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Infection of peripheral nerves by Myco-
bacterium leprae is one of the unique hall-
marks of leprosy. Nerve involvement in hu-
man leprosy lesions has been studied ex-
tensively at both light- and electron-micro-
scopic levels (¢ 7. 15. 16) but the mechanisms
responsible for the unique localization of M.
leprae to nerves, and subsequent nerve in-
jury, are not understood.

Although some association of M. leprae
with nerves, particularly cutaneous nerves,
has been observed in each of the animal
models of leprosy (* 1% !7- 18) none of the
nonprimate models has been found to ex-
hibit involvement of major peripheral
nerves comparable to that seen in man. In
addition, several attempts have been made
to induce infection and/or injury to nerves
in nonprimate species by direct inoculation
of M. leprae into major nerve trunks (3 '4),
but no natural or physiologic model of sub-
stantial peripheral nerve infection by M.
leprae has been described in nonprimates.

The nine-banded armadillo (Dasypus
novemcinctus) has been widely used in the
production of large quantities of M. leprae
since the susceptibility of this animal to M.
leprae was first described (°), and the in-
volvement of cutaneous nerves and of the
sciatic nerve have been described (!-!1:13.18),
However, the full extent and pattern of neu-
ral involvement in infected armadillos has
not been previously reported. This study
presents evidence that infected armadillos
develop extensive, focal involvement of pe-
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ripheral nerves which is greater distally and
declines proximally, similar to the pattern
of nerve involvement in man.

MATERIALS AND METHODS

Six armadillos were examined at necrop-
sy; all had been captured in Florida and
observed under quarantine for at least 45
days in captivity prior to inoculation with
M. leprae. All of these armadillos were in-
oculated with M. leprae intravenously: four
received 3—-4 X 10% armadillo-derived M.
leprae, and two received 1.3 x 10° nude
mouse-derived M. leprae (strain Thai 53)
(The Table). All animals were maintained
in closed quarters and monitored for de-
velopment of systemic infection. Three ar-
madillos developed disseminated infection
and were sacrificed to obtain M. leprae; the
other three (which did not develop a sys-
temic infection) were sacrificed after pro-
longed observation.

A full-length dissection of peripheral
nerves from one or more extremities was
performed on each animal after removal of
the viscera. Each nerve was followed to its
ramifications in the skin and/or soft tissue,
and nerves with their closely associated con-
nective tissues were divided into serial 1-cm
blocks, fixed in 10% neutral buffered for-
malin, and embedded in paraffin or epoxy
resin. The extent of inflammation and the
number of acid-fast bacilli in Fite-stained
longitudinal sections were determined sep-
arately, on a scale of 0-6+, in the intra-
neural compartment and in the epineural
tissues.

RESULTS

All three of the animals with disseminat-
ed M. leprae infection showed extensive
nerve involvement, but no M. leprae were
found in the peripheral nerves of the three
animals which did not develop a dissemi-
nated infection (The Table). One animal
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THE TABLE. Involvement of peripheral nerves in M. leprae-infected armadillos.
f7 ] YO Mos. after Disseminated No. No.
Armadillo - M. leprae infection at nerves nerves
source ; : ; : e
infection sacrifice? examined positive
X5 Nude mouse 11 Yes 6 3
X6 Nude mouse 12 Yes 7 1
632 Armadillo 20 Yes 4 4
17 8
R491 Armadillo 113 No 5 0
N978 Armadillo 68 No 4 0
N1176 Armadillo 48 No 5 0
14 0

(N'1176) had an increase in cellularity (scat-
tered mononuclear cells not forming gran-
ulomas) in some nerves in a lower extrem-
ity. No M. leprae were present, and the cause
of the increase in cellularity was not evident
but it appeared to be nonspecific. In the
nerves infected with M. leprae, foci of in-
fection and the number of bacilli per focus
were greatest distally and became progres-
sively less intense proximally (Fig. 1). Dis-
tally, both deep and superficial nerves were
involved.

