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Detection of Persisting Mycobacterium leprae by
Inoculation of the Neonatally Thymectomized Rat
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The neonatally thymectomized rat (NTR)
was shown by Fieldsteel and his colleagues
( 2 . 3 ) to be more susceptible than is the im
munologically normal mouse to infection
by Mycobacterium leprae, in terms of its
ability to permit multiplication of the or-
ganisms from inocula >10 4 organisms per
foot pad. If the susceptibility of the NTR
to infection by Al. leprae were greater than
that of the thymectomized-irradiated and
bone-marrow-reconstituted (T900R) mouse-
i.e., if M. leprae multiplied more consistently
in the foot pad of the NTR inoculated with

10 5 organisms—it might then be possible
to detect persisting Al. leprae in the tissues
of patients with lepromatous leprosy during
effective antimicrobial treatment with a
greater frequency than is presently possible
by inoculation of T900R mice.

A small trial of chemotherapy was carried
out among patients with untreated lepro-
matous leprosy in San Francisco, in the
course of which lesions were biopsied, and
organisms recovered from the biopsy spec-
imens were inoculated into the foot pads of
both normal mice and NTR. The results of
the trial have been presented elsewhere ( 5 . 6 ).
The purpose of this paper is to present an
additional analysis of those results, which
permits both an indirect comparison of the
sensitivity of the NTR with that of the
T900R mouse as a means of detecting per-
sisting M. leprae, and an estimate of the
number of persisting organisms.

Materials and methods. Specific-patho-
gen-free pregnant female rats were pur-
chased from the Charles River Breeding
Laboratory, Wilmington, Massachusetts,
U.S.A. Within 24 hr of birth, newborn rats
were anesthetized by immersion in crushed
ice for 4 min, after which thymectomy was
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performed with the assistance of a dissect-
ing microscope. The upper two-thirds of the
sternum was removed, exposing the thy-
mus, which was then freed from its attach-
ment to the anterior mediastinum and re-
moved by blunt dissection. The area was
then examined under higher magnification,
and any remaining thymic tags were re-
moved, after which the incision was closed
with 6-0 silk sutures and sprayed with flex-
ible collodion. The newborn rats were then
warmed by means of a 60 W incandescent
lamp until normal respiration resumed, af-
ter which they were returned to their moth-
ers. NTR were weaned at four weeks of age,
after which they were housed under con-
ventional conditions, save that the cages
were equipped with filter caps. Despite de-
pletion of both circulating leukocytes and
thymus-derived lymphocytes (4), NTR did
not develop wasting disease, and survived
for 2-3 years.

Eighteen previously untreated patients
with lepromatous leprosy were randomly
allocated to treatment by regimen A—a sin-
gle initial 1500-mg dose of rifampin, to-
gether with 100 mg dapsone daily—or reg-
imen C—weekly 900-mg doses of rifampin,
together with 100 mg dapsone daily. Biop-
sies were performed after 2-6,7-9,14-16,
and 28-30 days, M. leprae were recovered
from the biopsy specimens, intact BALB/c
mice were inoculated in both hind foot pads
with 5000 organisms per foot pad, and NTR
were inoculated in both hind foot pads, usu-
ally with 10 5-10 7 Al. leprae.

Al. leprae were harvested from the inoc-
ulated foot pads of BALB/c mice after one
year. When M. leprae were found to have
multiplied in mice—i.e., the harvest yielded
at least 10 5 organisms per foot pad—the
original suspension was considered to have
contained viable M. leprae in a proportion
not smaller than 1:5000. M. leprae were har-
vested from NTR one year or longer after
inoculation. The organisms were consid-
ered to have multiplied if harvest yielded
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at least 10-fold the number of organisms
that had been inoculated. On many occa-
sions, after the harvest had yielded organ-
isms, but fewer than 10-fold the number
inoculated, M. leprae were subinoculated
into the hind foot pads of immunologically
intact mice, 5000 organisms per foot pad.
Multiplication of the Al. leprae in passage
mice was also accepted as evidence that the
original inoculum had included viable or-
ganisms.

