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A. INTRODUCTORY REVIEW OF LEPROSY RESEARCH

The Impact of Experimental Human Leprosy in the

Mouse on Leprosy Research
R. J. W. Rees'

In no field of medicine has greater prog-
ress been made than with the infectious
diseases—all within the last hundred years.
This has applied to all diseases caused by
pacteria and, more recently, many of those
caused by viruses. These advances in
kmowledge, whether they have been on the
microbiologic, pathologic, preventive or
therapeutic side, have evolved, at every
stage, either from studies related to in vitro
cultivation of the causative organism and/
or from infections in experimental ani-
mals. Unfortunately the causative organism
of human leprosy, Mycobacterium leprae,
is the one exception, since it has still not
been cultured in vitro and only since 1960
() has it been shown to infect experi-
mental animals. The appreciation of these
facts not only accounts for the limitations in
knowledge and progress of leprosy but also
the persistence of mysticism and dogma in
this field. On the more creditable side it
explains the indirect approaches and the
nonhuman leprosy models used by those
who earlier bravely worked on leprosy re-
search. It equally explains why so few
research workers could afford to study lep-
rosy in competition with the exciting prog-
ress then being made in all the other
infectious disease fields. Finally, it was ob-
vious that as soon as M. leprae could be
grown there would be unleashed almost a
century of outstanding experimental work!
This breakthrough came in 1960 when
Shepard showed that M. leprae could be
transmitted to mice by footpad inoculation.

The theme of my lecture, therefore, will

> a review of progress and assessment of
the impact of experimental leprosy in the
mouse on the field of leprosy research with-
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in the last ten years, bearing in mind that
all the studies had by necessity to be
adapted to in vivo conditions.

BACTERIOLOGIC CHARACTERISTICS
OF M. leprae BASED ON
INFECTION IN THE MOUSE

The initial (% 22) and subsequent main
studies were undertaken in mice, although
subsidiary studies indicate that other ro-
dents, including rat (*), hamster (3°) and
mystromys (') behave similarly.

Under standard conditions of inoculation
of M. leprae in the footpad or ear of mice
(% %2) the pattern of multiplication is
reproduced by all strains of M. leprae ob-
tained from patients with active disease,
irrespective of the type of leprosy, race or
region of the world from which they come.
In the logarithmic phase of multiplication
the generation time is 12-13 days (*7),
longer than that of any other species of
mycobacterium. The bacteriologic pat-
tern of response is reproducible on serial
passage through mice, apparently indefi-
nitely, without a change in virulence or
pathogenicity. Moreover, the “Mitsuda
reactivity” of bacilli recovered from mice is
identical to that elicited by Mitsuda lep-
romin in patients with leprosy (% 25).
From a review of the literature and my
personal knowledge of centers actively en-
gaged in studies on experimental leprosy in
the mouse I would estimate that these
general characteristics are currently based
on some 400 strains of M. leprae from
studies undertaken by laboratories in Bel-
gium, Holland, India, Japan, Malaysia, the
Philippines, United Kingdom and USA. Al-
though in more precise studies small differ-
ences have been reported in the suscepti-
bility of individual strains of mice to infec-
tions with M. leprae (%), multiplication
of M. leprae has been obtained in all out-
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Fic. 1. Growth curve of M. leprae in the
ears and footpads of mice following local
inoculation of 10* bacilli.

bred and pure-line strains of mice studied
so far.

In normal mice the logarithmic phase of
multiplication of M. leprae is maintained
for 6-8 months, followed by a plateau and
then a regression phase (Fig. 1). Multipli-
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Fic. 2. Growth curves of M. leprae in the
footpads of normal and thymectomized-irra-
diated (T + I) mice inoculated locally with
104 bacili. .————————, = Total count;
X—-——-——X = “Viable” count.
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cation, however, occurs only with smalle,
imocula (routinely 5 x 104 — 10¢ acid-fug
bacilli) since inocula of 10° or more faj) to
multiply. More recently it has been showy,
that this limited phase of logarithmic my]y;.
plication can be extended by reducing t},
immunologic capacity of the mice by thy.
mectomy followed by total body irradiatigy,
(900 r) before infection, necessitating ,
small, life-saving injection of syngenej;
bone-marrow cells (* 7). In such immy.
nologically deficient mice—predominantly ,
deficiency in cell-mediated immunity—the
period of multiplication is extended, by
the generation time is unchanged (Fig. 2).
This immunologic depressive procedure for
obtaining enhanced infections with M. Je.
prae was originally described by Rees iy
England ("), subsequently confirmed by
Shepard and Congdon in America (%)
and more recently by C. K. Job and D. I,
Leiker (personal communications) in India
and Holland, respectively.

