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The successful therapy of enterococcal endocarditis requires prolonged admin-
istration of synergistic antibiotic combinations. Controversy has arisen regard-
ing optimal therapy (i) when the organism possesses high-level streptomycin
resistance, and (ii) when the patient is allergic to penicillin. This study exam-
ines these questions in vitro and in a rabbit model of enterococcal endocarditis.
The combination of penicillin with either streptomycin or gentamicin increased
the rate of bacterial killing in vitro and in vivo when compared with penicillin
alone (P < 0.05) when the test strain was relatively susceptible to streptomycin
(minimal inhibitory concentration, 128 ug/ml). Only the combination of penicil-
lin and gentamicin was consistently more effective than penicillin alone (P <
0.01) when the test strain was highly resistant to streptomycin (minimal inhibi-
tory concentration > 150,000 ,ug/ml). The combination ofvancomycin and strepto-
mycin was more rapidly bactericidal than vancomycin alone in vitro and in the
animal model against the streptomycin-susceptible strain (P < 0.01). The rela-
tive rate of in vitro bacterial killing by various antibiotics and combinations was
predictive of the efficacy of these drugs in eradicating enterococci from cardiac
vegetation in experimental endocarditis.

The antimicrobial therapy for enterococcal
endocarditis, unlike endocarditis caused by pen-
icillin-susceptible bacteria, remains a therapeu-
tic challenge. The protection afforded bacteria
by cardiac vegetations and the relative resist-
ance of enterococci to penicillin make long-
term, high-dose parenteral therapy with syner-
gistic antibiotic combinations necessary for the
successful treatment of this disease. The recom-
mended therapy for enterococcal endocarditis
has been high-dose penicillin G with streptomy-
cin for a period of 6 weeks (6). The presence of
high-level streptomycin resistance (minimal in-
hibitory concentration [MIC] > 2,000 ,ug/ml),
however, has recently been reported in 13 to
40% of enterococcal isolates (8, 13). In vitro
antibiotic synergism of penicillin plus strepto-
mycin has not been demonstrated against these
highly streptomycin-resistant enterococci. Syn-
ergism, however, could be demonstrated
against these strains using penicillin plus gen-
tamicin (13, 15). Based on these findings, the
latter combination has been suggested as an
alternative therapy in patients with enterococ-
cal endocarditis caused by highly streptomycin-
resistant organisms (13, 15).
The therapy of enterococcal endocarditis in

the penicillin-allergic patient is also a difficult
therapeutic problem. Based on in vitro studies,

vancomycin alone or in combination with strep-
tomycin has been recommended (7, 14,17). How-
ever, only a limited number of patients treated
in either manner have been reported to date (2,
17).
The purpose of this study was to evaluate the

efficacy of the antimicrobial therapeutic regi-
mens recommended for treatment of enterococ-
cal endocarditis. Bacterial killing by antibiotics
was examined in vitro and in rabbits with ex-
perimental enterococcal endocarditis. Penicil-
lin alone and in combination with either strepto-
mycin or gentamicin was studied against two
strains of enterococci, one exhibiting high-level
streptomycin resistance and the other a rela-
tively streptomycin-susceptible strain. Vanco-
mycin alone and in combination with strepto-
mycin was also studied using the relatively
susceptible strain.

MATERIALS AND METHODS
Test organisms. Two strains of enterococci iso-

lated from patients with bacterial endocarditis were
utilized in these studies. One strain exhibited high-
level resistance to streptomycin (hereafter referred
to as strain R), whereas the other strain was rela-
tively susceptible (strain S). The MICs of antibiotics
for these strains are shown in Table 1.

In vitro tests ofantibiotic killing. Time-kill stud-
ies were performed using the antibiotics and combi-
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TABLE 1. MICs of antibiotics for strains R and S
enterococci

MIC (ug/ml)
Antibiotic

Strain S Strain R

Penicillin G 2.0 2.0
Streptomycin 128 >150,000
Gentamicin 16 16
Vancomycin 4.0

nations mentioned below. Approximately 107 entero-
cocci were incubated in tubes containing designated
concentrations of antibiotics in Trypticase soy broth
containing 1% sheep erythrocytes. Enterococci were
prepared by dilution ofan overnight culture in Tryp-
ticase s6y broth to the appropriate concentration
immediately before the addition of antibiotics. Ali-
quots were removed after 8, 24, and 48 h of incuba-
tion. Tenfold dilutions were made in sterile saline
and incorporated into pour plates of Trypticase soy
agar. Concentrations of antibiotics employed were
penicillin, 10 yig/ml; gentamicin, 5 ,ug/ml; streptomy-
cin, 10 ,ug/ml; and vancomycin, 10 ,ug/ml.