Results. The biopsy specimens obtained
before treatment from all 18 patients con-
tained M. leprae capable of multiplying in
normal mice. Results were reported of the
study of 66 specimens obtained during
treatment from the 18 patients. In the case
of only one specimen did the organisms
multiply in mice; therefore, the proportion
of viable Al. leprae recovered from the re-
maining 65 specimens was smaller than
1:5000.

The results of study of the 66 specimens
by inoculation of 10 5 Al. leprae (except
for the two specimens of patient 19, from
which insufficient numbers of organisms
were recovered) into the foot pads of NTR,
are presented in Table 1. These results sug-
gest that viable (persisting) organisms were
found with considerable frequency—in 33
of 66 specimens, representing 13 of the 18
patients.

The two regimens appeared to differ in
terms of efficacy. However, inspection of
the data of Table 1 suggests that the differ-
ence of effectiveness between the two regi-
mens may be only apparent. The biopsy
specimens obtained from the patients al-
located to regimen C yielded larger numbers
of organisms, permitting larger inocula.
Thus, the mean number of organisms in-
oculated per specimen for regimen C pa-
tients (5.35 x 10 7) was more than twice as
large as that for regimen A patients (2.50 x
10 7). This is consistent with the detection
of persisters in twice as many regimen C as
regimen A patients, and in twice as many
regimen C as regimen A specimens.

An additional analysis of the data of Ta-
ble 1 is summarized in Table 2. Assuming
little change of the proportion of viable Al.
leprae between the first and the last biopsies
for each patient, the results of inoculation
of NTR were summed for each patient. In

particular, the total number of organisms
inoculated into NTR was calculated for each
patient by summing the numbers of organ-
isms inoculated into each NTR that was
later harvested. The number of viable or-
ganisms included within this total number
of organisms was the sum of the most prob-
able number (MPN) of viable M. leprae for
each specimen in which viable organisms
were detected, calculated by means of the
equation of Halvorson and Ziegler ( 7), as-
suming that a 10-fold larger inoculum would
have infected all of the foot pads inoculated,
whereas an inoculum containing only one
tenth of the number of organisms actually
inoculated would not have infected any of
the foot pads. The proportion of viable or-
ganisms detected in each patient was then
calculated by dividing the number viable by
the total number inoculated. The total num-
ber of organisms inoculated for each regi-
men, and the number of viable M. leprae
included within this number were calculat-
ed by summing the corresponding numbers
for each patient, and the proportion of vi-
able organisms for each regimen was cal-
culated by dividing the number viable for
the regimen by the total number of organ-
isms inoculated for that regimen. In fact, as
shown in Table 2, the mean proportion of
viable organisms was virtually identical for
the patients of both regimens.

The small proportions of viable AI. leprae
observed are striking. Assuming that the av-
erage San Francisco patient had a BI = 4
(the BI was not recorded), and assuming the
equivalence ofa BI of 4 with a total bacterial
population of 10" ('"), the average popu-
lation of persisters may be calculated to be
6.33 x 10 -8 x 10" = 6.33 x 10 3 .

Discussion. This small clinical trial, de-
signed to compare directly the sensitivities
of the normal mouse and the NTR to small
proportions of viable Al. leprae, demon-
strated conclusively the greater sensitivity
of the NTR, as has already been reported
( 5 . 8 ). These results also permit a compari-
son, albeit indirect, of the sensitivities of
the T900R mouse and the NTR.

The capacity of the T900R mouse to de-
tect persisting Al. leprae had been measured
in a number of clinical trials, the most re-
cent being the THELEP controlled clinical
trials in Bamako and Chinglcput ( 14 . 15 ). As
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TABLE 1. Detection of persisting M. leprae by inoculation of NTR.