CLINICAL AND HISTOLOGIC
MANIFESTATIONS OF DISEASE IN
MICE INFECTED WITH M. leprae

These manifestations have been based op
systematic observations made on mice inoc-
ulated locally in the footpads or ears or
intravenously or intraperitoneally with M.
leprae, in both normal and immunologically
deficient animals, followed throughout their
life-span, and are summarized in Table 1

Clinical manifestations were of two
types, skin lesions and deformities. Skin
lesions were confined to the immunological-
ly-deficient mice, presenting as nodular
swellings in the feet or ears, and affecting
no more than five per cent of the animals at
risk. Such skin nodules were seen in the
hind footpads of locally inoculated mice
(Fig. 3) or in the hind or forefoot pads or
ears of intravenously inoculated animals. A
proportion of the nodules in the hind foot-
pads eventually ulcerated (Fig. 4), pos
sibly due to secondary infection, but in the
light of more recent observations on the
associated damage to peripheral nerves in
these animals they are more likely to have
arisen from loss of sensation. Direct smears
prepared from the surface of these ulcers or
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TasLe 1. Clinical and histologic manifestations of disease in mice infected with \l. leprae.
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Clinical Histologic
Type of
Skin Nerves Tissue sites Cells leprosy*®
P === == S S = | I | e S S
Nodules/ulcers Muscle weakness | Skin: (foot, ear Macrophages LL-BT
Deformities and tail) Muscle
Clonus Nose Capillary endo-
Paralysis thelial
“Foot-drop™ Perichondrial
Nerves: Perineurial
Dermal and Schwann
peripheral
trunks
Testis Interstitial

= Classification is according to Ridley and Joplin

after superficial scarification, always con-
tained acid-fast bacilli, exemplifying the
ease in which M. leprae are shed from skin

surfaces.

g (®) and Ridley and Waters ().

While skin nodules appeared only in a
proportion of the immunologically deficient
mice, and within a period of 6-8 months,

deformities of the hind legs were observed

~ Fic. 3. Nodular swelling of hind footpad in a thymectomized-irradiated mouse in-
jeted locally with 107 M. leprae 11 months earlier.
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Fic. 4. Nodular swelling and plantar ulcer of hind footpad of a thymectomized-irradi-
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ated mouse inoculated locally with 107 M. leprac 15 months previously.

in a high proportion of both normal and
immunologically deficient mice, but not be-
fore 20 or more months after inoculation.
These deformities presented wide varia-
tions from minor to major muscle weakness
of the hind limb and from minor to major
manifestations of hind-leg paralyses (7).

In the most severe and more rare cases the
changes were sufficient to affect the gait of
the animals, associated with “dragging” of
the hind legs. These deformities were most
readily manifest by holding the mice verti.
cally by gripping them at the nape of the
neck and the tail. In this position normal

Fic. 5. Foot deformities in mice with leprosy. (A) Normal resting position of foot in
uninfected mouse. (B) Abnormal resting position of foot—“foot-drop”—from a mouse
inoculated locally with 104 M. leprae 27 months previously.
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and uninfected mice at all ages retain their
hind feet in flexion with their toes spread,
whereas the infected mice are unable to
retain this position and therefore the hind-
leg remains in extension with the toes re-
maining together (Fig. 5). In the latter,
more severe condition, mice retained in
this position rapidly developed a fine tremor
or gross clonus of their hind legs, manifesta-
tions never seen in normal mice.