Production of bacterial endocarditis. Nonbacte-
rial thrombotic endocarditis was produced in 2-kg
male New Zealand white rabbits utilizing methods
previously reported (3, 9, 10). After anesthetization
with 60 mg of sodium pentabarbital intravenously,
the right carotid artery was exposed and ligated
cephalad, and a sterile polyethylene catheter (In-
tramedic; Clay-Adams, PE-90) was inserted through
a small incision in the arterial wall. The catheter
was advanced toward the heart until pulsation and
resistance indicated that it had reached the apex of
the left ventricle. The catheter was then clamped
and tied to the artery with 00 silk thread, and the
skin incision was closed. Strict asepsis was not ob-
served; however, local wound infection was not
noted. At 6 to 24 h after catheterization, an intrave-
nous injection of approximately 107 enterococci di-
luted from an overnight culture in broth was given.

Criteria used to indicate the existence of infection
were the presence of 102 or greater organisms/ml in
blood and fever greater than 39.6 C (rectally). These
parameters have previously been shown to accu-
rately predict the existence of streptococcal endocar-
ditis in this animal model (10).

Administration of antibiotics. At 24 to 48 h after
establishment of infection, antibiotic therapy was
initiated. Procaine penicillin G (Wyeth Labs), gen-
tamicin (Schering Corporation), and streptomycin
(Pfizer) were administered intramuscularly. Vanco-
mycin (Eli Lilly & Co.) was administered intrave-
nously. The following antibiotic schedules were

used: penicillin, 1.2 x 106 U twice a day (BID); strep-
tomycin, 40 mg BID; gentamicin, 10 mg BID or 15
mg three times a day (TID); and vancomycin, 125
mg BID. Serum levels of antibiotics, as determined
by the agar well diffusion technique, are shown in
Table 2.

Efficacy of antimicrobial therapy. Animals were
treated for periods of 5 or 10 days and sacrificed 12 h

after the last antibiotic dose. Cardiac vegetations
were aseptically removed, weighed, suspended in
9.9 ml of sterile saline containing penicillinase, and
homogenized in a tissue grinder. Serial dilutions of
the homogenate were incorporated in pour plates of
Trypticase soy agar. Plates were incubated for 24 h
at 37 C, and titers were recorded as colonies per
gram of vegetation.

RESULTS
In vitro studies. The rate of killing in broth

of the streptomycin-susceptible strain (strain S)
by penicillin was increased with the addition of
either streptomycin or gentamicin (Fig. 1A).
The initial concentration of 2.5 x 107 entero-
cocci/ml was reduced to 3.2 x 105 and 4.7 x
102/ml, respectively, after 8 and 48 h of incuba-
tion with penicillin. Penicillin plus streptomy-
cin reduced the same initial concentration of
bacteria to 1.1 x 103/ml at 8 h and 11 orga-
nisms/ml after 48 h ofincubation, whereas incu-
bation with penicillin plus gentamicin reduced
the concentrations similarly to 6.0 x 102 and 5
organisms/ml after the same period. Bacterial
growth was not inhibited after incubation with
either aminoglycoside alone.
As shown in Fig. 2A, the addition of strepto-

mycin to vancomycin markedly increased the
rate of bacterial killing of strain S when com-
pared with vancomycin alone. After 48 h of
incubation, vancomycin had reduced the initial
concentration of 2.5 x 107 enterococci/ml to 1.3
x 106 bacteria/ml. Only 6.5 x 101 organisms/ml
were recovered after incubation with vancomy-
cin plus streptomycin for the same period.
The addition of streptomycin to penicillin

failed to significantly alter the rate of killing of
the streptomycin-resistant strain (strain R)
(Fig. 3A). The rate of killing was markedly
increased by the addition of gentamicin to peni-

TABLE 2. Serum levels of antibiotics used

Serum level (.Ug/Ml)a
Time cPieli- Strepto- Genta- Genta- Vanco-

(1.2 x mycin micin micin mycin
106 U (40 mg) (10 mg) (15 mg) (125 mg)

1 15.2 12.0 12.0 15.4 54
2 8.9 7.95 7.9
3 12.1 21
4 1.8 2.5 3.4
6 10.5 0.86 11
8 8.9 0.7 0.49 0.38

