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TABLE I. Effect of Cortisone on Inhibitory Action of Antigonadotropic Sera. 

Total dose Daily dose of Daily dose 
of pituitary antigonadotropic of cortisone Ovarian 

Series antigen" (mg) sera (cc) acetate t (mg) w t  (mg) 
A 

B 

C 

0 
10 
10 
10 
0 
10 
10 
10 
10 
10 
0 
13 
15 
13 
15 
15 

9 
0 
0 

0 
0 
0 
1 
0 
1 
0 
0 
0 

0 

.3 

.75 

.75 

1 4 2  3 
3 8 2  6 
1 2 2  2 
1 3 2  3 
1 7 2  3 
54 2 11 
1 8 2  3 
2G+ 7 
2 1 2  2 
3 0 2  5 
15-1 3 
28+  4 
1 4 2  4 
13+ 3 
12+, 2 
13f 2 

* The antigen preparation used in Scrirs C was icss potciit tliaii that uscd in Series A or E. 
t Cortisone given for  11 days bcgiiilliiig 8 days bcforc antigen in Series A and for 5 days 

beginning 2 days before antigen in Scrics B and C. All animals were 13-29 days of agc at 
autopsy. 4 Shcep serum #6. $ Sheep serum #13. 

Series A iiicludcs 15 aiiiiiials per group aiid Series €3 and C include 6 aiiinials per group. 

prepared by the prolonged administration of 
hog pituitary gonadotropin. 
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Antibiotic Synergism Requires Simultaneous Presence of Both Members of 
a Synergistic Drug Pair." (19201) 

C. P. MILES) V. R. COLEMAN, J. B. GUNNISON, AND E. JAWETZ. 
Front the Division of &f icro biology, University of California School of  Medicine, Sun Francisco. 

Much information is available on the effect 
of synergistic pairs of antibiotics in vitro and 
in vuivo, but the mechanism of synergistic ac- 
tion is not known. An understanding of this 
mechanism might permit more rational and 
efficient use of drug combinations. .I\ number 
of theories, not necessarily mutually exclusive, 
may be proposed to explain synergism, among 

*Supported in part by a grant from the Com- 
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t Recipient of a Student Fellowship of the National 
Foundation for Infantile Paralysis. 

them the following: (a) The two drugs of a 
synergistic pair combine chemically to form a 
compound more effective than either drug 
alone; (b) one drug kills those organisms that 
are resistant to the other agent; (c) one drug 
acts principally on multiplying bacteria. the 
other on resting organisms; (d) one drug may 
potentiate the action of another, e.g., by in- 
creasing the permeability of the cell wall ; 
(e) potentiation may occur through the simul- 
taneous blocking of alternate enzymatic path- 
ways, i.e., if a given anabolic process essential 
for growth may proceed by two different 
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routes, there may be little or no inhibition of 
growth by the blocking of one pathway, but 
complete inhibition by the blocking of both. 
It seems likely that more than one of these 
possible mechanisms participate in synergistic 
effects. Certain ones appear less probable 
than others. Thus recent work indicates that 
the members of a synergistic pair of drugs do 
not interact to form a single compound(1). 
Synergism has been observed at times when 
one member of the pair alone had no apparent 
antimicrobial effect, whereas the combination 
killed all exposed bacteria(2). In such situa- 
tions it is unlikely that theories (b) and (c) 
above play a significant role. 

The theories involving some form of poten- 
tiation are in agreement with the finding that 
synergism can be demonstrated in certain 
pairs of drugs provided at least one of them 
manifests biological activity( 2). If it is 
acknowledged that synergism may result not 
from an interaction of two drugs, but rather 
from the action of a “potentiating” agent on 
a microorganism which is likewise subjected 
to another drug, it becomes of interest to de- 
termine whether the “potentiating” agent and 
the active drug must be present simultane- 
ously. It may be that blockage of alternate 
metabolic pathways would involve simul tane- 
ous presence of both members of a synergistic 
pair of drugs, whereas if a potentiating drug 
acted through an alteration of cell membrane 
permeability its effect might persist for some 
time after its removal. The experiments re- 
ported here attempt to differentiate between 
these possibilities by permitting one drug of 
a synergistic pair to act for some time, then 
removing it and substituting the other member 
of the pair and observing the effect on the 
viable bacterial population. 

