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STOTfMEIER, WOODLEY, AND KUBICA

TABLE 1. The drugs and their concentrations
employed in the laboratory model

man studies

Concn
Drug investi-

gateda

Cycloserine............................ 20
Erythromycin.......................... 5, 10
Ethionamide........................... 5
Isoniazid.............................. 1,10
Methenamine.......................... 400
Oxacillin ............. ................. 1.2, 10
Rifampin ............. ................. 1,5

a Values are expressed as microgram per mil-
liter.
Twenty strains of M. intracellulare were tested

against 15 different combinations of INH, methen-
amine, erythromycin, and oxacillin incorporated in
7H-10 agar. Sixteen strains were tested in 7H-10 agar
against (i) four quantitatively different combinations
of INH and rifampin; (ii) 1 and 5 ug of rifampin per
ml alone; (iii) twelve different combinations of INH
with rifampin and either ethionamide, ethambutol, or
cycloserine. The various drug-containing media and
drug-free controls were dispensed in 5-ml amounts
into the quadrants of sectioned, plastic, petri dishes.
The percentages of drug-resistant colonies were deter-
mined according to the proportion method of Canetti
and co-workers (1). The antimicrobial actions of 10
different two- and three-drug combinations of INH,
methenamine, erythromycin, and oxacillin, as well as
the effect of four different combinations of 1 to 5 ,gg/
ml of both rifampin and INH were studied in a model
apparatus ("Laboratory Model Man") similar to that
of Gangadharam and co-workers (2). The lower fifth
of a plastic screw-capped test tube was cut off and a
cellophane dialysis bag (pore size, 48 A units) was
fastened to the open end of the screw-top portion of
the tube. The plastic tube and attached dialysis tubing
were sterilized in ethylene oxide gas and then intro-
duced into a 250-ml Erlenmeyer flask containing 195
ml of 7H-9 broth, with or without the drug combina-
tions. The rate of dialysis of the drugs was determined
by biological and chemical assay methods prior to
the experiments with living cultures of M. intracellu-
lare. The levels of INH and ethionamide in the Erlen-
meyer flask and in the dialysis bag were quantitatively
determined every other hour for a period of 24 hr by
the Vertical Diffusion method using H37Rv as the
test strain (8). The levels of cycloserine, erythromycin,
oxacillin, and rifampin were determined by the cylin-
der method of the Food and Drug Administration; a
drug-susceptible strain of Staphylococcus aureus was
used as test strain on regular nutrient agar (6). The
levels of methenamine were determined by the quan-
titative chemical test according to the method of
Knight and co-workers (4). The simulated daily
absorption and excretion of four drugs in the Labora-
tory Model Man is shown in Fig. 1. Isoniazid entered
into the dialysis tubing within 4 hr, while erythromy-
cin required 6 hr to equalize the concentration of the
drug between the dialysis tubing and the surrounding

broth reservoir (Fig. 1). The rate of dialysis of the
other drugs ranged between 4 to 6 hr, depending on
molecular size. The time required for dialysis approxi-
mated the absorption rates in vivo (6).
AS ml-amount of 2-to 5-day-old 7H-9 liquid culture

of the strain of M. intracellulare being tested was
pipetted into each dialysis bag. A sample of each cul-
ture suspension also was plated on 7H-10 agar to
determine the initial bacterial population. The Lab-
oratory Model Man cultures were incubated for a
maximum of 10 days at 37 C without carbon dioxide.
When the dialysis bags containing suspensions of M.
intracellulare were placed alternately into drug-con-
taining and drug-free 7H-9 broth, it was possible to
simulate the absorption and excretion of drugs in man.
On each of the 10 days of incubation, the growing
organisms were exposed for a predetermined time to
freshly prepared drug solutions. The passage of drugs
from the Erlenmeyer flask "reservoir" inte the culture-
containing dialysis sac simulated the in vivo absorp-
tion of drugs. Peak levels of drugs were maintained
for 2 to 10 hr (depending upon the experiment) and
then dialysis sacs were transferred to flasks of drug-
free 7H-9 broth, thereby simulating excretion of drugs
from patients' tissue and serum. In order to determine
quantitatively the antimicrobial effect of each drug
combination, samples of the cultures were plated onto
7H-10 medium every other day following the time of
complete drug "excretion." After 2 weeks of incuba-
tion at 37 C in an atmosphere of 10% Co2, the num-
bers of surviving organisms were calculated by multi-
plying the number of colonies on 7H-10 plates by the
dilution factor. Samples from an untreated control
Model Man were also taken to determine the loga-
rithmic increase in the number of organisms.