12 7.7 0.2 0 2

a Penicillin, streptomycin, and gentamicin were
administered intramuscularly; vancomycin was ad-
ministered intravenously.
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FIG. 1. (A) Rate of killing ofstreptomycin-susceptible enterococci in broth by antibiotics. Concentration of
antibiotics: penicillin, 10 pg/ml; gentamicin, 5 pglmi; and streptomycin, 10 pg/ml. (B) Rate oferadication of
streptomycin-susceptible enterococci from cardiac vegetations in experimental endocarditis after5 and 10 days
of antibiotic therapy (I represents geometric mean with standard error).
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FIG. 2. (A) Rate of killing ofstreptomycin-susceptible enterococci in broth by antibiotics. Concentration of
antibiotics: vancomycin, 10 pg/ml; penicillin, 10 pg/ml; and streptomycin, 10 pg/ml. (B) Rate oferadication of
streptomycin-susceptible enterococci from cardiac vegetations in experimental endocarditis after5 and 10 days
of therapy with antibiotics (I represents geometric mean with standard error).
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FIG. 3. (A) Rate of killing of streptomycin-resistant enterococci in broth by antibiotics. Concentration of
antibiotics: penicillin, 10 pg/ml; gentamicin, 5 pg/ml; and streptomycin, 10 pg/ml. (B) Rate oferadication of
streptomycin-resistant enterococci from cardiac vegetations in experimental endocarditis after5 and 10 days of
therapy with antibiotics (D; represents geometric mean with standard error).

cillin. In tubes initially containing 1.8 x 107
enterococci/ml, incubation with penicillin and
penicillin plus streptomycin for 8 h reduced the
number of viable organisms to 1.5 x 105 and 1.6
x 105/ml, respectively. By 48 h, 4.9 x 102 and
2.2 x 101 bacteria/ml were isolated. In contrast,
only 8 x 102 bacteria/ml were present at 8 h,
and cultures were sterile at 24 h after incuba-
tion with penicillin plus gentamicin.

In vivo studies. Three rabbits with bacterial
endocarditis caused by strain S and four rabbits
with endocarditis caused by strain R were fol-
lowed without antibiotic therapy. All untreated
animals died within 4 days. The mean bacterial
concentrations present in vegetations were in
excess of 1010/g of vegetation (Table 3).

Twenty-nine rabbits were infected with
strain S and treated with penicillin and an
aminoglycoside (Table 3, Fig. 1B). In rabbits
treated with penicillin for 5 days a mean concen-
tration of 107-4 enterococci/g of vegetation was

recovered, whereas after 10 days a mean concen-
tration of 106.8 organisms/g was present. Viable
enterococci were recovered in mean concentra-
tions of 106.-9 and 104-8/g of vegetation in rabbits
receiving penicillin plus streptomycin for 5 and
10 days, respectively. Similarly, from rabbits
treated with penicillin plus gentamicin mean

vegetation concentrations of 106.2 bacteria/g at 5
days and 104 9 bacteria/g at 10 days were iso-
lated. The difference in the concentrations of
organisms recovered from the vegetations of
animals receiving penicillin alone between 5
and 10 days was significant (P < 0.05 [Student's
t test]). The addition of either aminoglycoside to
penicillin significantly increased the rate ofbac-
terial killing of the streptomycin-susceptible
strain at 5 and 10 days when compared with
penicillin alone (P < 0.05). There was no signifi-
cant difference in the bactericidal action of the
combination of penicillin and streptomycin as

compared to penicillin and gentamicin at 5 or

10 days of therapy (P > 0.05).
Twenty rabbits with endocarditis caused by

strain S were treated with vancomycin alone or

vancomycin plus streptomycin (Table 3, Fig.
2B). Rabbits receiving vancomycin had mean
concentrations of 108°0 enterococci/g of vegeta-
tion after 5 days of therapy and 106.3 orga-
nisms/g after 10 days. In rabbits given vancomy-
cin and streptomycin, mean concentrations
were significantly reduced in comparison to van-
comycin alone after 5 and 10 days of therapy to
106-7 and 104-5 bacteria/g of vegetation, respec-
tively (P < 0.01). Furthermore, after 5 and 10
days of therapy, there was no significant differ-

Log10
CFU/ml
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TABLE 3. Results of antibiotic therapy of experimental enterococcal endocarditis

Log1, CFU/g of vegetation + SDa

Therapeutic regimen No. of animals Daysapy Streptomycin- Streptomycin-therapy susceptible resistant
strain (S) strain (R)

Control 7 0 10.4 ±0.7 10.2 + 0.7
Penicillin 9 5 7.4 0.8 7.4 ± 0.5

10 10 6.8 ± 0.7 6.6 0.3
Penicillin + streptomycin 10 5 6.9 t 0.6 6.2 0.7

10 10 4.8 ± 1.9 5.8 ± 1.2
Penicillin + gentamicin (10 mg BID) 10 5 6.2 t 0.7 6.4 ± 0.9

10 10 4.9 ± 0.4 5.2 t 1.0
Penicillin + gentamicin (15 mg TID) 5 5 6.1 ± 1.2

4 10 5.0 ± 1.0
Vancomycin 5 5 8.0 ± 0.4

5 10 6.3 ± 1.1
Vancomycin + streptomycin 5 5 6.7 ± 1.3

5 10 4.5 + 1.2

a CFU, Colony-forming units; SD, standard deviation.

ence between animals that received penicillin
plus streptomycin when compared to the group
of animals that received vancomycin plus strep-
tomycin (P = 0.4).

