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Studies of penicillin action #n wvitro have indi-
cated that, under given experimental conditions,
the antibiotic is bactericidal rather than bacterio-
static (1-5), and it has been further demonstrated
that it exerts its bactericidal effect on susceptible
microorganisms only when they are actively me-
tabolizing, a state indicated usually by rapid
growth (6-9). Although there is also evidence
that when it is administered in the initial phase of
experimental infections due to susceptible organ-
isms penicillin is bactericidal (10, 11), elucidation
of its effect in vivo has been complicated by the
participation of host cellular defenses which, under
certain circumstances, may in themselves be ex-
tremely efficient (12). The recent description by
Werner, Knight, and McDermott of a method by
which bacteria can be localized #n vivo in a cell-
free milieu (13) suggested the means by which
the effect of penicillin on group A streptococci, in
the absence of leucocytes, could be assayed at
various stages of growth in the peritoneal cavity
of the rabbit.

METHODS AND MATERIALS

Preparation of agar disks. The techniques employed
were patterned after those described by Werner, Knight,
and McDermott (13). A 2 per cent suspension of non-
nutrient agar (Difco Bactoagar) in distilled water at pH
7.8 was sterilized in flasks in the autoclave and stored at
2° C. The disks were made by pouring melted agar,
at 39° C to 41° C, under aseptic precautions, into thin-
walled cylindrical aluminum molds measuring 22 mm. in
diameter and 15 to 20 mm. in height. The sterile cylin-
ders were placed in petri dishes and a 1 ml. layer of agar
introduced. The petri dish was then covered and cooled
at 2° C for 15 minutes. The second layer, containing the
inoculum in 0.2 ml. of agar, was poured onto the hardened
first layer, care being taken to prevent any of the bac-
teria-containing suspension from reaching the wall of
the mold; the desired result was easily achieved because
the 0.2 ml. layer solidified almost immediately on con-
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tact with the hardened basal portion. Two ml. of plain
agar were added as a cover to complete the disk, and
after the agar had hardened, the aluminum ring was
removed.

Preparation of inoculum. In the experiments herein
described, a single strain of group A streptococcus, S23
Burbank, was employed. The organism was obtained
originally from Dr. Maclyn McCarty of the Rockefeller
Institute for Medical Research; identical stock samples
were prepared by concentrating cultures of the organism,
grown in beef infusion broth with 10 per cent sheep serum
and 0.5 per cent dextrose (BIB-SD), and storing 0.2 ml.
aliquots at —72° C. For the various studies described,
5 ml. of BIB-SD at pH 7.8 were inoculated with 2 loop-
fuls of rapidly thawed stock culture and incubated at
37° C for 16 hours, after which 0.5 ml. was transferred to
5 ml. of fresh BIB-SD and incubated for 4 hours. Ten-
fold dilutions were made in tryptose phosphate broth, and
1.0 ml. of the 10~ dilution was added to 9.0 ml. of melted
agar at 40° C and thoroughly mixed. The 0.2 ml. por-
tion of this mixture, employed in the disk, contained 350
to 400 chains.

Implantation of disks. New Zealand rabbits, obtained
from a single breeder, and free of demonstrable infec-
tion were used. The animals weighed 2.5 to 3.0 Kg., and
were maintained under standard laboratory conditions.
Preoperative preparation included careful depilatation of
the abdomen over a rectangular area approximately 12 X
8 cm.; this area was then scrubbed vigorously with hexa-
chloroprene soap (pHisoderm®). Laparotomy was per-
formed under local anesthesia with 1 per cent procaine
hydrochloride; aseptic technique was employed. A 6
to 8 cm. midline incision was made, and the disks placed
so that contact between their surfaces was prevented.
It was possible to insert as many as six disks on either
side of the peritoneal cavity without difficulty. After im-
plantation was completed, the peritoneum and muscle
layers were closed with a continuous silk suture and the
skin with Michele clips.

Disks were removed through the same incision, and
ground separately, without sand, in sterile mortars.
In order to bring the final volume to 8.0 ml., 4.8 ml
of tryptose phosphate broth were added, and poured blood
agar plates were made with 1 ml. aliquots of suitable ten-
fold dilutions of the ground disk suspensions for deter-
mination of the number of viable chains of streptococci.

