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In view of the demonstrated efficacy of penicillin in the treatment of syphilis
(1) and relapsing fever (2), it becomes of interest to determine whether this
therapeutic effect requires the necessary intervention of body cells, or whether
it is due to a direct spirocheticidal action. With other organisms, both an
inhibitory, bacteriostatic effect (3) and an actual bactericidal action (4)
have been described.

Methods and M aterials

The pathogenic Spirockaeia pallide has unfortunately not been cultivated on artifical
media. We have therefore had recourse to cultured strains which are available which purport
to be S. pallida, but which are non-pathogenic and differ morphologically from that organism.
Unless otherwise indicated, the experiments here described were carried out with the so called
Reiter strain of S. pallida (5). This grows luxuriantly in Brewer’s thioglycollate medium (6),
enriched with one-tenth volume of heated rabbit serum;and all the experiments of the present
paper were carried out in that medium.

Forty-eight hour cultures, in which the organisms are in an active growth phase, provided
the inoculum, added simultaneously with penicillin to fresh medium. The size of that inocu-
lum was determined by direct microscopic count, using a measure drop (0.02 cc.) under a
coverslip of known area. Knowing the area of the microscopic field and the average number
of organisms per field (20 to 50 fields counted), the number of organisms in the culture could be
determined with a reproducibility of 20 per cent. To determine the number of viable organ-
isms surviving after incubation with penicillin, advantage was taken of the fact that these
spirochetes grow out as discrete colonies in a solid or semisolid medium (7). The material in
the experimental tube was subcultured by making serial tenfold dilutions in serum-thioglycol-
late medium containing 0.125 instead of 0.05 per cent agar. Thiswas sufficiently fluid to per-
mit shaking and pipetting, and viscous enough to permit colony formation. From 25 to 35
per cent of untreated organisms grew out as discrete colonies; and in each experiment the num-
ber of organisms surviving the action of penicillin was referred to the number recovered from
subcultures made at the beginning of the experiment, to give the percentage of survivors.

Throughout this paper, the concentration of penicillin is expressed as Oxford units per
cubic centimeter.

EXPERIMENTAL
Spirocheticidal Action of Penicillin
Our first experiments (¢f. Table I) strongly suggested that penicillin only
temporarily inhibited the growth of the Reiter strain of S. pallida. With a

* The work described in this paper was performed with penicillin supplied by the Office of
Scientific Research and Development.
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fairly heavy inoculum (e.g. 1.3 X 10° per cc.), concentrations of penicillin in
excess of 0.05 unit per cc. caused an initial inhibition of growth. Subcul-
tures were however positive, and the organisms eventually grew out in large
numbers. Although this was apparently a typical bacteriostatic effect, such
experiments did not exclude the possibility that penicillin was spirocheticidal,
and that the delayed growth was due to the survival and slow multiplication
of a small number of relatively resistant organisms.

TABLE I
The Apparent Spirochetostatic Action of Penicillin on S. pallida (Reiter) In Viiro

Units of penicillin per cc. culture
Inoculum .
(nital Nor of or subeultared 08 | 04 [o2 | o1 |oos | 0.025 Jo.0125] 0
0;%:%’315 after day No. : : . . . ) : !
No. of spirochetes per cc. X 108
3 No visible growth |2.3] 38 | 80
. s F -
7 No visible growth ew or Heavy growth
ganisms
1.3 X 108 No Few or-
14 visible . Heavy growth
ganisms
growth
16 Heavy
(subculture) | growth

Conclusion: Apparent slow multiplication of organisms after initial inhibition.

To test that possibility, inocula of varying density were added to varying
concentrations of penicillin, and subcultures were taken at intervals. As
shown in Fig. 1, in those mixtures containing small numbers of organisms,
a]l the spirochetes were in fact killed by as little as 0.062 Oxford unit penicillin
per cc., or approximately a 1:25,000,000 concentration of the drug. As the
number of organisms was increased, progressively more penicillin wasrequired
to effect complete sterilization, and in mixtures containing large numbers of
organisms (e.g. 107 per cc.) a few sometimes survived a concentration of even §
units per cc., as shown by positive subcultures on the 14th day (¢f. Table IT).