Thirty-nine rabbits with enterococcal endo-
carditis due to strain R were treated with peni-
cillin or penicillin plus an aminoglycoside (Ta-
ble 3, Fib. 3B). The vegetations ofrabbits receiv-
ing penicillin therapy contained mean concen-
trations of 107-4 and 106-6 bacteria/g at 5 and 10
days, respectively. These findings are similar
to those employing strain S. The mean concen-
trations of enterococci recovered from vegeta-
tions at 5 and 10 days in rabbits treated with
penicillin and streptomycin were 106.2 and 105-8,
respectively. Two dosage schedules of gentami-
cin were used in combination with penicillin.
Animals receiving penicillin and 10 mg of gen-
tamicin BID had mean vegetation concentra-
tions of 1064 and 106 2 organisms/g at 5 and 10
days of therapy, respectively. Similarly, rab-
bits treated for 5 and 10 days with penicillin
plus 15 mg of gentamicin TID had concentra-
tions of 106-1 and 105-0 viable bacteria/g ofvegeta-
tion, respectively. Ten days of treatment with
penicillin alone significantly reduced the mean
concentration of recoverable organisms in com-
parison to the mean concentration after 5 days
of penicillin therapy (P < 0.01). The addition of
either gentamicin regimen to penicillin signifi-
cantly reduced the concentration of enterococci
recovered when compared with penicillin alone
after 5 and 10 days of therapy (P < 0.05). Sur-
prisingly, streptomycin plus penicillin also sig-
nificantly reduced the bacterial concentration
in vegetations versus penicillin alone after 5
days (P < 0.03). However, after 10 days of ther-

apy the difference was no longer significant.
DISCUSSION

The antibiotic therapy of enterococcal endo-
carditis, particularly in those instances where
the disease occurs in a penicillin-allergic pa-
tient or is caused by highly streptomycin-resist-
ant bacteria, presents the physician with a diffi-
cult therapeutic problem (2, 4, 5, 7). The effi-
cacy of antimicrobial therapy in this disease
has not been previously considered with com-
parative clinical trials or with in vivo experi-
mental studies.
The rabbit model of bacterial endocarditis

provides a means of examining the therapy of
enterococcal endocarditis in controlled, in vivo
experiments. This model has been shown in
previous studies to closely parallel many as-
pects ofbacterial endocarditis in humans and to
be useful in the evaluation of various antibiot-
ics in the therapy of endocarditis (1, 10).
A substantial portion of cases of enterococcal

endocarditis may be caused by highly strepto-
mycin-resistant (MIC > 2,000 ,ug/ml) entero-
cocci. Three of twelve cases (25%) of enterococ-
cal endocarditis seen at the New York and Uni-
versity of Virginia hospitals between 1971 and
1975 were caused by highly streptomycin-resist-
ant enterococci (E.W. Hook, R.B. Roberts, and
M.A. Sande, unpublished observation). This
finding supports previous reports by Moellering
et al. that up to 40% of enterococcal isolates
from blood are highly streptomycin resistant
(8). At the present time, the suggested therapy
for all patients with enterococcal endocarditis is
long term (4 to 6 weeks), high-dose penicillin in
combination with streptomycin (6). Use of this
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regimen is based largely on the in vitro syner-
gistic activity of penicillin-streptomycin combi-
nations and observation of the effectiveness of
this combination in treating patients with en-
terococcal endocarditis. Unlike relatively strep-
tomycin-susceptible enterococci, the majority of
highly streptomycin-resistant enterococci are
not killed synergistically by in vitro combina-
tions of penicillin and streptomycin (8, 11, 13),
whereas penicillin-gentamicin combinations do
act synergistically in vitro (13, 15). The in vivo
efficacy of these penicillin-aminoglycoside com-
binations against highly streptomycin-resist-
ant enterococci have not been previously pub-
lished. Interestingly, 5 days of treatment with
penicillin plus either streptomycin or gentami-
cin reduced concentrations of viable highly
streptomycin-resistant enterococci in rabbit car-
diac vegetations with equal effectiveness,
either combination being significantly more ef-
fective than penicillin alone (P < 0.03). After 10
days of therapy, however, only the penicillin-
gentamicin combination remained significantly
more effective than penicillin alone in reducing
the numbers of viable highly streptomycin-re-
sistant enterococci in vegetations. Although
the trend of increased bactericidal activity of
the penicillin-streptomycin combination over

