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In 1988, Rosas, et al. described the
emergence of a nude mutant mouse derived
from CDI1 mice (''). Due to its extraterres-
trial appearance this spontaneous mutant
was called “er” (Fig. 1). Visual examination
of the skin of this mutant revealed that
some of the animals aged 40 days or older
(but none younger) had patches of sparsely
growing hair on their heads and limbs. A
similar finding was observed by Flanagan
(*) for nude (nu/nu) mice which were more
than 10 days old. In addition, nude (nu/nu)
mice were found to be without a thymus (7).

On autopsy, Rosas, et al. found that et/et
males have a degenerated thymus; whereas
female et/et mice have a lymph node-like
structure occupying the position normally
occupied by the thymus. As expected, the
atrophic male thymus and the female lymph
node-like structure were lighter in weight
than the eutrophic thymus of carrier (et/+)
and normal (+/+) CD1 mice (').

Etlet mice were found to resemble nu/nu
mice such that when reared together with
their hairy siblings they were found to ex-
hibit high rates of mortality during the first
2 weeks of life. However, when reared sep-
arately their survival time increased to 80%
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at 4 weeks and 60% at 52 weeks ('"). Nude
nu/nu mice when reared together with their
hairy siblings showed a mortality rate of
55% within the first 3 weeks and of 100%
at 25 weeks (°).

The majority of nu/nu mice die of gen-
eral body weakness within 2 weeks of birth.
The survivors grow slowly and may live for
a considerable period of time, but usually
all of the mice have died between 3 and 14
weeks of age (°). The short half-life of the
nu/nu mouse is at least partially due to the
absence of a thymus in these animals. The
presence of a thymus is required for cell-
mediated immunity, and the absence of this
organ therefore renders these animals
highly susceptible to infection by a variety
of microorganisms, in particular intracellu-
lar microorganisms such as Mycobacterium
leprae and M. lepraemurium. The nu/nu
mouse maintains the multiplication of M.
leprae to levels close to 10" bacilli per
gram of tissue and can be inoculated with
doses as high as 10" bacilli per foot pad
without provoking an immune response,
which would normally control multiplica-
tion of the microorganism (°). In contrast,
normal mice of almost any euthymic strain
will only allow proliferation of the microor-
ganism for a limited period of time during
which the disease is controlled and will
eventually disappear (‘). Nevertheless, it
has also been shown that nu/nu mice in-
fected with M. lepraemurium are capable of
killing the microorganism following its
early proliferation. This observation thus in-
dicates that killing of the bacillus is not ex-
clusively dependent upon T-cell activity ('°).

In the present study we have compared
the susceptibility of et/et mice with that of
et/+ mice to infection by M. lepraemurium.
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FiG. 1. General physical appearance of the dorsal
and ventral arcas of both hairy parental (e7/+) and nude
(etlety mice. Animals were anesthetized with chloro-
form and then bled by heart puncture through an open-
ing in the skin as the ones shown.

The working hypothesis was that the rela-
tive hypothymia of et/et mice would cause
these animals to be more susceptible to in-
fection by M. lepraemurium than animals
of the parental euthymic (et/+) CD1 strain.

MATERIALS AND METHODS
Infection and sampling

This study was carried out with groups
of 10 et/+ mice and 10 et/et mice. All ani-
mals were males and were 2 months old at
the start of the study. The bacilli (M. lep-
raemuriin, Hawaiian strain) were grown in
NIH mice and were purified from infected
tissue by using a combined methodology
consisting of the entire procedure of Prab-
hakaran, et al. (") and the Percoll step of
Draper (').