The quantitative significance of the data summarized in Fig. 1 was, however,
vitiated by the deterioration of penicillin under the conditions of the experi-
ment. As is illustrated in Table III, at penicillin concentrations of 0.1 to
10 units per cc., from 50 to 90 per cent of the penicillin activity was lost within
7 days. The high concentrations of penicillin necessary to sterilize a heavy
inoculum were therefore in part due to the deterioration of the drug under the
conditions of the test. This deterioration was, however, not quantitatively
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sufficient to explain the wide variation in sterilizing concentration indicated in
Fig. 1. At least three possible explanations suggest themselves, and are now
under study. With a heavy inoculum, so long a time is required to kill off all
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F1c. 1. The concentration of penicillin necessary to sterilize suspensions of S. pallida
(Reiter) in relation to the initial number of organisms. The indicated number of organisms
(48 hour culture) were suspended in serum-thioglycollate-broth medium, and incubated with
the indicated concentrations of penicillin for 14 daysat 37° C. Tubes showing no growth were
then subcultured to assure the absence of surviving viable organisms. 0O, X, @, individual
experiments done at different times.

the organisms that those surviving after e.g. 7 days may have adapted them-
selves to the drug. Further, they may by then be in a different growth phase,
and less vulnerable to the drug (¢f. 4¢). Finally, since it is obviously true
that the organisms vary in their initial susceptibility, a heavy inoculum may
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provide a sufficient number of highly resistant organisms to permit their growth
in the presence of significant concentrations of penicillin. This slow multipli-

TABLE II
Spirocheticidal Action of Penicillin on S. pallida (Reiter) In Vitro
(inl'lxt{i(;clu}lﬁu:of Units of penicillin per cc. culture
organisms
per cc.) s |2 | o l o5 | o2 | oazs | o002 | 0w
akad No visible growth, but sub- -
_— alt i Cultures positive
9 % 10¢ cultures positive
No visible
9 X 10° growth,
subcultures
No visible growth: subcultures on 14th day positive Cultures
also negative — | positive
9
0.9

Conclusion: Small inocula completely killed by penicillin in 14 days.

TABLE III
The Rale of Deterioration of Penicillin at 37° in Serum-T hioglycollate Broth

Penicillin was added to the sterile broth to a final concentration of 0.8 units per cc. At
varying intervals, aliquot portions were tested for spirocheticidal activity with a fixed inocu-
lum of S. pallida (Reiter strain).

Cc. of original mixture in total volume of 8 cc.

« | oz | v ] es | o | oam
Time at 37°C. Supposed penicillin concentration, units per cc. Apg?:é’t’xit;l“s

o4 | o2 | o1 | oos | ooz | oous

Result of culture
per cent

0 (control) 0 0 0 0 0 + 0
8 hrs. 0 0 0 0 0 + 0
1 day 0 0 0 0 0 + 0
3 days [} 0 0 0 + + 50
1 wk. 0 0 + + + + 87

cation of a few residual viable spirochetes would become apparent only after
the quantitatively preponderant susceptible organisms had been killed.
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Rate of Spirocheticidal Action in Relation to Concentration of Organisms
and of Penicillin

The course of events when small amounts of penicillin were added to spiro-
chetes iz vifro is shown in Fig. 2. At low concentrations of penicillin, and with
a fixed inoculum, the rate of killing was a function of its concentration. The
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F16. 2. The rate at which S. pallida (Reiter) was rendered non-viable by varying concen-
trations of penicillin. A 48 hour culture was added to the thioglycollate-serum-broth medium
to a concentration of 10° organisms per cc., and the indicated concentrations of sodium penicil-
lin then added. Aliquots were drawn off at the intervals indicated in the figure, and the
number of surviving viable organisms determined by serial dilutionsin the same medium. The
ordinates in the figure are the propertion of surviving organisms, referred to the number viable
at time 0 as 100.

top curve in Fig. 2 shows the rate of growth in the control tube containing no
penicillin. As little as 0.01 unit per cc., or approximately a 1:150,000,000
concentration of penicillin, had a significant initial effect. However, multi-
plication kept pace with spirocheticidal action, and the number of organisms
remained essentially unchanged until the penicillin had deteriorated sufficiently
to permit the organisms to grow out. Twice that concentration, or 0.02 unit
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per cc., had a more pronounced effect, but again the penicillin deteriorated
before the spirocheticidal action was complete, and the culture grew out.
An initial concentration of 0.05 unit per cc. killed off 99.99 per cent of the or-
ganisms, but a few spirochetes were found to have persisted after 7 days.
Concentrations of 1 unit per cc. eventually caused complete sterilization.
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F16. 3. Theinitial rate at which S. pallida (Reiter) was rendered non-viable by penicillin in
relation to the number of organisms and the concentration of penicillin.

