6 days of high-
dose procaine penicillin G treatment followed by an
additional 5 days without therapy. The vegetations
were excised and cultured as described above. Any
rabbit that died during the 5 days after treatment was
stopped was also evaluated for evidence of positive
cardiac valve cultures.

Penillin prophylaxis experiments. Prophylaxis ex-
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TABLE 1. Serum and broth dilution susceptibilities
of two strains of viridans streptococci to penicillin G

Stri Medium' MIC MBC MBC/MICStrain (,ug/ml) (4g/ml) ratio

S. sanguis THB 0.05 6.2 128
Serum 0.1 12.5 128

S. mitis THB 0.1 0.1 1
Serum 0.1 0.4 4

a Serum, pooled, heat-inactivated rabbit serum.

periments were performed 48 h after surgery for
placement of the catheter. Rabbits were given a single
intramusclar injection of procaine penicillin G at a
dose of either 5,000 or 80,000 U/kg 0.5 h before
intravenous injection of either S. sanguis or S. mitis.
Twenty-five rabbits were sacrificed 24 h later, and
their cardiac valvular vegetations were excised and
processed as described above. Two rabbits were ex-
cluded from the evaluation because of improper cathe-
ter placement.

Statistical analysis. The Student t test was used to
determine whether the difference in bacterial densities
of valvular vegetations from the two groups were
statistically significant. Results were expressed as the
mean ± the standard deviation.

RESULTS
Antibiotic susceptibility tests. The MIC and

MBC data (Table 1) showed comparable MICs
in both broth and serum for the two streptococ-
cal strains but a wide disparity in their respec-
tive MBCs. The tolerant S. sanguis strain
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showed a 128-fold difference between the broth
MIC and MBC, whereas the comparable value
for S. mitis was 1.

Time-kill studies. Two initial bacterial inocula
were used. The first was the standard concentra-
tion of 5 x i05 CFU/ml, and the second was
higher, 107 CFU/ml, to more closely approxi-
mate the bacterial density found in cardiac val-
vular tissue. At the standard inoculum, there
was minimal killing (<1 log) over 24 h of the
tolerant S. sanguis strain at a penicillin concen-
tration of either 2 or 20 ,ug/ml (Fig. 1). There was
substantial killing of the nontolerant S. mitis
strain, resulting in a greater than 3 log difference
in survival between the two strains at both 24
and 48 h. Results were similar with the higher
inoculum.
The MBC results suggested greater killing by

a given concentration of penicillin (6.2 ,ug/ml)
than did the killing curve results (<1 log killing
with 20 ,ug/ml). This disparity was investigated
by performing quantitative colony counts on
samples removed from clear tubes after 24 h of
incubation during the broth dilution susceptibil-
ity studies. Colony counts for S. sanguis were
2.9 x 104 CFU/ml in tubes containing 6.25 ,ug of
penicillin per ml when the MBC by the standard
tube dilution test method was 6.25 ,ug/ml. S.
mitis had counts of 1.7 x 102 CFU/ml in the tube
containing 0.05 ,ug of penicillin per ml when the
MBC was 0.05 ,ug/ml. These studies showed that
the two techniques provide different data for

SMPCN (219 /ml)

0 2 4 6 24 48 2 4 6 24 48
HOURS HOURS

FIG. 1. Time-kill studies comparing the response to penicillin G of the tolerant S. sanguis (SS) strain with the
nontolerant S. mitis (SM) strain, starting with an initial bacterial inocula of 5 x 105 (left) and 107 CFU/ml (right).
Penicillin (PCN) was used at two concentrations, 2 and 20 Fg/ml.
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TABLE 2. Bacterial densities in valvular; vegetations removed from abbits treated with procaine penicillin
for viridans streptococcal endocarditis