Bacilli which survived the 10-day treatment with
any two- or three-drug combinations were tested
again on 7H-10 agar medium against the same drug
concentrations. This was to determine the rate of
drug resistance resulting from treatment of M. intra-
cellulare under simulated in vivo conditions in the
Model-Man experiment.

RESULTS AND DISCUSSION
Studies on the susceptibility of M. intracellulare

to single drugs or multiple combinations of
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FIG. 1. Simulated daily absorption and excretion of
drugs in the Laboratory Model Man. Symbols: 0,
INH; *, methenamine; 0, erythromycin; 0, oxacillin.
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DRUG COMBINATIONS IN VITRO
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FIG. 2. Susceptibility of M. intracellulare to com-
binations ofmethenamine, erythromycin, isoniazid, and
oxacillin incorporated in 7H-10 agar. Symbols: (1)
400 ,ug of methenamine per ml; (2) 5 ;&g of erythromy-
cin per ml; (3) 1 ;&g of isoniazid per ml; (4) 1.2 Mig
of oxacillin per ml.
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FIG. 3. Susceptibilities of 16 strains of M. intra-
cellulare to different combinations of rifampin and
isoniazid. Symbols: Ri I andRi 5, 1 and 5jug ofrifampin
per ml, respectively; INH I and INH 5, 1 and 5 jg of
INH per ml, respectively.

INH, methenamine, erythromycin, and oxacillin
in 7H-10 agar medium revealed methenamine to
be the most effective single compound (Fig. 2).
A methenamine concentration of 400 Mig/ml in
7H-10 agar inhibited the growth of 35% (7 out
of 20 strains) of the M. intracellulare strains
studied. Addition of 1.0 ,g of INH per ml to the
methenamine concentration increased the per-
centage of strains inhibited to 60% (12 out of 20
strains). A three-drug combination of methen-
amine, INH, and erythromycin inhibited the
growth of 95% (19 of 20) of the M. intracellulare
strains tested. This study revealed a synergistic
effect of six drug combinations out of a total of

15 tested in 7H-10 agar medium (Fig. 2). A
combination of four drugs was not superior to
three-drug combinations. Sixteen strains of M.
intracellulare were tested in a similar manner
against 1 and 5 Azg/ml of rifampin and four
different combinations of 1 or 5 ,tg of rifampin
and INH per ml, respectively. (Fig. 3). No strains
of M. intracellulare were inhibited by 1 s&g of
rifampin per ml, whereas five were totally in-
hibited by 5 mcg of rifampin per ml. The addition
of 1 Mug ofINH per ml to either 1 or 5,gg of rifam-
pin per ml decreased the number of resistant
strains to 10 and 8, respectively. No differences
were detectable when concentrations of either 1
or 5 ,ug of rifampin per ml were combined with
5 ug of INH per ml; only 2 strains of M. intra-
cellulare grew in the presence of either combina-
tion. The addition of 5 Aig/ml of either ethion-
amide or erythromycin or 20 Mg of cycloserine
per ml to the rifampin and INH regimen did not
prevent these two strains from growing on 7H-10
agar medium.
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FIG. 4. Antimicrobial effect of combinations of two
drugs on the growth of M. intracellulare in the Labora-
tory Model Man. Symbols: I, JNH; E, erythromycin;
0, oxacillin; M, methenamine.
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FIG. 5. Antimicrobial effect of combinations of three
drugs on the growth of M. intracellulare in the Labora-
tory Model Man. Symbols: I, INH; E, erythromycin;
0, oxacillin; M, methenamine.
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