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Fourteen strains of Escherichia coli were tested for ability to cause infective
endocarditis in rabbits prepared by prior placement of an intracardiac catheter.
Strains that were resistant to the bactericidal action of serum caused E. coli
endocarditis in 91.4% of rabbits, whereas serum-sensitive strains usually failed
to cause persisting infection (11.3% infected, P < 0.001). Although serum-
sensitive E. coli lodged on heart valves within 1 h after intravenous injection,
they survived less than 24 h in most normal rabbits. In contrast to normals, all
five C6-deficient rabbits injected with a serum-sensitive strain ofE. coli devel-
oped infective endocarditis (P < 0.005). No correlation was found between the
presence of K1 antigen and the incidence of experimental E. coli endocarditis.
Thus, the ability of strains ofE. coli to establish persisting endocardial infection
in rabbits appears to be directly associated with resistance to the complement-
mediated serum bactericidal system. These findings may explain in part the
rarity of gram-negative bacillary endocarditis in patients; they also indicate that
in certain special circumstances the serum bactericidal system can play a
decisive role in host defense.

Although Escherichia coli is one of the most
common organisms encountered in clinical bac-
teremias, it rarely causes infective endocardi-
tis. Hansing et al. (10) could find only nine
well-documented cases ofE. coli endocarditis in
the literature before 1967. Recent reviews have
indicated some increase in incidence of gram-
negative bacillary endocarditis (6, 18) often due
to Pseudomonas (19) or Serratia (15) in drug
addicts or hospitalized patients, but overall this
group of bacteria accounts for only a small pro-
portion of cases (28).

It has been suggested that the remarkable
contrast between the frequency of gram-nega-
tive bacteremia and the rarity ofgram-negative
endocarditis may be due to the bactericidal ac-
tion of serum (16). To test this hypothesis, we
compared the ability of serum-sensitive and se-
rum-resistant strains ofE. coli to cause experi-
mental endocarditis in normal rabbits as well
as in rabbits genetically deficient in the sixth
component of complement (06).
Under suitable conditions, fresh human se-

rum lyses many strains of gram-negative ba-
cilli. About one-third of E. coli strains from
clinical sources are ultrasensitive to the bacte-
ricidal action of serum (>99% killed), while
another one-third of strains are lysed to some
degree (27). This property of serum is mediated
by antibody and complement (9). Both classical
and alternate pathways are required for maxi-

mal bactericidal effect, but bacteriolysis can
proceed via the alternate pathway alone in sera
deficient in C4 or C2 (8, 22). All the later compo-
nents of complement (C5 through C9) are re-
quired for bacteriolysis to occur (9).
Although complement-mediated bacterioly-

sis is a powerful antimicrobial system in vitro,
surprisingly little evidence has been forthcom-
ing showing that it plays an important role in
host defense. Several studies have found a
higher incidence of serum resistance among
gram-negative organisms isolated from blood
cultures than from fecal and urinary cultures;
this has been interpreted as evidence that the
serum bactericidal system might be a signifi-
cant factor limiting spread of organisms into
the bloodstream from local sites (5, 21, 27). On
the other hand, genetically determined defects
in the complement system do not necessarily
result in frequent infections. In man, early-
component complement deficiencies are associ-
ated with collagen-vascular disease syndromes
rather than with an increased incidence of in-
fection (7). Patients with inherited defects ofC3
and C5 do suffer recurrent infections, probably
because of deficient opsonization and chemo-
taxis rather than defective bacteriolysis (1, 7,
23). Patients with late-component deficiencies
(C6 and C8) may be more susceptible than nor-
mal patients to Neisseria, but apparently not to
most other pathogens (12, 13, 17). The bacteri-
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cidal activity of sera from guinea pigs geneti-
cally deficient in C4 is somewhat reduced, but
the animals are not more susceptible to sponta-
neous or experimental infection than normal
animals (22). C6-deficient rabbits, whose sera
can opsonize bacteria normally but have no
bacteriolytic activity (11, 24), do not suffer from
a striking increase in incidence of infections
(25). Mice resist infection satisfactorily even
though normal murine serum lacks bacteri-
cidal activity (14).
The evidence to date has therefore been con-

sistent with the conclusion reached by Roantree
and Pappas: "that the bactericidal properties of
serum play, at most, a minor role in freeing the
blood stream of bacteria, but that, neverthe-
less, this role may be of some importance" (20).

MATERIALS AND METHODS
Preparation and infection of rabbits. The experi-

mental animals used were random-bred New Zea-
land White (NZW) rabbits weighing 1.5 to 2.5 kg.
NZW rabbits homozygous for C6 deficiency were
kindly supplied by the Small Animal Resources Sec-
tion, National Institutes of Health, Bethesda, Md. A
polyethylene catheter was fixed in the left heart of
each rabbit under pentobarbital anesthesia as previ-
ously described (23). Twenty-four to 48 h later, each
rabbit was injected via an ear vein with E. coli
grown for 18 h in Trypticase soy yeast broth (TSY),
washed once in Hanks' balanced salt solution
(HBSS), and diluted 1:10 in HBSS; this inoculum
contained 8.1 ± 2.1 (± standard deviation, n = 15) x
107 colony-forming units (CFU) ofE. coli.

