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129sv mice functionally deleted of the antimicrobial resistance gene, Nrampl, were found to be as resistant
as wild-type mice to infection with the virulent H37Rv strain of Mycobacterium tuberculosis, as determined by
monitoring bacterial growth in major organs and recording host survival times. Death of infected mice of both
types was associated with extensive infection-induced pathology in the lungs but not in other major organs.
These findings are in keeping with the view that Nramp1 is of limited importance in resistance to tuberculosis

in mice.

Nrampl is a gene involved in determining the ability of mice
to resist infection with certain unrelated intracellular patho-
gens, including Salmonella typhimurium, Leishmania donovani,
the attenuated bacillus Calmette-Guérin (BCG) strain of My-
cobacterium bovis, as well as other species of Mycobacterium
(reviewed in references 5, 6, and 24). The gene is located at the
Ity/Lsh/Bcg locus of mouse chromosome 1 and encodes a trans-
membrane protein that translocates to the macrophage phago-
cytic vacuole following phagocytosis of microorganisms (5, 6).
The gene has two alleles, a dominant resistance one and a
recessive susceptibility one, which results in inbred mouse
strains being assignable to one or other of two nonoverlapping
groups according to their resistance to the aforementioned
intracellular pathogens (15). The susceptibility allele differs
from the resistance allele by a substitution of adenine for
guanine at base position 596 of the gene, resulting in replace-
ment of glycine with aspartic acid at amino acid position 169 in
a predicted transmembrane domain of the protein (15). Be-
cause Nramp1P'% is unstable and rapidly degraded (14), mice
homozygous for this allele are as susceptible to infection as
mice functionally deleted of the resistance allele by homolo-
gous recombination (26).

The importance of NrampI in natural resistance to infection
with certain intracellular pathogens, including several species
of Mycobacterium, is indisputable. However, the belief that the
gene is also important in determining resistance of mice to
infection with virulent Mycobacterium tuberculosis has been
mainly inferred from the results of resistance studies with other
Mycobacterium species, especially BCG. The belief has been
recently challenged by the finding (16, 17, 19) that mouse
strains homozygous for the Nrampl resistance allele are
equally, or even less resistant to M. tuberculosis infection than
strains homozygous for the Nramp1 susceptibility allele. It has
also been demonstrated (18) that Nrampl alleles segregate
independently of resistance to M. tuberculosis in F, generation
progeny of homozygous Nrampl resistance and Nrampl sus-
ceptibility parental mouse strains. Even so, according to one
study (4), Nramp1 is involved in resistance to infection initiated
with very small intravenous (i.v.) inocula of M. tuberculosis.
Therefore, the subject would appear to be controversial and
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deserving of additional investigation. It would seem important
to determine, for instance, whether mice that bear a homozy-
gous null allele at the NrampI locus generated by homologous
recombination are less resistant to M. tuberculosis infection
than their isogenic wild-type counterparts. This report shows
that mice bearing a homozygous deletion at Nrampl are not
more susceptible than their wild-type counterparts to infection
initiated with small inocula of M. tuberculosis.

MATERIALS AND METHODS

Mice. The 129sv mouse stock was initially obtained from Taconic Farms
(Germantown, N.Y.) and subsequently bred in the Animal Care Center at
McGill University. The 129sv strain bears a resistance, wild-type allele at
Nrampl (G169). The procedures used to generate, and the characterization of,
mutant 129sv mice bearing a null mutation at Nrampl (Nrampl '~ mice) were
described previously (26). Wild-type and null Nrampl~/~ mutant 129sv mice
were maintained by brother-sister mating and were housed under pathogen-free
conditions and used in experiments at 10 weeks of age.