Administration of penicillin. In all of the experiments,
a standard dose of 30,000 units of aqueous procaine peni-
cillin G was employed and the drug was administered
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intramuscularly according to the schedules described in
the following section.

When penicillin was administered prior to disk re-
moval, 10 to 20 units of penicillinase (Schenley) were
incorporated in the poured plates made from such disks;
these amounts were in excess of those needed to inactivate
the drug in the concentrations present.

Penicillin content of agar disks was determined at
various intervals, including those instances in which
prior observations indicated that viable bacteria per-
sisted despite exposure to the antibiotic. Qualitative as-
says were performed by the serial dilution capillary tube
method of Fleming (14). Disks were ground in a sterile
mortar, and 48 ml. of tryptose phosphate broth were
added, making a final volume of 8.0 ml. Aliquots of this
suspension were used for the penicillin determinations.

RESULTS

General observations. Contamination of the
peritoneal cavity by streptococci did not occur ex-
cept in a single instance when a disk was inad-
vertently fractured during removal. Although a
fibrin-leucocyte membrane formed about disks in
approximately 24 hours, disk integrity was main-
tained, and leucocytes did not gain access to the
agar. The latter findings confirm those of Werner,
Knight, and McDermott (13).

Normal growth curve. After intraperitoneal
implantation in disks, the streptococci entered the
logarithmic phase of growth immediately, and
continued to multiply at a maximal rate for eight
hours (Figure 1), attesting to the prompt diffusion
of essential nutrients from the host environment
into the disk. Thereafter only a slight increase in
bacterial population was noted, and a plateau was
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reached by eighteen hours. Little change in the
bacterial count was noted for the next five days
after which the viable organisms gradually dimin-
ished in number, and five weeks after implantation
the disks were sterile. The growth curve for the
strain employed was readily reproducible as is
indicated by the fact that the multiple coordinates
for any given time shown in Figure 1 represent
observations made on disks from different animals,

Effect of single doses of penicillin. In various
experiments single injections of penicillin were
given rabbits prior to or at intervals after implan-
tation of disks. It may be seen in Figures 2, 3,
and 4 that three kinds of effects were noted after
administration of single doses of the antibiotic.
Thus when the bacteria were exposed to penicillin
within five hours of disk implantation (Figure 2)
sterilization was achieved in the ensuing four
hours. On the other hand, when treatment was
not instituted until 12 hours after the disks were
introduced into the abdominal cavity (Figure 3)
the bacterial population was affected as indicated
by a decrease in the number of viable chains, but
sterilization could not be attained. Finally, peni-
cillin given 24 hours after disk implantation, after
the streptococci had reached the plateau phase in
their growth, failed to effect any reduction in the
number of viable bacteria (Figure 4).

Effect of multiple doses of penmicillin. In view
of the fact that single large doses of penicillin
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failed to sterilize disks in which growth of strepto-
cocci had proceeded for 12 or more hours, it was
thought desirable to ascertain the effect of mul-
tiple doses of penicillin under comparable condi-
tions. In separate experiments, therefore, disks
were placed intraperitoneally in three rabbits and
penicillin was given 24, 48, and 72 hours later.
Even this intensive therapeutic regimen failed to
kill all of the streptococci (Figure 5), although
there was apparently a significant decrease in the
number of viable bacteria.
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Penetration of penicillin into disks. The re-
sults of determination of penicillin content of disks
at varying intervals after drug administration are
given in Table I. They indicate that the failure
of penicillin to kill organisms 12 or more hours
after implantation was not due to impenetrability
of the disk to the drug; indeed, the amount of drug
which diffused into the disk was of an order which
would have been bactericidal for rapidly growing
cultures of the organism employed in the experi-
ments.