The mice were inoculated with 20 x 10°
M. lepraemurium by the intraperitoneal
route. Progress of infection was monitored
at monthly intervals for 5 months by taking
blood samples (approximately 0.3 ml) from
a small cut in the lateral tail vein. Sera were
then used to look for antibodies to lipid and
protein antigens of M. lepraemurium. Be-
cause the levels of anti-mycobacterial anti-
bodies are found to increase in a manner
parallel to the progression of infection, we
considered the antibody titers to be a reli-
able although not an exact index of infec-
tion. At the end of the experiment (5
months of infection) three animals from
each group were sacrificed and their spleens
and livers removed for histopathological as-
sessment of infection.
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Histopathology and bacilloscopic studies
Tissue fragments taken from the livers
and spleens of sacrificed animals were em-
bedded in Tissue-Tek 4583 (Miles Inc.,
Elkhart, Indiana, U.S.A.). They were then
frozen on dry ice and sliced into 6.0 um
sections in a freezing microtome (Tissue-
Tek II, Cryostat; Miles). Sections were then
processed and stained with hematoxylin
and eosin (H&E) for general histology and
with phenol fuchsin (Ziehl-Neelsen tech-
nique) to identify acid-fast bacilli (AFB).

Preparation of protein antigens

Protein antigens of M. lepraemurium
were extracted by sonication of a 20% (v/v)
suspension of the microorganism. The sus-
pension was subjected to 15 1-min pulses at
80 watts in a sonicator (Sonics & Materials
Inc., Danbury, Connecticut, U.S.A.) in the
presence of 1 mM p-sulfonyl fluoride and 1
mM N-ethylmaleimide (both from Sigma
Chemical Co., St. Louis, Missouri, U.S.A.).
The sonicate was then collected and cen-
trifuged at 15,000 X g x 15 min. The resul-
tant supernatant was recovered, adjusted to
contain 1.0 mg of protein per ml and steril-
ized through Millipore membranes (0.22
tm). Aliquots were then stored until further
use at —20°C.

Preparation of lipid antigens

Whole lipids of M. lepraemurium were
extracted following the method of Folch, et
al. (*). Details on lipid extraction have been
previously reported (°). The waxy material
obtained after evaporation of the solvent
was kept frozen at —20°C until further use.

Antibodies to protein and lipid antigens

Anti-mycobacterial antibodies present in
the sera of infected animals were measured
by using conventional enzyme-linked im-
munosorbent assays (ELISAs), as follows:
a) wells (Maxisorp plates; Nunc, Napier-
ville, Illinois, U.S.A.) were coated with 2.0
ug of protein [in 100 pl of borate buffer so-
lution (BBS) pH 8.4] or with 5.0 pug of my-
cobacterial lipids in 100 pl ethanol; b) wells
were washed four times with 150 pl of
phosphate buffer solution (PBS) pH 7.4; ¢)
blocking was carried out with 150 pl of 2%
skim milk in BBS for 30 min; d) plates
were incubated with 100 ul of the sera di-
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Fia. 2.

Microscopic fields of spleen (left) and liver (right) sections taken from et/+ mice (A, B) and from

et/et mice (C, D). Fields were chosen and photomicrographs were taken from maximally developed lesions in

each case (Zichl-Neelsen x40).

luted 1:100 in 2% skim milk in PBS (60
min/37°C); e) wells were washed three
times with 150 pl of PBS; f) plates were in-
cubated with 100 pl of horseradish peroxi-
dase-labeled rabbit antibody to mouse im-
munoglobulins (1:2000 in 2% skim milk in
PBS for 60 min at 37°C; g) wells were then
washed three times with 150 pul of PBS; h)

a mixture of 100 ul containing 4.0 mg of
o-phenylenediamine (P1526; Sigma) and
10 pl of 30% hydrogen peroxide (H1009;
Sigma) in 10 ml of citrate buffer pH 5.0
was added to the wells; 1) followed by 20 pl
of 4 N sulfuric acid to arrest the reaction
and, finally; j) absorbencies were read at
492 nm in an ELISA reader (Multiskan
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Plus Labsystems, Research Triangle Park,
North Carolina, U.S.A.). BBS contains
0.3092 g of boric acid and 0.4768 g of
sodium tetraborate per liter of 0.15 M
NaCl; phosphate-citrate buffer, pH 5.0, con-
sists of 0.1 M citric acid (24.3 ml), 0.2 M
disodium phosphate (25.7 ml) and water
(50 ml).

RESULTS AND DISCUSSION

Histopathology

Liver. The changes in histopathology
were similar for both et/et and et/+ mice.
The overall alterations observed included
signs of congestion and focal rupture of the
limiting plates by chronic infiltrates of lym-
phocytes. Hepatocytes showed evidence of
reactivity and regeneration as manifested
by binucleation, karyomegaly and the pres-
ence of nucleoli. In most centrolobulillar
regions there were groups of lymphocytes
associated with the necrosis of perivascular
hepatocytes. Hyperplasia of Kupffer cells
was also observed as well as some granulo-
mas containing epithelioid cells.