Materials and methods. Bacteria. Entero- 
coccus (Streptococcus jaecalis) strain 16 was 
tested with penicillin and streptomycin, and 
StaphyZococcus albus strain H (Heatley ) was 
tested with terramycin and bacitracin since 
these combinations were known to be syner- 
gistic against these organisms (2,3). Bacteria 
were grown in proteose peptone No. 3 (Difco) 
broth and serial dilutions were plated on pro- 
teose No. 3 agar. All cultures were incubated 

at 37 OC. Antibiotics. Crystalline potassium 
penicillin G and streptomycin sulfate were ob- 
tained from commercial sources. Terramycin 
hydrochloride (Lot WBW507019) was sup- 
plied by Dr. H. H. Anderson, and bacitracin 
(Lot B-480420) by Dr. L. S. Smith. Stock 
solutions of all drugs were prepared in 0.85% 
sodium chloride solution and stored at 4OC. 
Further dilutions were prepared in distilled 
water as required. Technic of test. Broth 
containing antibiotic was distributed in 15 ml 
amounts in large, metal-capped test tubes con- 
taining a small amount of sterile sand to aid 
in resuspending the bacteria after centrifug- 
ing. Each tube was inoculated with 0.75 m1 
of an 18-hour broth culture of the organism 
under test, to give an initial concentration of 
1 to 5 x 107 viable organisms per ml. All 
tubes, including suitable controls, were incu- 
bated at 37°C for 4 hours. The number of 
viable organisms was then determined by plate 
count and the tubes centrifuged for 20 minutes 
at 3000 rpm. The supernatant was removed 
and the sediment washed once in broth 
warmed to 37OC. The sediment was then re- 
suspended in the original volume of warm 
broth containing antibiotic and incubation at 
37°C was continued. These manipulations 
took approximately 50 minutes. Subsequently 
the number of viable organisms was estimated 
by plate counts at intervals indicated in the 
figures. In several experiments uncentrifuged 
control tubes were Included. Plate counts of 
these controls did not differ significantly from 
the centrifuged tubes and indicated that cen- 
trifugation, resuspension, and exchange of 
menstruum did not result in a measurable loss 
of bacteria. A typical experiment included 
the following tubes: 

Drug present after 
Tube Drug present centrifugation 
No. in 1st 4 hr, pg and washing, pg 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

0 
Streptomycin, 100 

100 
100 

0 
Penicillin, 3 

3 
3 

7 ,  

7 ,  

0 
Penicillin, 3,+ strep- 

tomycin, 100 

0 
Streptomycin, 100 
0 
Penicillin, 3 
Streptomycin, 100 
Penicillin, 3 
0 
Streptomycin, 100 
Penicillin, 3 
Penicillin, 3, + st rep- 

tomycin, 100 
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28 
8 L ! h  

0 3.5 14 
HOURS AFTER INOCULATION 

PI(;. 1. Syticrgistic netioii of pcwicillin :ind strcy- 
toniyin on ctitvroeowi. Rillbid b:ic.tericid:rl cffcTt 
\ \ I ~ C U  lwiiiciIIin 3 pg/111I ilnd strq)toiiiycin 100 pg/' 
in1 i1t.t sitriu1t:ciicousl~. not wlicti pcnicillin is pres- 

strcptoniyiit. r,ikc\vi.i,h tlicrv \vits 110 syncrgisai 
whcn this s q i i v t i w  WIS rewrscd (not sliowi). 

cllt iiIOilt1 4 Ilr, tI\t*ii r ~ ~ i l l ~ ~ ~ d ,  ii11(1 1.~11ln~c.cl by 

Rcstdts. -4 representative experiment illus- 
trating the action of penicillin and streptomy- 
cin on enterococci is shown in Fig. 1. I n  order 
to avoid crowding of the figure. the curves of 
3. 4. and 5 of the above outline have been 
omitted. The results with these tubes are 
entirely parallel to those discussed below. 
\\'hen both clrups were present simultaneouslj. 
throughout incubation the number of viable 
bacteria fell rapidly to zero. Synergism of the 
drug pair was evidenced by the great increase 
in bactericidal rate m7er that of either peni- 
cillin or streptonij*cin alone. The concentra- 
tion of streptomj*cin employed (100 pg mi) 
had little apparent effect when acting alone. 
Penicillin ( 3  pg nil)  caused only a moderate 
and temporary decrease in the viable bac- 
terial count. Synergism was not evident when 
either penicillin or streptomycin acted on the 
bacteria for 4 hours and then was removed 
and replaced by the other member of the pair. 
Unless the two drugs were present simul- 
taneously in significant concentrations syner- 
gistic action failed to occur. 

Fig. 2 illustrates typical results obtained 

with terramycin and bacitracin acting on 
staphylococci. Alone, bacitracin ( 1.5 units,/ 
ml) had a barely noticeable effect, whereas 
terramycin ( 1.0 pg/ml) exhibited transient 
bacteriostasis only. When both drugs acted 
simultaneously the rate of bactericidal action 
was sharply increased and the entire popula- 
tion was killed. No such striking synergism 
could be observed when the two drugs were 
permitted to act in sequence. 