penicillin alone established at 5 days was still
present after 10 days of therapy, it was no
longer statistically significant. Thus, only peni-
cillin plus gentamicin was significantly more
effective than penicillin alone in reducing the
concentrations of highly streptomycin-resistant
enterococci in cardiac vegetations at 5 and 10
days oftherapy. Although a case ofenterococcal
endocarditis caused by highly streptomycin-re-
sistant enterococci and successfully treated
with penicillin plus streptomycin has been re-
ported (12), these studies indicate that the com-
bination of penicillin and gentamicin may be
more effective than penicillin and streptomycin
in treating enterococcal endocarditis caused by
highly streptomycin-resistant enterococci.
The addition of either 10 mg of gentamicin

BID or 15 mg TID to the standard penicillin
dosage (1.2 x 106 U BID) increased bacterial
killing with equal effectiveness. With both dos-
age schedules, serum levels of gentamicin fell
to less than 4 ,ug/ml with 4 h of drug administra-
tion. Enterococci were eliminated from vegeta-
tions of rabbits receiving the lower gentamicin
dose at effectively the same rate (Fig. 3B) as
animals receiving higher doses on a schedule
which maintained detectable serum levels of
gentamicin throughout the period of therapy.
Thus, it would appear that gentamicin need not
be present in the serum at all times to cause
significant in vivo synergistic effects. In vivo

antibiotic synergism may not be directly dose-
related phenomenon requiring the presence of
detectable serum levels throughout the period
of therapy.

Alternatives to penicillin therapy for use in
the penicillin-allergic patient with enterococcal
endocarditis were also considered. The sug-
gested antibiotic therapy of enterococcal endo-
carditis in up to 10% of patients allergic to
penicillin is hyposensitization of the patient
(16) followed by long-term intravenous therapy
with penicillin plus streptomycin (6). Vancomy-
cin, however, alone or in combination with
streptomycin has been recommended as alterna-
tive therapy in these patients on the basis of in
vitro experimental studies (7, 14) and the suc-
cessful therapy of enterococcal endocarditis us-
ing vancomycin alone or in combination with
streptomycin in four and one patients, respec-
tively (2, 17). In these studies, rates of in vitro
and in vivo bacterial killing ofa relatively strep-
tomycin-susceptible enterococcus by vancomy-
cin or penicillin alone or in combination with
streptomycin were compared. In vitro bacterial
killing by penicillin alone was significantly in-
creased by the addition of streptomycin or gen-
tamicin. In vitro killing by vancomycin plus
streptomycin effectively equaled the rate
achieved by penicillin-aminoglycoside combina-
tions. Vancomycin alone, however, was not ef-
fective in killing the relatively streptomycin-
susceptible enterococcus in vitro. In vivo stud-
ies using the rabbit model of endocarditis dem-
onstrated similar results. The elimination of
viable relatively streptomycin-susceptible en-
terococci from vegetations by penicillin or van-
comycin was significantly increased with the
addition of aminoglycoside antibiotics (P <
0.002 at 10 days). After 5 and 10 days of ther-
apy, no significant differences could be demon-
strated in the rates of bacterial eradication in
animals treated with penicillin plus streptomy-
cin or gentamicin and those animals receiving
the vancomycin-streptomycin combination (P
> 0.35). Thus, the combination of vancomycin
plus streptomycin is superior to vancomycin
alone both in vitro and in the therapy of experi-
mental enterococcal endocarditis caused by rela-
tively streptomycin-susceptible enterococci and
is as effective as the penicillin-aminoglycoside
combinations in treating experimental entero-
coccal endocarditis. Thus, these findings pro-
vide in vivo experimental evidence supporting
previous in vitro studies (7, 14) which have
concluded that the combination of vancomycin
plus streptomycin may be a useful alternative
to penicillin plus streptomycin in the therapy of
penicillin-allergic patients with enterococcal en-
docarditis.
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These studies, therefore, indicate that (i) pen-
icillin plus gentamicin may be the drugs of
choice for enterococcal endocarditis caused by
highly streptomycin-resistant enterococci, and
(ii) that vancomycin plus streptomycin may be
a useful alternative to penicillin plus streptomy-
cin for therapy of enterococcal endocarditis in
penicillin-allergic patients.
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