Quantitative culture of endocardial vegetations.
Rabbits were killed by intravenous (i.v.) injection of
pentobarbital at intervals from 1 h to 7 days after
inoculation with E. coli, and the hearts were re-
moved and opened using antiseptic precautions.
Vegetations were excised, weighed, and homoge-
nized in TSY; the number ofCFU ofE. coli per gram
of vegetation was determined by incorporating por-
tions of serial 10-fold dilutions in TSY in Mac-
Conkey agar pour plates and counting colonies after
incubation at 37°C for 24 to 36 h.

Test for bactericidal action of serum. Fresh nor-
mal rabbit serum (NRS) from five healthy NZW
rabbits was pooled and stored at -70°C. Samples
were heated to 560C for 30 min to inactivate comple-
ment. Sera from two C6-deficient NZW rabbits
(C6DS) were also pooled and stored at -70°C.
Strains of E. coli were grown overnight in TSY,
washed once in HBSS, and resuspended and diluted
in HBSS. Tubes containing approximately 103 CFU
of E. coli per ml and 10% serum in HBSS were
incubated in a shaking water bath at 37°C for 2 h.
Duplicate 0.1-ml samples were withdrawn at 0, 1,
and 2 h, and CFU ofE. coli per milliliter determined
by counting colonies in MacConkey agar pour
plates.

Selection ofE. coli strains. A total of 20 strains of
E. coli were tested for sensitivity to NRS. Thirteen
were obtained from routine urine cultures, five were

supplied by G. M. Kalmanson (Wadsworth VA Hos-
pital, Los Angeles), and two K1 antigen-positive
strains were supplied by R. Bortolussi (University of
Minnesota, Minneapolis). Six strains (A through F)
resistant to the bactericidal action of serum were
selected; their numbers rose slightly in tubes con-
taining NRS, heated NRS, and C6DS due to multi-
plication during the 2-h incubation, and fell slightly
in HBSS (Fig. 1A). Another six strains (H through
M) were selected because they were killed by NRS
(.99% in 2 h); they survived or multiplied in
heated NRS or C6DS (Fig. IB). These 12, together
with 2 further strains G and N, not shown in Fig. 1,
were used in rabbit experiments. Eleven of the 14
strains were tested for presence of K1 capsular poly-
saccharide antigen by the method of Sarff et al. (26),
using equine antiserum to meningococcus B pre-
pared by J. B. Robbins (Food and Drug Administra-
tion, Division of Bacterial Products, Bethesda, Md.)
and supplied by G. W. Counts (University of Wash-
ington, Seattle).

RESULTS
Progress of experimental E. coli endocardi-

tis. Quantitative cultures of endocardial vege-
tations were made at intervals from 1 h to 7
days after i.v. injection of a serum-resistant
strain (A) or a serum-sensitive strain (H) ofE.
coli (Fig. 2). One hour after injection, all eight
vegetations from rabbits that received strain A
were infected. Five of six vegetations from rab-
bits given strain H were also infected, but the
mean number ofE. coli per gram of vegetation
was significantly lower in rabbits that received
this serum-sensitive strain. After the first
hour, the number of serum-sensitive organisms
recovered fell sharply; all five vegetations cul-
tured at 24 h were sterile, as were vegetations
from all but 1 of 21 rabbits killed between 2 and
7 days after injection of strain H. This single
animal accounts for the slight rise in mean
CFU per gram on day 5. These results differed
from those obtained when the serum-resistant
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FIG. 1. Mean log,, CFU per milliliter of six se-
rum-resistant strains of E. coli (A) and six serum-
sensitive strains (B) incubated at 37°C for 2 h in 10%
NRS, 10% heated NRS, 10% C6DS and HBSS.
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FIG. 2. Progress of E. coli endocarditis over 7
days. Number of E. coli in vegetations from rabbits
inoculated with a serum-resistant strain (A) con-

trasted with counts from rabbits receiving a serum-

sensitive strain (H). The number of rabbits is indi-
cated beside each point.

strain A was injected; after the first hour the
number ofbacteria in the vegetations increased
exponentially for 12 h and then remained above
108 CFU/g throughout the 7-day period. This
experiment demonstrated a major difference
between the ability of the two strains to persist
in vegetations.
Comparison of 14 strains of E. coli. Fifty-

three of 58 rabbits (91.4%) had E. coli endocar-
ditis at necropsy 1 to 7 days (mean 4.4 days)
after injection of serum-resistant strains A
through G (Table 1). In contrast, only 7 of 62
rabbits (11.3%) injected with serum-sensitive
strains H through N had E. coli endocarditis 1
to 7 days later (mean, 4.6 days). This difference
is highly significant (x2 = 73.72, P << 0.001).
The mean number of E. coli present in the
seven vegetations that contained serum-sensi-
tive organisms (6.34 + 1.01, mean + standard
error of the mean log,, CFU per g) was lower
than the number in 45 vegetations infected
with serum-resistant strains (8.63 + 0.21; P <
0.001 by Student's t test).
E. coli endocarditis in C6-deficient rabbits.