The characteristic infection of Schwann
cells was seen in all involved nerves (Fig.
2). Perineural and epineural infection and
cell proliferation also were seen in numer-
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Fic. 1. Distribution of M. leprae along armadillo
peripheral nerves. Fite-stained longitudinal sections of
1-cm segments of peripheral nerves were examined for
the presence of acid-fast bacilli, and the number of
organisms present was recorded on a scale of 0-6+.
Each line represents the findings in an individual nerve
plotted from the most distal segment to the most prox-
imal. All involved nerves showed higher numbers of
M. leprae distally, decreasing proximally.

ous foci in heavily infected nerves (Fig. 3).
Not uncommonly, bacilli were seen in epi-
neural sites but not in the adjacent intra-
neural compartment. However, when ba-
cilli were found within nerves, they were
nearly always also found in the adjacent ep-
ineurium, where they were also more nu-
merous. When the bacterial loads in the in-

Fig. 2. M. leprae (arrowheads) are seen within
Schwann cells of peripheral nerve in an armadillo with
disseminated infection (Fite stain, 4-um section, orig-
inal magnification x800).
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FiG. 3. In armadillo peripheral nerves, M. leprae
are much more abundant in epineural structures (ar-
rowheads) than in the endoneural compartment (Fite
stain, 3-um section, original magnification x177).

traneural and epineural tissues were com-
pared, epineural involvement was always as
great as or (usually) greater than intraneural
involvement at all levels. Epineural lym-
phatics, small blood vessels, and the extra-
cellular matrix all appeared to harbor ba-
cilli-laden macrophages.

The infection elicited a focal chronic in-
flammatory infiltrate in affected nerves (Fig.
4) comparable to human leprous neuritis.

DISCUSSION

Full-length dissections to examine distal
nerve trunks in armadillos have not been
done previously and, therefore, the extent
of peripheral nerve involvement after in-
oculation and dissemination of M. leprae
has not been appreciated. Sciatic nerve in-
volvement was observed in this study but
was not extensive, consistent with previous
reports (5 11).
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F1G. 4. M. leprae infection of armadillo peripheral
nerves is accompanied by a multifocal influx of in-
flammatory cells into the endoncural compartment (ar-
rows), as in this example from a carpal branch of the
ulnar nerve near the wrist (hematoxylin and eosin stain,
original magnification x69). This results in the histo-
pathologic appearance of neuropathy comparable to
the characteristic M. leprae neuropathy in man.

The pattern of nerve involvement in M.
leprae-infected armadillos appears to be
similar to that seen in man, particularly the
increasing degree of involvement as the
nerves are followed distally in the extrem-
ities. Since this pattern is unique among in-
fectious diseases, its basis is of significance
with respect to pathogenesis and may be
examined systematically in an animal mod-
el. Functional correlates of the bacterial load
in these nerves in armadillos are not yet
known; paralysis is not seen in infected ar-
madillos, and neither paresis nor sensory
deficiencies can be reliably tested in these
animals. Duration of infection may be an
important factor in the extent and distri-
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bution of nerve involvement, since the
heaviest infection of nerves was observed
in the animal with the longest duration of
infection, but the number of animals stud-
ied thus far does not permit statistical anal-
ysis of the possible significance of this ob-
servation.

Involvement of the epineural supporting
cells has been noted in nearly all major stud-
ies of nerves in leprosy, including human
biopsy studies and experimental leprosy in
armadillos, but has generally been consid-
ered secondary and/or nonspecific. One rea-
son for this is that M. leprae are often more
numerous within dermal nerves than in the
epineurium, although this is not consis-
tently the case in lepromatous and border-
line lepromatous lesions. Factors respon-
sible for this difference between human le-
sions and the armadillo model may include
local tissue differences between dermal
nerves and larger nerve trunks, as well as
differences in immunologic capabilities and
bacterial load in tuberculoid versus lepro-
matous disease, and the duration of infec-
tion before biopsy in these different lesions.

