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There is considerable evidence that the thera-
peutic action of penicillin is determined primarily
by the total length of time for which it remains at
concentrations effective against the particular or-
ganism. It is, however, equally clear that the ex-
posure to penicillin need not be continuous. In-
jections of aqueous penicillin may be given so in-
frequently that for an appreciable period of time
the serum concentrations of the drug are below
the limits effective against the particular organism,
and yet such widely-spaced injections may be
fully effective therapeutically. This raises the
question as to why the bacteria fail to remultiply
during the time that the serum concentrations are
less than that necessary to kill the organisms in
vitro. Several of the possible explanations are
apparently not valid. We have not found the
bacteria we have studied to be appreciably more
sensitive to penicillin in vivo than they are in vitro.
The concentrations necessary to effect cure are of
the same order of magnitude as those required to
kill the bacteria in the test tube. Similarly, we
have not found that penicillin, after its intramus-
cular injection in aqueous solution, persists at ef-
fective levels in the tissues for a significantly longer
period than in the blood.

This paper will describe some experimental
data which may throw some light on this problem.
The clue was the observation by Parker and Marsh
(1) that after staphylococci had been exposed to
penicillin, they did not immediately remultiply on
the removal of the drug. Instead, there followed
a period of recovery during which they remained
essentially constant in number, and during which
they were presumably recovering from the toxic
effects of the drug. Wehave found this phenom-
enon to be observed with every bacterial species
so far studied, whether with group A, group B or

1 Presented at the Second National Symposium on
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Antibiotics Study Section, National Institutes of Health,
Public Health Service, Federal Security Agency.

group C /8-hemolytic streptococci, a-hemolytic
streptococci, type I or type III pneumococci,
Staphylococcus aureus, Staphylococcus albus, or
Streptococcus fecalis. After the bacteria have
been exposed to penicillin, on the removal of the
drug there follows a variable recovery period dur-
ing which their numbers remain constant for a
period of two, four, six, or even eight to 10 hours.
Only after this period of recovery do the organ-
isms begin to multiply at their normal rate (Fig-
ure 1). In some instances the toxic effect on
the bacteria was manifested by a reduced rate of
multiplication on the removal of penicillin, rather
than an absolute bacteriostasis (Figure 2).

The rate at which this toxic effect is initiated,
and the duration of the following recovery period,
vary with individual bacterial species, and are
affected also by two additional factors. One is
the concentration of the drug to which the bacteria
had been exposed (Figure 3). The toxic effect
is initiated only by concentrations eventually bac-
tericidal to the organism. The rate at which
the toxic effect develops varies with the concen-
tration of penicillin, and reaches a maximum at
the concentration most rapidly bactericidal for
the particular organism. Beyond that maximum,
even a 10,000-fold increase in the concentration of
penicillin does not further accelerate the rate at
which the toxic effect is initiated.

The duration of the recovery period is affected
also by the time for which the bacteria had been
exposed to penicillin. With some strains (Figure
4) the toxic effect reaches its maximum within
one to two hours, and even 24-hour exposure to
penicillin does not significantly prolong the dura-
tion of the following recovery period. With
other strains, however, the duration of the re-
covery period increases directly and continuously
with the duration of the preceding exposure to
penicillin (Figure 5).

It is apparent that a recovery period during
which the organisms remain static in number
provides a valuable margin of safety in the thera-
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peutic use of the drug, a period during which the
organisms will not multiply even in the absence of
penicillin. The therapeutic importance of this
phenomenon, however, goes beyond the mere

failure of the bacteria to multiply. Wehave found
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that during this recovery period, bacteria previ-

ously exposed to penicillin are extraordinarily sus-

ceptible to the defense mechanisms of the body.
Even highly virulent organisms against which the
body ordinarily has so little defense that one or
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two bacteria suffice to initiate a fatal infection be-
come relatively avirulent after exposure to penicil-
lin. In order to initiate a fatal infection, one must
inject, not one, but 100, 1,000, or in several ex-

,oox ,

-., d

,- A'
U) loxA,

5X

X- s- X ;- /< 8 I \0
,L.b 20 4Penocillinass /

50 ......... ...

.<> 20
00 Penicillinase

W 2
ix ~~~~~~~~~~~~Peni,

a.

IN HOURS
(G. 3

periments even 5,000 of these recovering but vi-
able bacteria. As the bacteria recover from the
toxic effects of penicillin, their virulence slowly
returns, reaching its normal level at the time
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that the bacteria resume multiplication in the test
tube (Figure 6). This decreased virulence of
bacteria which have been acted on by penicillin
can only mean that the organisms have become
susceptible to the defense mechanisms of the host.
One must inoculate as many as 100 or 1,000 bac-
teria in order to have at least one organism sur-
viving by the time the bacteria have recovered
sufficiently to resume multiplication and regain
their normal virulence.

The therapeutic implications are two-fold. In
the first place, bacteria should be, and are, killed
by penicillin even more rapidly in vivo than they
are in vitro. The bactericidal action in the in-
fected animal is the sum of the direct effect of
penicillin itself, plus the bactericidal action of the
host mechanisms on organisms which are being
acted on by the drug and thereby rendered sus-
ceptible. This has been found to be the case in
a number of acute experimental infections of rab-
bits and mice. The relative quantitative impor-
tance of these two mechanisms is under present
study. In the second place, the therapeutic action
of penicillin persists well beyond the time for

which the drug remains at effective levels. For a
varying period of time after penicillin has fallen
below bactericidal concentrations, the damaged
but viable bacteria continue to die under the im-
pact of the host defense mechanisms. There is
reason to believe that the number of bacteria killed
during this penicillin-free period is usually less
than those killed by the drug and the host during
the period of penicillin action. The recovery pe-
riod is nevertheless of major importance in that
it provides a necessary and desirable margin of
safety in the therapeutic use of penicillin. Even
though the total length of time for which penicillin
remains at effective levels may be the factor pri-
marily determining its therapeutic efficacy, those
levels need not be continuously maintained.

Studies are in progress to determine whether
humoral or cellular host mechanisms are concerned
in the death of bacteria which have been damaged
by penicillin.
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