Patient
no. No. days

No. AFB per
spec10imen

(x 7 )
lnoculum per No. NTR foot pads No. mouse passages

foot pad ( x 10") Total Positive Total Positive

Regimen A
1 5 1.32 0.38 4 0 0 -

9 0.23 0.07 4 0 0 -
15 0.07 0.02 4 0 0 -

2 3 1.48 0.58 6 0 0 -
0.058 6 0 0 -

8 0.80 0.003 4 0 0 -
15 3.97 0.18 6 0 0 -
29 1.04 0.46 6 0 0 -

3 3 9.33 2.6 4 0 0 -
7 16.4 7.4 6 1 1 1

0.74 6 3 2 1
14 9.63 2.6 4 0 2 0

0.52 6 0 0 -
28 11.0 2.97 6 0 1 0

0.50 6 0 1 0
4 2 12.9 5.0 6 0 2 0

0.50 6 0 0 -
7 15.9 10.0 6 0 1 0

1.0 6 0 0 -
14 7.06 1.0 6 0 1 0

0.50 4 0 0 -
28 7.61 2.5 6 0 1 0

0.50 6 0 1 0
5 3 5.51 1.5 6 0 2 0

0.50 6 0 0 -
7 0.47 0.10 4 0 0 -

14 2.98 1.0 6 0 1 0
0.10 6 0 0 -

28 4.73 2.6 4 0 0 -
0.50 8 0 0 -

6 3 4.12 1.1 6 5 3 3
0.11 4 3 1 1

7 41.1 13.2 6 1 I I
1.32 6 4 1 1

15 30.2 12.5 6 0 3 0
1.25 6 3 1 1

28 41.1 22.2 6 1 2 1
2.22 6 3 3 2

8 8 5.22 1.2 6 0 1 0
0.12 6 0 0 -

16 7.67 2.5 6 0 1 0
0.25 6 0 0 -

28 3.20 1.8 6 0 0
0.18 4 0 0 -

9 6 48.0 7.4 6 3 3 3
0.74 6 0 1 0

9 29.0 3.9 6 3 1 1
0.39 6 0 0 -

16 32.0 5.9 6 2 2 2
0.59 6 0 1 0

10 3 NR* 0.23 6 1 1 0
7 NR 3.5 4 1 2 1

0.35 6 0 0 -

Regimen C
12 3 13.7 3.53 6 0 1 0

0.50 6 1 1 1
8 11.7 4.22 6 0 0

0.422 6 0 0
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TABLE 1.^Continued.

Patient
no. No. days

No. AFB Per
specimen

(x107)