S. sanguis group S. mitis oup
PeCDllk Day of therapy Log10 No. of sterile Log10 No. of sterile

CFU/g ± SDb vegetations/total CFU/g + SDb vegetations/total

5,000 0 9.8 ± 0.5 0/10 9.5 ± 0.4 0/10
2 8.6±0.8 0/6 7.5 ± 1.1 0/7
4 7.4 ± 2.4 0/7 6.4 ± 1.7 0/8
6 8.1 ± 1.4 0/8 4.8 ± 1.2 217

80,000 0 9.8 ± 0.5 0/10 9.5 ± 0.4 0/10
2 5.7 ± 1.0 07 6.0± 1.6 0/7
6 3.7± 1.0 6/9 3.9± 1.0 3/8

Each dose was administered three times daily.
b MeM bacterial density of the culture-positive valvular vegetations.

bacterial, survival. The differences probably re-
suit from contined, killing on the agar plates
used with the tube dilution studies caused by

substantial antibiotic carry-over from the tubes.
In contrast, carry-over did not occur with the
diluted and beta-lactamase-treated samples used

in the tme-kill studies.
Rabb eiof dats. Ninety-five per-

cent of the animals inoculated with either strain
developed:endocmditis. The average intrave-
nous bacterial inoculum (± standard deviation)
used to produce endocarditis with the S. sanguis
strin was 1.7 (± 1.3) x 108 CFU/ml, compared
with 1.3 (± 1.0) x 100 CFU/in for the S. mitis
strain (P > 0.30), The level of bacteremia for the
two strains 1 day after infection was 66.8 + 204
CFU/ml for S. sanguis and 176.6 292 CFU/ml
for S. mitis (P < 0.05). There were no differ-
ences between the two groups in the frequency
of positive blood cultures among those taken 1

day after institution of iherapy. Bacterial densi-
ties in valvular vegetations removed from both
control groups of untreated rabbits 72 h after
infection were comparable (Table 2). Infected
rabbits left untreated died within 3 weeks (mean,
15.2 versus 8.7 days for the S. sanguis and S.
mitis groups, respectively). There was a higher
mortality in the nontolerant S. mitis group (19 of
82, versus 5 of 65 rabbits for the S. sanguis
group) in the 72- h before the institution of
therapy; however, bacterial densities in vegeta-

tions removed from these groups were compara-
ble to the controls sacrificed 72 h after infection.

ill serum levels. Serum penicillin con-
centrations for the high-dose regimen (80,000
U/kg) were 9.4 ± 6.3 and 2.5 ± 1.5 p/ml at 0.5
and 7 h, respectively, after intramuscular iWec-
tion. The 0.5- and 7-h levels for the low-dose
regimen (5,000 U/kg) were 1.3 ± 0.4 and <0.1
pglml, respectively. There were no differences
in penicillin levels between the groups of rabbits
infected with each strain.
Serum actiiy. Serum bacterio-

static tand bactericidal levels obtained with the
high-dose regimen 0.5,h after intramuscular pen-
icillin injection showed comparable bacteriostat-
ic levels for both strains but a marked difference
in bactericidal activity (Table 3). Only minimal
serum bactericidal activity was demonstrated
against the tolerant strain. The ratio of serum
bactericidal to bacteriostatic levels was compa-
rablato the MBC/MIC ratios for the two strains.

1eniduin therpy ex ments. In the low-dose
treatment group there was no difference in re-
sults for the tolerant and nontolerant strains
after 2 or 4 days of penicillin therapy; however,

there was a difference after 6 days (Table 2). At
that time, the bacterial densities in vegetations
obtained from rabbits infected with the tolerant
S. sanguis strain were significantly greater than
those obtained from the nontolerant S. mitis
strain (P < 0.001). There were no differences

TABLE 3. Serum bacteriostatic and bactericidal levels in rabbits treated for viridans streptococcal
endocarditis with the high-dose pelin regimen"

Strain bactedostaticlevels Median bactericidal Median ratio (bactericidal/batsaicbevl levels (range)b atrottc