From these results it was concluded that 
synergism as defined by a rapid rate of bac- 
tericidal action and complete killing of the 
exposed bacterial population could occur only 
when both members of a synergistic pair of 
drugs were present simultaneously, not when 
one preceded the other, and was subsquently 
removed from contact with the bacteria. In  
the latter case. there was sometimes no evi- 
dence of additive action whatever. In some 
instances, however, e.g., when terramycin was 
replaced by bacitracin (Fig. 2 ) ,  or when peni- 
cillin was followed by streptomycin, multipli- 
cation of bacteria was inhibited for a longer 

e 

& 4  
9; f '  2 

h I  
8 8  

4 8 14 26 32 \ 

HOURS AFTER INOCULATION 
FIG. 2. Syiiwgistic. iictioI1 of terrainpcin and baci- 
truciii on st:11)1i~lococci. Narked bactericidal effect 
\\-lien tcrramycin 1 pg/ml and bacitraciii 1.6 units/ 
in1 act siinultancwuslg, not whcn tcrramycin is 
present done for 4 lir, tlicn removed and replaced 
by bacitracin. Likewisc there was no synergism 

wlien this sequence was reversed (not shown). 
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period of time than if the first drug was simply 
removed and the bacteria permitted to mul- 
tiply in drug-free broth. That this effect 
might be attributed to summation (though 
not synergism) of drug action (perhaps at- 
tributable to incomplete removal of the first 
drug) was suggested by the following experi- 
ment. At the time of centrifugation an un- 
treated broth culture was diluted so as to 
approximate the bacterial concentration of the 
tube in which the first drug had acted for 4 
hours. Khen a drug was added to this smaller 
number of untreated bacteria, the rate of mul- 
tiplication was somewhat more rapid than that 
of organisms exposed to a sequence of drugs. 

This experiment indicates that the additive, 
though never synerg.istic effect of two drugs 
in sequence, can not be attributed to the 
smaller number of microorganisms acted upon 
by the second drug. I t  has not been ruled 
out that this minor effect could be the result 
of small, subinhibitory concentrations of the 
first drug remaining adsorbed on bacteria 
after washing. 

It has been reported that a sudden increase 
in bactericidal rate followed the addition of 
streptomycin to an enterococcal population 
previously exposed to penicillin action for 24 
to 72 hours(3). It was similarly observed 
that in another synergistic drug pair acting on 
staphylococci? the addition of bacitracin at  

Intervals of 2 to 6 hours to a population ex- 
posed to terramycin (or vice versa) resulted in 
a prompt increase in the rate of bactericidal 
action. Here, too, even though both drugs 
were not added initially, simultaneous ex- 
posure of microorganisms to both members of 
a synergistic drug pair resulted in prompt 
synergism. 

Summary and conclusions. ( I )  It has been 
demonstrated in two systems that an tibiotic 
synergism is observed only when both mem- 
bers of a synergistic pair of drugs are acting 
simultaneously on the bacterial population, 
not when they act in sequence. I t  may, there- 
fore? be suggested that antibiotic synergism is 
not usually the result of a modification in a 
bacterial population induced by one drug, 
which renders the microorganisms more sus- 
ceptible to the other drug of a synergistic pair. 
(2 )  These findings would tend to favor a 
hypothesis of synergism .involving simul- 
taneous blocking of alternate enzymatic path- 
ways. 
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4 Quantitative Method for Study of Phenolsulfonphthalein (PSP) 
Concentration by Surviving Renal Slices.+ (19202) 

ROBERT C.  RATHBUN AND F. E. SHIDEMAN. 
Frorit the Dppartment of Pharmacology, University of Michigan Medical School, Ann Arbor, Mich. 

The prevailing method( 1) for studying the 
transport of phenolsulfonphthalein (PSP) by 
renal tubular cells in vitro is a visual one. 
The concentrations of PSI’, substrates or 
inhibitors are varied and the ratio of con- 
centrations of any two of these variables re- 
quired to produce tan all or none effect (visi- 

*This investigation was supported in part by s 
research grant from the National Institutes of Health, 
Public Health Service. 

ble concentration or no concentration) is 
noted by microscopic examination. The tech- 
nic employed by Cross and Taggart(2) to 
investigate the tubular transport of p-amino- 
hippurate (PAH) by surviving renal cortical 
slices of the rabbit suggested that a similar 
procedure might be used in in vitro studies on 
the rental tubular transport of PSP, providing 
a satisfactory method were available for the 
quantitative estimation of this substance in 