In the present study epineural infection
was striking in comparison to the intra-
neural (Schwann cell) involvement at each
level. This is consistent with a pattern of
infection in which bacilli are initially ar-
rested in the epineural tissues and subse-
quently gain entry into the Schwann cells.
Such a pathogenetic model predicts that the
factors responsible for the localization of M.
leprae to nerves may be due to interactions
of M. leprae with molecules of the extra-
cellular matrix or with the endothelium of
blood vessels or lymphatics found in the
epineurium. These events could involve ei-
ther freely circulating M. leprae or macro-
phages parasitized with these organisms.

This model also would predict that the
involvement of Schwann cells is not nec-
essarily specific. The well-documented
phagocytic capability of Schwann cells (> '?)
suggests that they would ingest any M. lep-
rae which are able to penetrate the anatomic
and physiologic barriers of the perineurium.
How M. leprae penetrate these barriers is
not explained by the observations presented
here, but if large numbers of these bacilli
are localized for long periods of time in the
epineurium, this would offer a greatly in-
creased probability of bacilli passing through
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the vasa nervorum which are in direct con-
tact with the intraneural compartment.

The initial observations in this experi-
mental model offer new possibilities in un-
derstanding the pathogenesis of nerve injury
in leprosy, viewing this as a dynamic suc-
cession of adhesion, immunologic, and in-
flammatory processes occurring at different
points during the course of infection. Since
bacilli in epineural locations are likely to be
more accessible to immunologic effector
mechanisms than those within the nerve,
proliferation of organisms may be reduced
or halted in these sites, while organisms
which have reached the endoneural com-
partment and have been ingested by
Schwann cells may be relatively protected.
The balance of these events would depend
in part on the duration of the infection
which, in turn, is partially a function of the
patient’s immunologic capability toward M.
leprae. In this hypothetical model, a point
would be reached, at any given site in der-
mal nerves and nerve trunks, at which ba-
cilli surviving within Schwann cells might
prolong the neurologic manifestations of the
infection, even after most bacilli in the ep-
ineurium and skin have been eliminated.

Armadillos appear to offer an experimen-
tal model for nerve involvement and injury
in Hansen’s disease. The model could prove
useful in addressing mechanisms of local-
ization of M. leprae to nerve, mechanisms
of nerve injury, and effects of antimicrobial
therapy. Since it represents localization to
nerves by a natural, physiologic process, this
model could be useful even if the extensive
epineural and intraneural involvement by
M. leprae observed in these armadillos were
only a manifestation of the late stages in
dissemination of the infection. Whether this
is true or not and the pattern of neural in-
volvement which may be seen early in the
course of infection are matters now under
investigation.

SUMMARY

Mechanisms of localization of Mycobac-
terium leprae to the peripheral nerves and
of subsequent nerve injury are not under-
stood. No experimental animal model has
been available for use in examining the
pathogenesis of M. leprae-induced nerve in-
jury. A detailed dissection was, therefore,
done of the major peripheral nerves in the
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extremities of six M. leprae-inoculated ar-
madillos, three of which had developed
characteristic disseminated infection.

All of the animals with disseminated in-
fection had extensive involvement of the
peripheral nerves, increasing in intensity as
the nerve was followed distally. No M. lep-
rae were found in the animals without dis-
seminated infection. The degree of infection
was greater in epineural tissues than in the
intraneural compartment (i.e., Schwann
cells) at all levels. The infection of nerves
by M. leprae was associated with focal in-
terstitial, mononuclear cell infiltration of in-
volved nerves.

These results suggest that: 1) armadillos
offer a model for the study of neural in-
volvement in leprosy, since the pattern of
neural distribution in susceptible armadil-
los is comparable to the pattern of nerve
involvement in man; 2) early localization
of M. leprae may be to the epineural tissues,
including lymphatic and vascular structures
and extracellular matrix; 3) Schwann cell
involvement may be a late event; and 4)
mechanisms involving the endothelium of
epineural and perineural tissues may be im-
portant in the selective localization of M.
leprae to peripheral nerves.