Bacteria. The H37Rv strain of M. tuberculosis was obtained from the Trudeau
Institute Culture Collection as a frozen (—150°C) log-phase (2 X 10%/ml) culture
in Proskauer and Beck medium containing 0.01% Tween 80. The method used
for growing M. tuberculosis in suspension culture was described previously (9).
For infection, a vial of the culture was thawed, diluted 1 in 10 in phosphate-
buffered saline (PBS) containing 0.01% Tween 80 (PBS-Tween), subjected to
two 5-s pulses of ultrasound to break up clumps, and diluted appropriately in
PBS-Tween for inoculation via a lateral tail vein. Infection via the respiratory
route with 2 X 10> CFU of H37Rv was achieved by subjecting the mice to
aerosolized bacilli in an aerosol infection apparatus (Tri Instruments, Jamaica,
N.Y.), as described previously (17). The course of infection was monitored by
enumerating M. tuberculosis in major organs at progressive times after inocula-
tion. This involved plating 10-fold serial dilutions of whole organ homogenates
on nutrient agar and enumerating bacterial colonies after 3 weeks of incubation
as described previously (9). Homogenization of organs was performed in the cold
(10°C) PBS-Tween in glass tubes with close-fitting motorized Teflon pestles.

Photography. The lungs, livers, spleens, and kidneys of wild-type and
Nrampl~'~ mice were harvested on day 200 of infection and photographed with
a Nikon 35-mm camera.

Statistics. Where warranted, the significance of differences between the geo-
metric means of CFU per organ at particular times was determined by Student’s
t test. The significance of differences between survival times of groups of 10 mice
was determined with the log-rank test for comparisons of survival curves.

RESULTS AND DISCUSSION

Previous studies (11) have shown that the effect of Nrampl
on resistance to BCG infection is most obvious when small i.v.
inocula (<10° CFU) are used to initiate infection. Therefore,
in the study reported here, a 10* i.v. inoculum of H37Rv was
used to monitor resistance to bacterial growth in major organs
of Nrampl '~ and wild-type (Nrampl™'*) mice and to deter-
mine host survival times. The decision not to use a smaller i.v.
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FIG. 1. Growth of M. tuberculosis H37Rv in lungs, livers, spleens, and kid-
neys of Nrampl ™'~ and wild-type (NrampI™/*) mice inoculated iv. with 10*
CFU of bacilli. There was no significant difference in the ability of mutant and
wild-type mice to control bacterial replication over 130 days of infection except
for day 130 in the spleen, where the differences between the means was signif-
icant (P < 0.05). Means * standard errors of five mice per group per time point
are shown.

inoculum for this experiment was dictated by the wish to use
host survival time as a measure of resistance to infection-
induced lung disease and the need, therefore, for mice to
succumb to infection in a reasonable period of time. It is
known (19) in this regard that a 10° i.v. inoculum of H37/Rv
can take over 300 days to kill mice of resistant strains and
about half as long to kill mice of susceptible strains, such as
129sv.

The lack of effect of Nrampl deletion on susceptibility of
129sv mice to M. tuberculosis replication in major organs (Fig.
1) was paralleled by a study of host survival (Fig. 2). It can be
seen that there was no significant difference in the ability of the
two types of mice to control bacterial growth in lungs, kidneys,
livers, and spleens over a 130-day period of infection. In both
types of mice, infection progressed in the liver and spleen for
about 10 days and then underwent partial resolution before
entering an approximate stationary phase. In the lungs, how-
ever, infection progressed for an additional 10 days before its
rate of progression was significantly reduced, although not
halted. It is known (3, 21) that resolution of infection in the
liver and spleen, and reduction in the rate of lung infection, is
mediated predominantly by CD4 Thl1 cells, with a contribution
from CD8 T cells. It can be seen in Fig. 1 that no bacilli were
detected in the lung on day 1 of infection. This is because only
about 0.1% of an i.v. inoculum implants in this organ (9), which
means that the lungs of both types of mice would have received
only about 10 bacilli, a number below the detection limits of
the plating assay. The kidneys likewise received too small a
fraction of the i.v. inoculum to be detected on day 1. It is
apparent that resolution of infection in the kidneys occurred in
concert with resolution of infection in the liver and spleen.