Systematic studies on the isolation of
acid-fast bacilli in homogenates of tissues
from various sites following local footpad or
ear inoculation of M. leprae in immunolog-
ically deficient mice showed that systemic
spread was eventually a universal feature.
However, spread was confined to selected
sites, namely the skin of the paws and ears
(when these sites were not locally inocu-
lated) and tail, nose, main nerve trunks
(studies mainly confined to sciatic and
brachial nerves) and testes. In immunologi-
cally deficient mice inoculated intravenous-
ly with M. leprae there was also systemic
spread, but this again was confined to the
same specific sites. It was on the basis of
these observations in immunologically defi-
cient mice that we were led to a re-
investigation of the earlier claim that spread
of infection failed to occur following local
inoculation of M. leprae in normal mice.
The new studies have shown that spread of
infection also occurs in normal mice, in-
cluding those inoculated intravenously, and
is confined to the same sites of predi'ection.
Spread of infection in normal mice differs
only from that in immunologically deficient
mice by taking longer to reach a detectable
number of acid-fast bacilli.

In order to correlate the histologic
features of infections with M. leprae in
mice with the yield or distribution of bacil-
li, paired organs were taken, one for histo-
logic examination and the other for bacteri-
al count of individual tissues divided equal-
by, for the two respective assessments.
Morcover, these dual assessments were
made at regular intervals throughout the
.Eff—‘-!»“pan of the animals and have provided
Wformation on the type of cells infected
Vith M. leprae and the cellular responses
ated to the bacterial population and the
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age of infection. These studies have
provided a very clear pattern of the type of
cells in which bacilli are present and, under
various conditions, the type of cells in
which the bacilli multiply most freely. Thus
initially and throughout the period of bacil-
lary multiplication in both normal and im-
munologically deficient mice striated mus-
cle fibers are the cells in which the bacilli
multiply most readily (Fig. 6). The special
and unexpected predilection of striated
muscle fibers for M. leprae was investi-
gated in greater detail at regular intervals
within the first 48 hours of inoculation.
These studies showed that following foot-
pad inoculation of M. leprae a few bacilli
entered local muscle fibers and that after a
few days the only other organisms retained
in the footpad were present within macro-
phages or endothelial lining cells of capil-
laries (3'). At the local site of inoculation in
normal mice this cellular pattern of dis--
tribution was retained for the next 6
month period. However, in this period
there was a significant increase in the num-

n.- F o e
Fic. 8. “Micro-colonies (M) of acid-fast ba-
cilli within a striated muscle fibre of the foot-

pad of a mouse inoculated locally with 104
M. leprae 9 months previously.

ok e ¢
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ber of bacilli within striated mucles and at
this site the majority of the organisms re-
mained intact, staining uniformly with car-
bol fuchsin. Similarly intact bacilli were
present in the endothelial lining cells of
capillaries, whereas organisms in macro-
phages stained irregularly, indicating de-
generative changes (?). After six months
there was a decrease in the number of
bacilli within striated muscle fibers. Howev-
er, a few usually well stained bacilli could
always be found in the endothelial lining
cells of capillaries, particularly intramuscu-
lar capillaries and those associated with
nerve fibers. A new picture began to ap-
pear 12 and more months after inoculation,
with the appearance of well stained bacilli
within perineurial and Schwann cells of
cutaneous nerve fibers in the skin of the
footpad (or of the ear, if this site had been
inoculated ). From 20 months onward well
stained bacilli also appeared within per-
ineurial and Schwann cells of large nerve
trunks, including the sciatic and brachial
nerves. Exactly the same cellular pattern of
distribution of bacilli was seen in locally

International Journal of Leprosy

Fic. 7. Testis showing large number of acig.
fast bacilli within interstitial cells and macr,.
phages. From a thymectomized-irradiateq
mouse inoculated intravenously with 7 x 1on
M. leprae 16 months previously.

inoculated and immunologically deficient
mice. However, in such mice after initig)
multiplication of organisms in striated mus.
cle fibers an increasing number of bacilli
accumulated within macrophages and ip

.

Fic. 8. Borderline leprosy. Epithelioid granuloma showing epithelioid cells surrounded
by lymphocytes. (A) Mouse: deep dermis of footpad 2 years after local inoculation of
10* M. leprae. (B) Man: deep dermis from the shoulder.
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these cells the organisms remained intact.
There were two other cell types in which
M. leprae were found, namely perichondri-
al cells and, in male mice, the interstitial
cells of the testis (Fig. 7).