S. sanguis 1/128 (1/8-1/256) <1/2 (<1/2-1/16) 2128
S. mitis 1/64 (1/64-1/128) 1/64 (<1/2-1/128) 1

a
Th high4dose regmen was 80,000 U/g aministered intramuscularly three times daily.

b The results tresent eight determinations per group. The levels were obtained 0.5 h after the penicillin
injection.
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TABLE 4. Bacterial densities in valvular vegetations removed from rabbits given an intramuscular injection
of procaine penicillin 0.5 h before the intravenous injection of either the S. sanguis or the S. mitis strain

Penicillin regimen Strain inoculated Average inoculum Bacterial density No. of sterile
(U/kg) (log10 CFU/ml ± SD) (log10 CFU/g ± SD)Y vegetations/total

5,000 S. sanguis 8.1 ± 0.3 7.9 ± 0.9 0/6
S. mitis 7.9 ± 0.2 5.9 ± 1.0 1/6

80,000 S. sanguis 7.6 ± 1.2 3.5 ± .1 4/6
S. mitis 7.8 ± 0.3 2.6 ± 0 6/7

a Mean bacterial density of the culture-positive valvular vegetations.

between the two groups when the high-dose
penicillin regimen was used.
The results of broth dilution susceptibility

studies performed on S. sanguis and S. mitis
isolates (seven determinations per strain) ob-
tained from valvular vegetations after penicillin
therapy were unchanged.
An additional group of animals was treated

with the high-dose regimen for 6 days and then
observed for an additional 5 days to determine
whether there was any difference in the propor-
tion of positive valve cultures between rabbits
infected with either strain. There were two of
seven rabbits with positive cultures in the S.
sanguis group (mean for the positive valve cul-
tures, logl0 6.4 CFU/g), and one of eight was
positive in the S. mitis group (logl0 2.6 CFU/g).

Penicillin prophylaxis experiments. A signifi-
cant difference (P < 0.05) in valvular bacterial
densities between the groups infected by the two
strains was demonstrable only with the low-dose
regimen (Table 4). There were no significant
differences among groups which received the
high-dose penicillin prophylaxis. The latter regi-
men was more effective in protecting the valves
from seeding by either strain. There were no
differences between the two groups in the num-
ber of sterile vegetations.

DISCUSSION
These results showed that penicillin therapy

was less effective against the tolerant than the
nontolerant streptococcus in the rabbit model of
endocarditis only when the dose was severely
limited., At the higher dose of penicillin, no

differences were demonstrable in the prophylax-
is or therapy studies despite the poor bactericid-
al activity obtained both in vivo and in vitro
against the S. sanguis strain.

Ideally, two S. sanguis strains would have
been compared, a tolerant versus a nontolerant
strain. Attempts in our laboratory to identify a

nontolerant S. sanguis strain were unsuccessful.
Reports by Home and Tomasz (11) indicated
that of nine strains tested, all were tolerant to
penicillin. The S. mitis strain chosen was similar
to the S. sanguis strain not only in the degree of

susceptibility to growth inhibition by penicillin
but also in biochemical characteristics (differing
in fermentation of raffinose and arginine) (8). In
fact, it has been suggested, on the basis of these
similarities and on DNA base sequence studies,
that the S. mitis species be included in the type
B S. sanguis biotype (8). Clinically, both strains
produce comparable forms of endocarditis, with
a similar incidence of complications and re-
sponse to antibiotic therapy (14).

In the present study both organisms consis-
tently produced ultimately fatal endocarditis
with similar initial cardiac valvular bacterial
densities in rabbits. However, S. mitis produced
a higher initial mortality and a higher level of
bacteremia. Despite this suggestion of greater
virulence for the S. mitis strain, it was more
effectively treated by the low dose of penicillin.
The response to penicillin for both strains was

consistent in the in vitro time-kill studies and in
the serum bactericidal studies performed on
samples taken from rabbits being treated for
endocarditis at a time when the serum penicillin
levels averaged 9.4 jjwg/ml. The nontolerant S.
mitis strain was readily killed by penicillin con-
centrations of 2 ,g/ml in vitro, and median
serum bactericidal levels against it were 1/64. In
contrast, the tolerant S. sanguis strain showed
little killing by penicillin concentrations of 20
i.g/ml in vitro, and minimal serum bactericidal
activity (<1/2) was developed against it. In
addition, there was no change in MIC and MBC
results in bacterial isolates obtained from vege-
tations of penicillin-treated animals.