Spleen. Changes in the spleen were also
found to be similar for both the et/et and
et/+ mice. The most outstanding alterations
observed were the intense hyperplasia of
the white pulp, congestion and slight-to-
mild hemorrhage. In addition, diffuse thick-
ening of the capsule with deposition of fib-
rinoid material on the plates was observed.
These data were suggestive of hyaline
perisplenitis with diffuse lymphoid hyper-
plasia.

Liver-associated bacilli. In the intersti-
tial and centrolobulillar zones of the liver
small groups of bacilli and isolated bacilli
were observed. In addition, small granulo-
mas made up of epithelioid histiocytes with
scarce, although heavily stained bacilli
were observed. Some globi (isolated bacil-
liferous macrophages) and small groups of
two to six bacilliferous macrophages were
also observed. These observations were
found to be similar for both the et/et and
et/+ mice (Fig. 2).

Spleen-associated bacilli. Isolated bacilli
and small groups of bacilli were observed
in the interstitial spaces associated with re-
gions of both the white and red splenic pulp
as well as in the subcapsular zone of the
spleen. The most affected region was found
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FiG. 3. Antibodies to protein antigens of M. lep-
raemurium from the sera of parental et/+ mice (ETP)
and from et/et mice (ET). Readings were taken
throughout the infection period with M. lepraemurium.

to be the white pulp where granulomas
were more frequent than in other parts of
the spleen. In spite of being scarce and
small, these granulomas contained from
low-to-moderate numbers of bacilli that
were heavily stained. Similar changes in
histopathology were observed in the spleens
of both the et/et and et/+ mice (Fig. 2).
Antimycobacterial antibodies. Et/et
and et/+ mice when infected with M. lep-
raemurium showed comparable curves of
antibody produced against both protein and
lipid antigens of the microorganism. An-
timycobacterial antibodies were detectable
from the first (for protein antigens) or the
second (for lipid antigens) month of infec-
tion in both groups of animals. From the
third to the fifth month of infection (when
the study was stopped), the humoral re-
sponse in the two animal groups was clearly
evident although the response was not
found to reach maximal levels in any of the
mice assayed. Differences were observed
between the et/et and et/+ mice; however
these differences were not found to be sta-
tistically significant for any of the antigens
or times used in this study (Figs. 3 and 4).
Et/et mice represent a nude CD1 mutant
that in addition to having a characteristic
alopecia also possess a degenerated thy-
mus, without being athymic. These animals
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FiG. 4. Antibodies to lipid antigens of M. leprae-
murium from the sera of parental e#/+ mice (ETP) and
from et/et mice (ET). Readings were taken throughout
the infection period with M. lepraemurium.

are reared under conventional animal-house
conditions, and they have a half-life of
about 2 years. Although the immunological
behavior of et/et mice has received little in-
vestigation, their thymic atrophy qualifies
them as good candidates to be used as hosts
in the study of susceptibility to infection by
M. leprae and M. lepraemurium. The con-
trol of these mycobacterioses depends upon
the host’s ability to mount a competent cell-
mediated immune response (T-cell medi-
ated). Our initial working hypothesis was
that the relative hypothymia of the et/et
mouse would render such animals more
susceptible to infection by M. ‘leprae-
murium than the euthymic (et/+) parental
mouse. Our results have, however, indi-
cated that this is not the case and that de-
spite their hypothymia et/et mice were as
susceptible (or resistant) to infection by M.
lepraemurium as were the et/+ mice. This
behavior clearly contrasts with that of the
nu/nu mice which are truly athymic and,
hence, highly susceptible to M. leprae-
murium infection (*). It is clear that the
morphologic defect in the thymus of the
et/et mice does not correlate with an obvi-
ous functional defect in these animals, at
least with regard to M. lepraemurium infec-
tion. The preliminary results of Marroquin,
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et al. (unpublished observations) have sup-
ported this finding, and have based their
conclusions on the observations that both
et/et and et/+ mice have: a) similar numbers
of circulating leukocytes, b) comparable
levels of CD4* T cells, ¢) T cells that prolif-
erate in a similar manner in response to
concanavalin A, d) lymphocytes that pro-
duce similar amounts of IL-2 and, finally, e)
similar primary responses to bovine serum
albumin. Thus, nude et/et mice, although
hypothymic, do not appear to have evident
defects either in cell-mediated immunity or
in their humoral immune reactivity. Other
nude mutant mice that do not show alter-
ations in the morphology or function of the
thymus have also been reported (*).