In addition to the distribution of bacilli
within cells, the histologic studies also
provided a picture of the cellular responses
to the infections in normal and immunolog-
ically deficient mice. In normal mice inocu-
lated with M. leprae there was a surprising
absence of cellular infiltration within the
local site of inoculation other than a few
macrophages and lymphocytes. The cellu-
lar response was minimal and not charac-
teristic of any of the forms of leprosy seen
in man. However, by 20 months and later
there developed at local or distal sites of
predilection well formed epithelioid granu-
lomata ('8) with features resembling
those seen in patients with near-
tuberculoid type leprosy (*°). The ap-
pearance of these granulomata in mice
compared with near-tuberculoid type (bor-
derline) leprosy in man is shown in Fig. 8.
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In immunologically deficient mice the cel-
lular response at the local site of inocula-
tion for the first six months was minimal
and as uncharacteristic of any of the forms
of leprosy seen in man as the response in
normal mice. However, by eight months at
the local site of inoculation and at variable
times later at distal sites of predilection in
these mice or mice inoculated intravenous-
ly, histiocytic “granulomata” developed
with features resembling those seen in pa-
tients with lepromatous type leprosy
(20 21). The appearance of these lesions
in mice compared with lepromatous-type
leprosy in man, is shown in Fig. 9. The
cellular response was predominantly histio-
cytic, infiltrating the dermis but leaving a
cell-free area immediately deep to the epi-
dermis, resembling the clear zone seen in
patients with lepromatous leprosy. The his-
tiocytes were enlarged, their cytoplasm had
a foamy appearance and the cells were
stuffed with acid-fast bacilli—features char-
acterizing the Virchow cell seen in patients
with lepromatous leprosy. Although this

Fic. 9. Lepromatous leprosy. Globi loaded with bacilli and foam (Virchow’s) cells
in all stages of development are seen in the dermis that is separated by a clear zone
from the epidermis. (A) Mouse: skin from footpad of a thymectomized-irradiated ani-
mal 9 months after inoculation of 108 M. leprae. (B) Man: skin from the upper thigh.
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Fic. 10. Medial plantar nerve showing acid-
fast bacilli in Schwann cells. From a thvmecto-
mized-irradiated mouse inoculated in the foot-
pad with 10* M. leprae one year previously.

“lepromatous” picture was present in all the
immunologically deficient mice and per-
sisted throughout the life-span of some, the
majority of these histiocytic lesions were in-
vaded later by a variable number of lym-
phocytes. Lymphocytic invasion was asso-
ciated with an increase in the proportion of
degenerate bacilli within the histiocytes
and, in a proportion of the animals, with
the appearance of epithelioid cells. This
spectrum of cellular changes replicated the
histologic pictures classified in man as bor-
derline type leprosy, covering the range
defined by Ridley and Jopling (2°) BL-
BT.

"~ Twelve months or later following local or
intravenous inoculation of M. leprae in
normal or immunologically deficient mice,
bacilli were found in dermal and peripher-
al nerves. The bacilli were found within
Schwann and perineurial cells. In the ear-
lier infections these infected cells were not
associated with damage to nerve fibers
(Fig. 10). By 15 months, and always by the
time there was gross evidence of hind-leg
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dcformities, there was histologic evige,,
of destruction of nerve fibers (Fig. 1), 2
EFFECT OF LYMPHOID CEl,
REPLACEMENT ON INFECTIONg
WITH M. leprae IN
IMMUNOLOGICALLY DEFICIENT
MICE

Mice made immunologically deficient
thymectomy and irradiation, when donateq
lymphoid cells from the spleen and lymph
nodes of normal syngeneic mice prior %
inoculation with M. leprae, showed litt]. o
no enhancement of their infection (Fig
12). Further studies were undertaken yy;
thymectomized-irradiated mice with an e
tablished infection resulting from the local
inoculation of M. leprae into the ears gpg
footpads of the animals 10 months preyi.
ously. A similar donation of syngeneic
lymphoid cells from normal mice into thess