The foregoing evidence that Nramp! is not important in the
resistance of 129sv mice to H37Rv infection is supported by the
results of the host survival study shown in Fig. 2. It can be seen
that there was no significant difference (P > 0.27) between the
survival times of wild-type and Nrampl '~ mice infected with
10* bacilli i.v. It should be pointed out that the survival times
of wild-type and Nrampl '~ 129sv mice as shown in Fig. 2 is
shorter than the median survival times published for mice of
certain other inbred strains infected with 10 times more bacilli
(19). This is because the 129sv strain, although homozygous for
the resistance allele of Nrampl, is an M. tuberculosis-suscepti-
ble strain (19). Therefore, the forgoing results serve to show

INFECT. IMMUN.

that the absence of NrampI does not make a susceptible strain
more susceptible to tuberculosis. In addition, lung infection in
129sv mice as shown here, like lung infection in another M.
tuberculosis-susceptible mouse strain, is progressive, in contrast
to lung infection in resistant mouse strains, which is stabilized
by immunity and caused to become approximately stationary
(17, 20). The possibility that the genetic susceptibility of 129sv
mice in some way might mask a relatively small contribution of
Nramp1 because of the presence of susceptibility genes should
be considered. Even so, the contribution would be very small,
given the results of a previous study (17) showing that M.
tuberculosis-resistant BALB/c mice homozygous for the sus-
ceptibility allele of Nrampl and congenic BALB/c mice ho-
mozygous for the resistance allele (Ity/Lsh/Bcg locus) are iden-
tical in resistance to M. tuberculosis infection.

That compromised lung function was the most likely cause
of death of mutant and wild-type mice is suggested by the
macroscopic appearance of major organs harvested on day 200
of infection, as shown in Fig. 3. It can be seen at this stage of
infection that whereas infection-induced disease was very ex-
tensive in the lungs of Nrampl '~ and wild-type mice, there
was no macroscopic evidence of disease in other organs. This
is in keeping with the results of published histological study of
the organs of resistant and susceptible mouse strains (20),
which shows that M. tuberculosis-induced histopathology de-
velops progressively only in the lungs. This study also showed
(20) that whereas H37Rv in the liver and spleen is confined to
compact granulomas that remain small in number and size
over a protracted period of time, H37Rv in the lungs was
associated with the development of extensive pathology and
organ consolidation. Because tuberculosis is confined to the
lungs of more than 85% of humans who develop the disease
(10), it seems reasonable to suggest, in view of the foregoing
discussion, that mouse tuberculosis is a relevant model of the
human disease. However, because BCG does not cause pro-
gressive disease in any organ of mice, it is perhaps not surpris-
ing that a resistance mechanism capable of reducing the rate of
BCG growth is not capable of slowing infection with the viru-
lent pathogen. It is apparent that the virulence of M. tubercu-
losis is determined to some extent by its ability to resist an
NramplI-dependent defense mechanism that enables mouse
macrophages to control intracellular growth of several other
Mpycobacterium species in vitro (2, 7, 8, 12) and enables mice to
better defend against infection with these species (13, 23). One
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FIG. 2. Survival times of 10 Nramp1~'~ and 10 wild-type mice inoculated i.v.
with 10* CFU of H37Rv. There was no significant difference (P > 0.2) between
the survival times of mutant and wild-type mice.
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FIG. 3. Macroscopic appearance of major organs of wild-type (left) and
Nrampl~'~ (right) mice harvested on day 200 of infection initiated with 10* CFU
of H37Rv iv. Shown from top to bottom are the lungs, liver, spleen, and left
kidney. Only the lungs of both types of mice show disease.
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possibility is that M. tuberculosis inhibits fusion of the phago-
some to Nrampl-positive vesicles (7).

To determine whether the foregoing results also apply to
mice infected via the respiratory route, we infected 10
Nrampl '~ and 10 NrampI*'* mice by aerosol with 2 X 10>
H37Rv CFU and monitored their survival times. The results in
Fig. 4 show that their was no significant difference (P > 0.6)
between the survival times of mutant and wild-type mice. This
result is in keeping with the results of a previous study (7) that
compared the survival times of BALB/c (Nrampl susceptibil-
ity) and DBA/2 (Nrampl resistance) mice infected via the
respiratory route.