Initial No. of Penicillin concentration,
organisms units per cc.
4 0.05
107 ° o
108 v v
4 X 10¢ | O

Because of the deterioration of penicillin, the selective survival of resistant
organisms, and a possible adaptative change, the time and the amount of
penicillin required to sterilize a culture was of less significance than the initial
rate at which the organisms were killed. Experiments to determine that rate
in relation to the number of organisms and the concentration of penicillin are
summarized in Fig. 3.

As is there shown, the initial rate of spirocheticidal action was independent
of the initial number of organisms, at least in the range 4 X 10* to 107 per cc.
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This observation would suggest that, unlike the arsenicals (8), and like the sul-
fonamides, penicillin is not significantly concentrated by the organisms which
it kills. Hobby, Meyer, and Chaffee (4¢) have shown this to be the case
with streptococci, despite the fact that the rate of killing with that organism
was a function of the number initially present. In our own experiments we
have been unable to demonstrate any measurable binding of penicillin by
spirochetes, using suspensions containing 10° to 4 X 10° organisms per cc.
It must be emphasized that such experiments indicate only that the amount of
penicillin bound is too small to be demonstrable by relatively crude methods of
assay, and too small to affect the rate at which e.g. 107 spirochetes per cc.
are killed, as compared with 4 X 10* per cc. Minute amounts of the drug
may nevertheless combine with the organisms; and the lethal effect of penicil-
lin may be due only to that quantitatively insignificant bound portion.

With respect to the effect of penicillin concentration on the rate of spiro-
cheticidal action, the striking differences shown in Fig. 2 are in part due to the
progressive deterioration of penicillin and the selective survival of resistant
organisms as previously discussed. It is nevertheless clear from that figure
and from the data of Table IV and Fig. 5 that a threshold concentration of
penicillin, on the order of 0.01 unit per cc. or a 1:160,000,000 dilution, had to be
exceeded before its effect became demonstrable. Beyond that threshold
concentration, the imitial rate at which the organisms were rendered non-
viable was markedly increased by increasing the penicillin concentration, up
to a concentration level of approximately 0.1 to 0.25 unit per cc. Further
increase beyond that level had relatively little effect in accelerating the spiro-
cheticidal action (¢f. Table IV and Fig. 5). A qualitatively similar but quan-
titatively different effect on varying the penicillin concentration has been
noted by Hobby, Meyer, and Chaffee (4¢) with Staphylococcus aureus.

The Motility of Spirochetes in Relation to Spirocheticidal Action of Penicillin

It should be pointed out that the preceding discussion, and the supporting
experimental data, deal with the rate at which the spirochetes in the culture
medium were rendered non-viable by penicillin, judged by their ability to grow
out in subculture. This did not coincide with the rate at which they were
immobilized. Thus, in 8 hours, as little as 0.25 unit of penicillin per cc. had
rendered 90 to 99 per cent of the organisms non-viable; but at that time period,
even 500 units penicillin per cc. had produced no apparent change in their
motility (¢f. Fig. 4). In 24 hours, however, most of the organisms treated
with penicillin, whether at 0.1 or 500 units per cc., were immobilized, and many
showed degenerative changes.

When penicillin acts on this strain of spirochetes i vitro, there is thus an
initial period of approximately 4 to 8 hours during which the drug produces
irreversible changes in the organisms as the result of which they eventually
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die. The metabolic system affected is, however, not immediately essential
to the life of the cell, and there ensues a period of many hours during which
motility and presumably other vital functions remain unchanged. This
observation may provide an experimental approach to the metabolic system
primarily affected by penicillin.
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Fi1c. 4. Showing that S. pallide (Reiter) remains actively motile for many hours after the
organisms are rendered non-viable by the action of penicillin.