SUMMARY

We have studied the susceptibility to in-
fection by Mycobacterium lepraemurium
(MLM) of a nude, hypothymic, CDI-de-
rived, spontaneous mouse mutant called
“etr” because of its extraterrestrial appear-
ance. We found that despite their hy-
pothymia, et/et mice were not more suscep-
tible to infection by MLM than their eu-
thymic et/+ counterparts. Infection of both
et/et and et/+ mice with 50 x 10° bacilli by
the intraperitoneal route led only to a mild
infection with low levels of antimycobacte-
rial antibodies and a small number of le-
sions. These lesions were indicative of re-
active hepatitis and hyaline perisplenitis
with lymphoid hyperplasia. Some small
bacilliferous granulomas were also ob-
served at the end of the experiment (5
months of infection). CDI mice behave in a
rather “resistant” manner to the infection by
MLM. It is clear that the nu gene is not nec-
essarily linked to the thymus defect, and it
is also clear that the hypothymia of et/et
mice does not obviously affect their general
cell-mediated immune competence.

RESUMEN

Estudiamos la susceptibilidad de los ratones “et”
(llamados asi por su apariencia extraterrestre) a la in-
feccion por Mycobacterium lepraemurium (MLM).
Los ratones et/et son una mutante espontdnea de los ra-
tones CDI que muestran hipotimia y alopecia (son ra-
tones desnudos). Encontramos que los ratons et/et no
son mds susceptible a la infeccién por MLM que sus
progenitores et/+, eutimicos y con pelo. Tanto en los
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ratones et/et como en los et/+, la inyeccién intraperi-
toneal de 50 x 10" bacilos produjo sélo una infeccién
moderada con niveles bajos de anticuerpos anti-mi-
cobacterianos y pocas lesiones en el higado y en el
bazo. Las lesiones fueron compatibles con hepatitis re-
activa y con esplenitis hialina con hiperplasia linfoide.
También hubieron algunos granulomas baciliferos al
final del experimento (quinto mes de infeccién). Los
ratones CD1 se comportan como los ratones de otras
cepas “resistentes” a MLM. Es claro que el gene nu no
estd necesariamente ligado al defecto timico y también
es claro que la hipotimia de los ratones et/et no afecta
sensiblemente su competencia inmune celular general.

RESUME

Nous avons étudié la susceptibilité a I'infection par
Mycobacterium lepraemurium (MLM), d'une souris
nue, hypothymique, mutante spontanée dérivée de la
souche CD-1, appelée “'er” a cause de son aspect d’ex-
traterrestre. Nous avons constaté que, en dépit de leur
absence de développement thymique, les souris et/et
n'étaient pas plus sensibles & I'infection par MLM que
leurs homologues euthymiques et/+. L'infection des
souris et/et et et/+ avec 50 millions de bacilles par voie
intra-péritonéale n'a produit qu'une infection légere
avec des niveaux bas d’anticorps anti-mycobactériens
et un nombre limité de Iésions. Ces Iésions étaient con-
stituées d'hépatites réactionnelles et de périsplénites
hyalines avec hyperplasie lymphoide. Quelques petits
granulémes contenant des bacilles furent aussi ab-
servés a la fin de 1"étude (5 mois apres I'infection). Les
souris CD1 se comportent de fagon plutdt “résistante”
al'infection par MLM. Il est clair que le géne nue n’est
pas forcément 1ié & un déficit fonctionnel thymique, et
il est également clair que le statut hypothymique des
souris et/et n'affecte pas, de fagon évidente, leur ca-
pacité globale & monter une réaction immunitaire a
médiation cellulaire.
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