RESUMEN

Los mecanismos de localizacion de Mycobacterium
leprae en los nervios periféricos y del dafio nervioso
resultante, son aspectos que no estan bien entendidos.
No ha habido un modelo animal realmente adecuado
para el estudio de la patogénesis de dano a nervios
causado por M. leprae. Por esto, en este estudio se hizo
una diseccién detallada de los principales nervios pe-
riféricos en las extremidades de 6 armadillos inocu-
lados con M. leprae, tres de los cuales habian desarro-
llando una caracteristica infeccién diseminada.

Todos los animales con infeccion diseminada tuvie-
ron una extensa afeccion de los nervios periféricos que
aumento en intensidad conforme se siguio el transcurso
distal del nervio. No se encontraron M. /eprae en los
animales sin infeccion diseminada. El grado de infec-
cion fue siempre mayor en los tejidos epineurales que
en el compartimento intraneural (p. ej. las células de
Schwann). La infeccion de los nervios por M. leprae
estuvo asociada con infiltracion mononuclear focal e
intersticial de los nervios afectados.

Estos resultados sugieren que (1) los armadillos ofre-
cen un modelo para el estudio de la afeccion neural en
la lepra puesto que el patrén de distribucién neural en
los armadillos susceptibles es comparable con el patréon
de los nervios afectados en el humano; (2) la locali-
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zacion temprana de M. leprae puede ocurrir en el tejido
epineural, incluyendo las estructuras linfaticas y vas-
culares asi como la matriz extracelular; (3) la afeccion
de las células de Schwann puede ser un evento mas
tardio; y (4) los mecanismos que involucran al endo-
telio de los tejidos epineurales y perineurales pueden
ser importantes para la localizacion selectiva de M.
leprae en los nervios periféricos.

RESUME

Les mécanismes de localisation de Mycobacterium
leprae au niveau des nerfs périphériques et les Iésions
nerveuses qui s’ensuivent ne sont pas élucidés. Aucun
modele animal expérimental n’a été disponible pour
examiner la pathogénése des Iésions nerveuses induites
par M. leprae. On a donc fait une dissection minutieuse
des principaux nerfs périphériques des extrémités de
six tatous a qui on avait injecté du M. leprae et parmi
lesquels trois avaient développé une infection dissé-
minée caractéristique.

Tous les animaux présentant une infection dissé-
minée avaient une atteinte étendue des nerfs périphé-
riques, augmentant en intensité a8 mesure qu’on allait
vers I’extrémité distale. Aucun M. /eprae n’a été trouvé
chez les animaux qui n’avaient pas d’infection dissé-
minée. Le degré de 'infection était plus grand dans les
tissus epineuraux que dans le compartiment intraneu-
ral (les cellules de Schwann) a tous les niveaux. L’in-
fection des nerfs par M. leprae était associée a une
infiltration focale, interstitielle, a cellules mononu-
cléaires, des nerfs impliqués. F

Ces résultats suggérent que: 1) les tatous offrent un
modéle pour I'¢tude de I'’envahissement nerveux dans
la lépre, puisque le mode de distribution nerveuse chez
les tatous susceptibles est comparable au mode d’en-
vahissement nerveux chez 'homme; 2) la localisation
précoce de M. leprae pourrait étre au niveau des tissus
epineuraux, y compris les structures lymphatiques et
vasculaires et la matrice extracellulaire; 3) L'envahis-
sement des cellules de Schwann pourrait survenir tar-
divement; et 4) les mécanismes impliquant I’endothe-
lium des tissus epineuraux et perineuraux pourraient
étre importants dans la localisation sélective de M.
leprae au niveau des nerfs périphériques.
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