Fresh serum from C6-deficient rabbits failed to
kill strains of E. coli that were killed by NRS
(Fig. 1B). To test whether C6 deficiency influ-
ences susceptibility to E. coli endocarditis in
vivo, five C6-deficient rabbits were catheterized
and injected with a serum-sensitive strain that
caused endocarditis in only one of eleven nor-

mal rabbits at 5 days (strain H; Table 1 and
Fig. 2). All five C6-deficient rabbits had E. coli
endocarditis 5 days after injection (P < 0.005; x2
= 8.55).

Investigation of influence of K, antigen.
There is an association between the presence of
K, capsular polysaccharide antigen and the
ability of E. coli to cause neonatal meningitis

(26). To test whether this antigen might also be
a virulence factor for endocarditis, 11 of the 14
strains were tested for presence of K1 antigen,
and the results of the injection of these 11
strains into rabbits were reanalyzed. There was
no significant difference in infection rate be-
tween animals receiving K,-positive and K,-
negative strains (Table 2). However, the strik-
ing association between serum resistance and
ability to cause endocarditis, previously ob-
served, was maintained within the K1 group-
ings.

DISCUSSION
The work described here provides evidence

that under certain circumstances complement-
mediated bacteriolysis can be a decisive factor
in host defense. Although serum-sensitive
strains lodged upon the area of endocardial in-
jury in most rabbits during the first hour after
i.v. injection, significantly fewer were re-
covered than from rabbits given serum-resist-

TABLE 1. Incidence ofE. coli endocarditis in rabbits
1 to 7 days after i.v. injection of serum-resistant

strains, contrasted with incidence in rabbits
receiving serum-sensitive strains

Serum- Serum-
resistant No. of rabbits sensitive No. of rabbits
strains infected/total strains infected/total
injected injected
A 21/21 H 1/26
B 7/8 I 0/5
C 3/3 J 2/8
D 6/8 K 0/8
E 7/9 L 2/5
F 3/3 M 1/4
G 6/6 N 1/6

Total 7 53/58 (91.4%) 7 7/62 (11.3%)
P << 0.001
(X2 = 73.72)

TABLE 2. Incidence ofE. coli endocarditis in rabbits
1 to 7 days after i.v. injection ofE. coli, analyzed
according to presence or absence ofK, capsular
antigen and serum sensitivity of the strains

injected

No. of rabbits in-E. coli strains fected/total

E, G, N (K, positive) 14/21 Not significant
A, B, D, H, I, J, K, M (K, negative) 38/88 (X2 = 2.87)

E, G, (K, positive, serum resistant) 13/15P < 0.02
N (K, positive, serum sensitive) 1/6 (X2 = 6.56)

A, B, D (K, negative, serum resist- 34/37P < 0.001
ant)

H, I, J, K, M (K, negative, serum 4/51 (X2 = 58.36)
sensitive)
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ant E. coli. Thereafter, the number of surviv-
ing organisms fell rapidly, so that infection was
eradicated within 24 h in most animals (Fig. 2).
This indicates that the bactericidal action of
serum is not limited to circulating organisms,
but can kill bacteria in special anatomic loca-
tions.

It is possible that one or more bacterial viru-
lence factors (for example, ability to adhere to
endocardium) might be associated with resist-
ance to serum bactericidal activity. If this were
the case, the association reported here between
serum resistance of E. coli and propensity to
cause experimental endocarditis might not be
due to complement-mediated bacterial lysis per
se. However, the observation that a serum-
sensitive strain (H) regularly caused endocardi-
tis in C6-deficient NZW rabbits but not in nor-

mal NZW rabbits supports our thesis that the
complement system is responsible, unless an-

other unknown host resistance factor geneti-
cally linked to C6 deficiency is involved.
Archer and Fekety have recently reported an

observation consistent with these results.
While establishing a model for Pseudomonas
endocarditis, they noted a higher mortality in
rabbits receiving one serum-resistant strain of
Pseudomonas aeruginosa than in others that
were injected with a serum-sensitive strain (2).

In most situations, phagocytes serve as the
major defense against invasion by gram-nega-
tive bacilli. However, phagocytes cannot act
effectively in the vegetations of infective endo-
carditis, because colonies of bacteria lie pro-
tected by layers of fibrin and platelets (3). We
suggest that the vitiation of phagocytic defense
mechanisms in this pathological setting is the
circumstance that makes it possible to demon-
strate a protective effect of the complement-
mediated serum bactericidal system.
These experimental findings provide evi-

dence that the bacteriolytic action of serum

plays an important protective role in pathogen-
esis of E. coli endocarditis and presumably of
endocarditis due to other gram-negative bacilli.
If this is correct, the majority of gram-negative
bacilli that cause endocarditis in patients are

likely to be resistant to lysis by human serum.
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