Inoculum per^No. NTR foot pads No. mouse passages

footpad (x10 6)^Total Positive Total Positive

13 18.3 6.2 0 1 0
0.62 0 0

29 10.2 3.31 0 0 -

0.50 0 0 -
13 4 27.7 15.3 3 3 3

1.53 3 2 1
7 9.87 50 0 2 0

5.0 3 3 3
14 16.4 9.55 1 3 1

1.0 4 3 3
28 27.0 13 3 2

1.3 0 0 -
14 4 2.61 1.0 8 3 2

7 3.18 1.63 4 1 1
0.163 4 1 1

14 1.67 2.73 0 0 -
0.50 0 0 -

28 0.92 0.30 0 0 -
15 69.1 10 3 3 3

1.0 3 2
7 63.2 10 3 2

1.0 1 2 I
14 72.7 30 2 3 2

10
1.0 1 1 1

16 3 20.3 1.0 0 0 -
0.10 0 0

7 17.8 3.5 1 1
0.50 0 1 0

14 19.0 2.6 0 1 0
0.50 0 1 0

28 17.7 2.4 0 0 -
0.50 0 1 0

17 5 36 19 1 2 1
1.9 5 2 2

7 36 21 1 3 1
2.1 1 1 1

14 21 12 3 3 3
1.2 1 2 0

28 35 19 1 1 1
1.9 0 0

18 6 4.4 1.5 2 2
0.15 0 0 -

9 2.8 0.55 0 0
16 7.9 1.3 0 1 0

0.13 0 0
30 25 6.4 0 0

0.64 0 0 -
19 6 NR 0.062 6 0

7 NR 0.015 6 0
20 3 6.0 1.6 4 0

0.16 3 1 1
7 13 3.0 0 0

0.3 4 1 1
14 5.6 1.4 0

0.14 0 0
29 7.4 1.4 0 0

0.14 0 0

* Not recorded.
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TABLE 2. ...S'ununary of data on detection of persisting M. leprae in NTR.

Patient no.
No. specimens No. AFB

Proportion viable
(x10 -8 )Total Positive Total

(x10 7 ) Viable

Regimen A
1 3 0 1.56 <1 <6.4

4 0 0.756 <I <13
3 4 I 9.36 5.6 6.0
4 4 0 12.6 <1 <0.79
5 4 0 3.34 <1 <3.0
6 4 4 32.3 32.1 9.9
8 3 0 3.59 <1 <2.8
9 4 4 14.8 11.9 8.0

10 2 2 1.75 3.3 19
All regimen A 32 11 80.1 52.9 6.6

Regimen C
12 4 1 11.0 1.86 1.7
13 4 4 58.0 21.2 3.7
14 4 2 4.34 20.1 46
15 4 4 44.4 19.6 4.4
16 4 1 6.86 1.86 2.7
17 4 4 46.5 21.4 4.6
18 4 1 6.44 2.58 4.0
19 12 2 0.046 28.8 6200
20 4 3 3.93 21.7 55

All regimen C 34 22__ 182 139 7.6

stated elsewhere in this collection of papers
(IS), persisting Al. leprae were detected in
about 9% of 468 specimens studied in the
course of the Bamako and Chingleput trials,
a proportion much smaller than that found
to contain persisters in this small trial in
San Francisco. The difference between the
results of the San Francisco trial and those
of the much larger THELEP trials cannot
have resulted from treatment by regimens
differing greatly in efficacy. Just as no dif-
ferences could be detected between regi-
mens A and C of the San Francisco trial, so
no differences were detected among the reg-
imens tested in the THELEP trials, in terms
of the frequency with which persisters were
detected. Moreover, regimen A of this trial
is identical with regimen C of the THELEP
trials.

Alternatively, the different frequencies of
persisting Al. leprae detected in San Fran-
cisco and the THELEP trials could perhaps
be explained by the different durations of
treatment after which patients were biop-
sied; the longest duration in San Francisco
was one month, whereas the shortest du-
ration in the THELEP trials was three
months. However, no difference was oh-

served from interval to interval in the THE-
LEP trials (l 5 ). Thus during therapy contin-
ued killing of Al. leprae and removal of dead
bacilli appear to parallel one another, leav-
ing the proportion of viable Al. leprae in
tissues relatively constant. Both the THE-
LEP and San Francisco trials confirm earlier
trials of rifampin, in the course of which the
rate at which Al. leprae were killed was mea-
sured by inoculation of normal mice; these
trials demonstrated the profound bacteri-
cidal effect of rifampin virtually immedi-
ately after the first dose of the drug (I. 8 • 9 • I I -
I 3) .