Motility— ) 500 units per cc.
o) 0.25 unit per cc.

Viability— v 4 units per cc.
v 0.25 unit per cc.

The Effect of Temperature on the Spirocheticidal Action of Penicillin

The spirocheticidal action of sodium penicillin was simultaneously deter-
mined at 39-40°, 36-37°, 32-33°, 22-23°, and 8°C. At each of these tempera-
tures a fixed inoculum of spirochetes was added to varying concentrations of
sodium penicillin in the serum-thioglycollate medium. After 24 hours, the
approximate number of viable organisms surviving in each tube was determined
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by making serial tenfold dilutions in the same medium. One of three ex-
periments, all with qualitatively similar results, is summarized in Table IV.
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Fre. 5. Tllustrating the effect of temperature on the spirocheticidal action of penicillin in
vitro (S. pallida—Reiter strain).

A second similar experiment is graphically summarized in Fig. 5, in which the
percentage of organisms surviving at various temperatures is plotted as a func-
tion of the concentration of penicillin.
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As is there shown, and as has been indicated in a previous section, increasing
the concentration of penicillin beyond a threshold level of 0.1 to 0.25 unit
per cc. had little effect on the proportion of organisms surviving after 24
hours. At any one temperature, penicillin in excess of a limiting minimum
level killed the organisms at a rate more or less independent of its concentration.
That rate was, however, affected toa marked degree by temperature. Thus,

TABLE IV
Illustrating the Effect of Temperature on the Spirocheticidal Action of Pewicillin
Culture tubes freshly inoculated with 10% spirochetes per cc. and containing varying con-
centrations of penicillin were kept at the indicated temperatures (3:0.5°C.) for 24 hours.
At that time, serial dilutions were made in the same thioglycollate-serum medium, and the
number of colonies counted after 7 to 10 days at 37°.*

Penicillin concentration, units per cc.

Temperature| 256 | 6 | 16 | 2 | 1 | o5 |oas|o125]0.0s2]0.05t |o0.016]0.008] o

Per cent of organisms surviving after 24 hours*
(Referred to number of colonies at time 0 as 100)

°C.

39.7 0.02 0.04 | 11 | 320 | 700
36.2 0.16 0.36 0.2 10.24 | 14 1700
31.9 0.6 0.810.8 1.2 | 1.6 2.4 500
22.5 13 | 10 | 8 100

* The method of enumerating organisms is illustrated in following example:

Cc. of original mixture in 10 cc. of subculture Per cent of
No. of viable
Tube subcultured 10 ‘ 10~1 l 102 | 10-3 | 10— l 10-5 | 10-¢ l 10-7 | viable organ-~ | organisms,
isms per cc. referred to
No. of colonies time 0 as 100
Control tube at time 0... .| 4+ | + | + | + | 26 | 4 260,000 100
Experimental tube after
24hrs,. .o 0 [|11] 1 0|0 [ 110 0.04
Control  tube  after
24hrs.. . + i+ + |+ 22 2 2,220,000 850

with a fixed inoculum of 10% spirochetes per cc., at 8°C. concentrations of
penicillin up to and including 256 units per cc. had no demonstrable effect.
In one experiment not shown in Table IV, spirochetes exposed at that tem-
perature to 16 units penicillin per cc. for 7 days were wholly unaffected, the
tube containing as many viable organisms as the control tube containing no
penicillin. At 22-23° 32-33° 36-37°, 39-40°C., the number of viable or-
ganisms after exposure to penicillin for 24 hours averaged 10, 1, 0.2, and 0.02
per cent of the original inoculum respectively.
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DISCUSSION

Although the experiments of the preceding sections were carried out with a
single strain, the so called Reiter strain of S. pallida, penicillin was found to be
equally active against the Nichols, Noguchi, and Kazan strains, also purport-
ing to be cultures of S. pallida, and against a culture of mouth spirochetes
isolated by Doctor Ruth Wichelhausen of the Department of Bacteriology,
Johns Hopkins Medical School.