The possibility that a contribution of Nramp1 to resistance to
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FIG. 4. Survival times of 10 Nrampl '~ and 10 wild-type mice infected via
the respiratory route with 2 X 10> CFU of H37Rv. There was no significant
difference (P > 0.6) between the survival times.
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FIG. 5. Number of H37Rv CFU in livers and spleens of Nrampl~/~ and
NrampI™*'* mice given 10°> CFU of H37Rv i.v. 30 days earlier. No bacteria were
detected in the lungs. Means * standard errors of five mice per group are shown.

M. tuberculosis infection, as seen by others (4), would be re-
vealed if smaller i.v. inoculum of virulent M. tuberculosis were
used to initiate infection was tested by inoculating wild-type
and Nrampl '~ mice iv. with 10* CFU of H37Rv and deter-
mining the number of CFU in lungs, livers, kidneys, and
spleens 30 days later. The results in Fig. 5 clearly show, how-
ever, that the livers and spleens of both types of mice contained
the same number of bacilli at day 30 of infection. No bacilli
were detected in the lungs or kidneys on day 30, indicating that
these organ may not have become infected. This would not be
surprising given that only 0.1% of the i.v. inoculum would be
expected to implant in the lung (9, 16). With regard to this
result, moreover, it was shown earlier (16, 26) that an even
smaller inoculum (10%) of M. tuberculosis given via the respi-
ratory route failed to reveal a contribution of Nrampl to re-
sistance to tuberculosis.

Last, the difficulty of showing a protective role for Nrampl in
resistance to tuberculosis in mice must be reconciled with the
results of a recent study showing a role for the human
NRAMP1 homologue in resistance to the disease in humans. It
was demonstrated (2) in a case-control study in Gambia, West
Africa, that of 410 smear-positive patients and 410 ethnically
matched controls, patients with polymorphism in intron 4 and
in the 3’ untranslated region of NRAMPI were particularly
overrepresented (P < 0.001) in the tuberculous population, as
opposed to those with most common NRAMPI genotypes. This
was interpreted as evidence that the gene plays a role in sus-
ceptibility to tuberculosis in this African population. However,
the authors point out that their methodology does not allow
them to exclude the involvement of a gene closely linked to the
NRAMPI locus but suggest that this is unlikely because of the
importance of Nrampl in resistance to tuberculosis in mice.
However, recent segregation and linkage analysis of multicase
tuberculosis families in a region of Brazil (22) failed to show
evidence that NRAMP] is involved to any significant extent in
susceptibility and resistance to pulmonary tuberculosis. The
evidence that NRAMP]I is involved in resistance to leprosy is
suggestive, in that a study in Vietnam shows that NRAMP]I, or
a closely linked gene, is involved in susceptibility to this disease
in Vietnamese families, although no evidence was found that it
is involved in susceptibility of Chinese families (1).

The discrepancy between the apparent lack of Nrampl de-
letion on susceptibility to experimental tuberculosis infection
of 129sv mice with M. tuberculosis as described here, and the
positive association between certain NRAMPI polymorphisms
and susceptibility to tuberculosis and leprosy as noted in cer-
tain human studies (see above) has yet to be explained. One
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possibility is that human NRAMPI does not play an important
role per se in susceptibility to tuberculosis, but that a gene
nearby and in linkage disequilibrium is important and respon-
sible for the apparent allelic association. In this connection,
attention was focused on NRAMPI because of the belief that it
is important in resistance to mouse tuberculosis. The second
possibility is that NRAMPI is important for susceptibility to
tuberculosis in humans but does not play a role in the suscep-
tibility of mice. If it turns out that polymorphisms at human
NRAMP] are important in determining resistance or suscepti-
bility to tuberculosis in certain human populations, it will be
important to develop an animal model with which to analyze
the role of this gene in more detail.
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