TABLE I

Penetration of Agar Disks by Penicillin

Interval in Hours Between Interval in Hours Result of
Disk Implantation and Between Penicillin Penicillin
Penicillin Administration Administration and Assay
Disk Assay
2 2 +
4 +
6 4
12 +
24 [}
12 3
6 +
12 +
24 4 4
28 0

4 indicates presence of, and 0 absence of, penicillin in bacterio-
static amounts, t should be noted that the penicillin present in
the disk (volume 3.2 ml.) was diluted to a final volume of 8.0 ml.
before the determinations were made,
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DISCUSSION

The results of these experiments indicate that
in vivo, in the absence of leucocytes, eradication
of a penicillin-susceptible organism is achieved
promptly when the drug is given during the pe-
riod of logarithmic growth of the bacteria. As
the maximum population density is approached,
however, the bactericidal effect of penicillin be-
comes progressively less apparent and twenty-four
hours after introduction of the inoculum, the strep-
tococci exhibit no susceptibility to the action of
the drug. Indeed, even repeated exposure to
large amounts of penicillin fails to effect steriliza-
tion of the bacterial foci, despite the fact that
penicillin diffuses into the disks in sufficient
amounts to kill rapidly multiplying organisms.
The findings thus confirm earlier in wvitro (1-5)
as well as in vivo observations (10, 11), and sug-
gest that the favorable outcome usually obtained
in the treatment of patients with group A strepto-
coccal infections is due in considerable part to
the host cellular defenses, participation of which
was excluded in the studies herein described. It
may also be inferred that the previously demon-
strated inadequacy of short-term penicillin therapy
(15, 16) results from persistence of resting strep-
tococci in foci, such as abscesses, in which host
defenses are hampered (17). It is well known
that group A streptococci may be carried in the
pharynx for long periods of time (18, 19), often
in a metabolically altered state (20). That the
organisms may be recovered from the excised
tonsils of patients subjected to tonsillectomy, even
when pharyngeal cultures have failed to reveal the
presence of streptococci, has been repeatedly dem-
onstrated (21, 22). It is of considerable impor-
tance that in some of these instances penicillin
therapy had been given in the immediate pre-op-
erative period (23, 24). Since most of the pa-
tients from whose tonsils streptococci were re-
covered had no clinical findings suggestive of
pharyngitis it can be presumed that they were
carriers of the organisms.

Since it has been postulated that in man per-
sistence of streptococci may be of importance in
the pathogenesis of rheumatic fever (25, 26), this
study re-emphasizes the importance of early peni-
cillin treatment of streptococcal infections (27).
The fact that intensive penicillin therapy, in-

JAMES E. DARNELL, JR., BARBARA B. PESCH, AND ROBERT J. GLASER

stituted as late as nine days after the onset of
streptococcal pharyngitis, usually prevents rheu-
matic fever (25) suggests that, in most instances,
the combination of antibiotic action and of host
defense mechanisms eliminates the organisms.
It is possible, however, that the occasional failure
of apparently adequate amounts of penicillin to
prevent rheumatic fever (25, 28) may be due to
survival of resting organisms in such tissues as
the tonsil where host defenses may be ineffectual.

SUMMARY

When four-hour cultures of group A strepto-
cocci are incorporated in the center of agar disks
and implanted in the peritoneal cavity of the rab-
bit, the organisms enter immediately the logarith-
mic phase of growth and continue to multiply at
maximal rates for eight hours. Subsequently a
plateau is reached and persists for five days.
Large amounts of penicillin administered prior to
or within five hours of implantation kill the bac-
teria promptly, but when given twelve hours or
more after implantation, the drug fails to sterilize
the foci. Although repeated administration de-
creases the bacterial count, some viable organisms
persist.

The implications of these findings on the treat-
ment and sequelae of streptococcal infection in
man are discussed.
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ERRATUM

In the article “The Effect of Acute Arteriovenous Fistula on
Renal Functions,” by James G. Hilton, Donald M. Kanter, David
R. Hays, Edward H. Bowen, James R. Golub, John H. Keating,
and René Wégria, J. Clin. Invest., 1955, 34, 732, left column, p. 735,

line 18 “,
should read “. .
while” ; line 20 “. .
8) .. .” should read “. .
4and8) ...

. . occurred an increase in the sodium excretion while”
. occurred a decrease in the sodium excretion
. upon closing the fistula (experiments 7 and
. upon closing the fistula (experiments