The degree to which results obtained with cultured organisms may be carried
over to the pathogenic S. pallide is an open question. These pathogenic
organisms have as yet not been cultivated. Suspensions obtained from rabbit
testicular chancres (9) were not immobilized in 2 to 6 hours by concentrations
of penicillin up to and including 500 units per cc.! However, since the mo-
tility of the highly susceptible cultured spirochetes was also unaffected in
that time period and in those concentrations, this observation does not exclude
a direct spirocheticidal action. The drug may be actively spirocheticidal for
the pathogenic organism in minute concentration, and immobilization may be
as inadequate a criterion of its action as it is in the case of the cultured organ-
isms here studied. Under such circumstances, the therapeutic effect of peni-
cillin in syphilis could be primarily referable to its direct spirocheticidal action.
Studies to determine this point are now in progress.

Within wide limits, the rate at which spirochetes were killed by penicillin
was independent of its concentration. If this observation with a non-patho-
genic organism 4z vitro applies to the pathogenic organisms in vivo, it suggests
that if a given schedule of treatment results in the maintenance of an effec-
tively spirocheticidal concentration of penicillin in the tissue fluids, further
increase in the size of the individual injections may have but little effect on
the rate at which the spirochetes are killed, and thus, on the end results of
treatment.

Of practical interest also is the marked effect of temperature on the rate of
spirocheticidal action. The difference between the results obtained at 37°
and at 40°C. is sufficiently great to suggest that artificially induced fever used
in conjunction with penicillin in the treatment of early syphilis may make it
possible either to reduce the total dosage, shorten the duration of treatment,
or both. The known therapeutic action of fever in general paresis and other
forms of central nervous system involvement, coupled with the possibly en-
hanced activity of the drug at the higher temperature, suggests that fever
should be tried in conjunction with penicillin in those conditions.

! Dunham, Hamre, McKee, and Rake (10) have recently reported the immobilization of
pathogenic S. pallida under such conditions by penicillin concentrations in excess of 800 units
per cc., but not at lower levels. These are, however, concentrations of a different order of
magnitude from those attained in vivo.
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SUMMARY

1. Penicillin was found to be actively spirocheticidal in vitro against the
Reiter, Kazan, Nichols, and Noguchi strains of so called S. pallida, and a
strain of mouth spirochetes. The threshold concentration was 0.01 unit per
cc. (1-160,000,000 penicillin). The rate and degree of action increased with
the concentration of penicillin up to a level of approximately 0.1 to 0.25 unit
per cc., which rendered more than 99 per cent of the organisms non-viable
within 12 hours. Higher concentrations did not appreciably accelerate the
effect.

2. Within the range 4 X 104107 organisms per cc., the initial rate at which
the spirochetes were killed was not affected by their number. Consistent
with that observation, no demonstrable penicillin was bound or inactivated
by thick suspensions. The amount of penicillin required to sterilize suspen-
sions of varying density nevertheless varied to a large extent with the initial
number of organisms. This was only in part due to the progressive deteriora-
tion of the penicillin with prolonged incubation; and the persistence of organ-
isms resistant to the drug, and perhaps an adaptative change after prolonged
exposure to penicillin, may be contributing factors.

3. The organisms remained actively motile for a period of 8 to 24 hours
after they had been rendered non-viable by the action of penicillin. Even
500 units of penicillin per cc., or approximately 10,000 times an effectively
spirocheticidal concentration, did not accelerate that delayed immobilization.
It follows that, although penicillin rapidly renders the organisms non-viable,
the metabolic system affected is not immediately essential to the life of the
cell, and the motility and presumably other vital functions remain unaffected
for a significant number of hours.

4. The rate at which the organisms were killed by penicillin increased with
temperature in the range 8-40°C. With an original inoculum of 10° spiro-
chetes per cc., the percentage of organisms surviving after 24 hours at 39-40°,
36-37°, 32-33°, 22-23° and 8°C. was 0.02, 0.2, 1, 10, and 100 respectively;
and those results were independent of the concentration of penicillin in the
range 0.25 to 250 units per cc. If these observations with a non-pathogenic
organism iz vilro are applicable to the pathogenic organism i# vivo, they sug-
gest that the combined use of fever and penicillin in the treatment of syphilis
may be more effective than either alone.
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