S. sanguis appears to be a naturally occurring
tolerant species (9-11). Home and Tomasz (11)
studied nine strains of S. sanguis, including five
obtained from patients with endocarditis, and
found that all were penicillin tolerant in vitro.
These strains were resistant to the bactericidal
activity of penicillin unless they were first ex-
posed to exogenous autolysin (11). It is of inter-
est that S. sanguis is among the most common
isolates from patients with viridans streptococ-
cal endocarditis, an infection in which the use of
bactericidal antibiotics such as penicillin in ther-
apy generally achieves cure (14, 24).
Most clinical reports of infections that are
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poorly responsive to penicillin therapy and
caused by tolerant bacteria have been those due
to staphylococci, although group C and nonen-
terococcal group D streptococci have also been
cited (17, 18, 22, 23). Such studies are difficult to
interpret because they involve small numbers of
retrospectively analyzed clinical cases in which
therapy as well as definitions of tolerance have
varied. In only one study was tolerance correlat-
ed with a decrease in autolytic activity in the
isolates (22). In addition, penicillin tolerance in
staphylococci is manifested differently than it is
in S. sanguis. Results for staphylococci are not
reliably reproducible in vitro, and the tolerance
mechanism is less clearly understood (2, 3, 13,
16, 19). These problems have all contributed to
the confusion about the clinical importance of
tolerance (12, 20).
Goldman and Petersdorf (6) compared the

response to methicillin therapy of single strains
of tolerant and nontolerant Staphylococcus au-
reus in the rabbit endocarditis model. No differ-
ences between the two strains were found in this
model in either response to treatment with or
prevention of an experimental infection by phar-
macological doses of methicillin. Similar results
were reported by Guze et al. (7), who compared
the response of tolerant and nontolerant staph-
ylococci to methicillin therapy in a rat model of
hematogenous pyelonephritis. In neither study
was tolerance documented with serum bacteri-
cidal titers. These studies are difficult to inter-
pret because of the inconsistency of tolerance
often shown by staphylococci in vitro (2, 13, 16).
The present study investigated tolerance by

using a well-characterized, stable, tolerant viri-
dans streptococcus and compared the results
with those for a similar nontolerant organism.
Our data indicated that there were no differences
in the response to penicillin therapy for experi-
mental endocarditis between the two groups
with the high-dose penicillin regimen, despite
the differences in serum bactericidal activity. In
the studies investigating the frequency of bacte-
riological relapse, it was of interest that the
bacterial densities in the S. sanguis group were
higher in the few rabbits with positive cultures.
However, the overall results of our studies sug-
gest the possibility that factors other than bacte-
ricidal antibiotic activity may have an important
role in eradicating infection in this animal model.
The nonlethal activity of penicillin may have an
important effect on bacteria-host tissue interac-
tions (11). In addition, response to therapy may
occur as a result of the slow, gradual bacterial
killing by penicillin per se over a prolonged time
period that may occur even with tolerant bacte-
na.

Although it is unlikely that a clinical situation
would arise in which penicillin would now be

used in a dosage comparable to that used for the
low-dose group in the present treatment study,
the low-dose situation might arise during antibi-
otic prophylaxis for endocarditis before dental
procedures are performed. In this setting a toler-
ant S. sanguis strain might be more capable of
colonizing a valvular vegetation and producing
endocarditis than a comparable nontolerant
strain. This possibility is suggested by the study
on prophylaxis with the low dose of penicillin
reported here.
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