The likely explanation of the difference
between the results of the San Francisco trial
and those of the THELEP trials resides in
the greater sensitivity of the NTR, com-
pared to that of the T900R mouse, in terms
of the ability to detect very small propor-
tions of viable Al. leprae. This greater sen-
sitivity may be explained by a greater degree
of immunosuppression. Inoculation of larg-
er numbers of A/. leprae 10s) into the foot
pads of rodents induces an immune re-
sponse that limits multiplication of the or-
ganisms. Soon after the number of A/. leprae
reaches 10 6 per foot pad of the BALB/c
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mouse, multiplication ceases and killing of
the M. leprae begins ( 1 "). The NTR is only
partially immunosuppressed; higher inoc-
ulation of 10 7 organisms into one hind foot
pad reduced multiplication of the organ-
isms following a later challenge in the con-
tralateral foot pad ( 2). In addition, inocu-
lation of NTR with 10 7 Al. leprae obtained
from skin-biopsy specimens of patients
undergoing initial chemotherapy did not
yield multiplication more frequently than
did inoculation with 10" organisms (").
However, it appears unlikely indeed that
NTR are more profoundly immunosup-
pressed than are T900R mice.

As shown by the results of the San Fran-
cisco trial, the frequency of persisters after
treatment by a rifampin-containing regimen
was about 7 x 10 -". This proportion is too
small to be detected by inoculation of nor-
mal mice with 5000 Al. Leval(' per foot pad,
except as the merest coincidence; this may
explain the multiplication of Al. leprae that
occurred in one of the 66 specimens in the
course of the San Francisco trial. The great-
er sensitivity of the NTR probably resides
in the fact that a much larger inoculum may
be employed; because of the larger size of
the foot of the rat, one may inoculate vol-
umes as large as 0.5 ml into the foot pad of
the NTR, whereas the inoculum for a mouse
is usually administered in a volume of 0.03
ml. In fact, because of the larger foot pad,
the NTR is probably more useful than nude
mouse for detection of persisters; the nude
mouse is more profoundly immunosup-
pressed, but the number of organisms that
can be inoculated into the foot pad of the
nude mouse is limited by the volume tol-
erated. If the organisms were more concen-
trated, it might be possible to inoculate nude
mice with larger numbers ofAl. leprae; how-
ever, it may not be possible to concentrate
the organisms without reducing their ca-
pacity to multiply.

The proportion of viable M. leprae in
specimens obtained from patients with pre-
viously untreated lepromatous leprosy may
frequently be smaller than 1:100 (Gelber,
unpublished results; Grosset, personal com-
munication). Therefore, a single dose of ri-
fampin, which reduces the proportion of vi-
able organisms to 1 per 10 5-10 7 Al. leprae,
has killed 99.9-99.999% of the viable or-
ganisms originally present. This is consis-

tent with the observation that, among the
M. leprae recovered from specimens of ri-
fampin-treated patients, viable organisms
are not detected (by multiplication) in nor-
mal mice inoculated with 5000 organisms
per foot pad, are detected irregularly in
T900R mice inoculated with 10' organisms
per foot pad, and may be detected more
frequently in NTR inoculated with 10"-10 7

Al. leprae per foot pad.
A very important result of the San Fran-

cisco trial is that it has verified the findings
of the THELEP trials, with respect to the
mean numbers of viable Al. leprae surviving
treatment. The number of organisms per-
sisting in the average patient is calculated
here to be approximately 6000, a number
not greatly different from the 50,000-
250,000 estimated from the results of the
THELEP trials.

In summary, it appears that, virtually im-
mediately after treatment is begun by a reg-
imen that includes rifampin, the great ma-
jority of the viable M. leprae are killed. The
proportion of surviving organisms is so
small that viable organisms cannot be de-
tected by inoculation of normal mice with
5000-10,000 organisms per foot pad, are
detected in only a minority of instances by
inoculation of T900R mice with 10' Al. lep-
rae per foot pad, and are much more readily
detected by inoculating the foot pads of NTR
with 10 6-10 7 organisms. This proportion
appears to change very little during the first
month of treatment, and probably even dur-
ing the first 1-2 years of treatment ( 14 . ' 5 ).
Finally, the absolute number of persisting
M. leprae harbored by the average patient
after treatment with a regimen including ri-
fampin has been initiated appears indeed to
be very small, no larger than 2.5 x 10', and
probably as small as 6 x 10 3 .
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