Fic. 11. Lower segment of sciatic nerve
from a thymectomized-irradiated mouse with
severe “foot drop”, inoculated intravenously
with 3 x 108 M. leprae 25 months previously.
Electron micrograph showing endoneurium
with a scarcity of nerve fibers and severcly
damaged myelinated fibers. A = destroyed
axon with almost complete loss of myelin; M =
various stages in destruction of myelin.
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animals resulted, within ten days, in a gross
inflammatory reaction of the infected skin of
the footpads and ears. Over the next 40
days both footpads continued to swell
slowly and remained inflamed, but the
skin covering them never ulcerated. At
about day 40 it was also noticed, for the
first time, that both the ears were showing
signs of change. Their margins looked some-
what red and were slightly swollen, but at
po point was the skin ulcerated. During the
next five months the ears gradually shrank
in size and, in particular, lost their smooth
graceful outlines and took on an irregular
“nibbled” appearance, but, although the
overlying skin became cyanosed, it never
plcerated. During this same five months
period the footpads gradually became less
swollen, were no longer red and inflamed,
and, indeed, the overlying skin became
wrinkled. Lymphoid-cell-donated and non-
donated animals were killed at intervals up
to five months and proportions of the tis-
sues were taken for bacteriologic assessments
and histologic examination (2 ). The
bacteriologic assessments showed that mul-
tiplication of M. leprae ceased abruptly
and the residual organisms were destroyed
(Table 2). Histological examination
showed invasion of the lesions by lymphoid
cells with edema, followed later by deposi-
tion of collagen and subsequent fibrosis and
the formation of epithelioid granulomata
with large numbers of degenerate orga-
nisms. The acute inflammatory changes ob-
wrved in the footpads and ears of thymec-
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Fic. 12. Growth curves of M. leprae in skin
sites of normal (A) and thymectomized-irradi-
ated (B) mice and the effect of lymphoid tissue
replacement (C). Inoculum was 10* bacilli.
Each point represents the mean count from
both ears and both hind footpads. Total count:
‘viable’ count: x-———--x.

toinized-irradiated mice with an estab-
lished leprosy infection following replace-
ment by lymphoid cells from normal mice,
closely resembled the macro- and micro-
scopical pictures referred to as “reversal-type

Tasre 2. Effect of Lymphoid cells on established (10 menths) thyymect.mized-irradiated
Mjection,
1 Total yield and proportion of degenerate bacilli at 15 months
I Ears | Footpads : Nose
' 1 ' i -
| i i ,.
! Degen- | | Degen- | . Degen
erate | | erate | erate
Treatment |  Yield (%) i Yield %) Yield | (%)
;':mphoid cells 6.7 X 10* 100 | 38x10° | 98 | 2.4% 100 ! 90
slymphoid cells | 7.3 X 10 6 | 52x10 78 3.1 100 | 61

I..______‘_______
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reactions” in man (2 1) 1t is of particu-
lar interest that reversal reactions in man
are followed by an increase in the patient's
resistance leading to a shift in the type of
leprosy from the lepromatous toward the
tuberculoid form—a shift exactly replicated
in the mice-donated lymphoid cells. Else-
where in this symposium Gaugas et al.
describe similar reversal reaction brought
about by transplants of syngeneic neonatal
thymus grafts in thymectomized-irradiated
mice with established infections with M.
leprae. All these experimental procedures
involving lymphoid cells and the thymus
underline the role of cell-mediated immu-
nity in determining the host response to
infections with M. leprac.

From accumulated data from large num-
bers of thymectomized-irradiated mice inoc-
ulated with M. leprae there is no doubt
that the infection is enhanced during the
first period of eight to ten months with an
associated histologic picture resembling the
lepromatous form of disease seen in man.
However, from then onward a very wide
spectrum of response is seen in individual
animals. In some, bacterial multiplication
continues with a persisting lepromatous
picture, whereas in others bacterial multi-
plication continues at a diminished rate or
ceases abruptly, and these bacteriologic
variables are histologically associated with
invasion of the lesions by lymphocvtes,
with superimposed tendencies for epitheli-
oid-type granulomatous formation. Because
these spontaneous, but variable, changes
observed in thymectomized-irradiated mice
inoculated with M. leprae resemble the
gross changes brought about by inocula-
tion of lymphoid cells or grafts of thymus
glands from normal animals, it would seem
reasonable to speculate that the spontane-
ous changes are brought about by the grad-
ual return of immunologically competent
cells in a proportion of the thymectomized-
irradiated animals.

EXPERIMENTAL
CHEMOTHERAPEUTIC STUDIES IN
MICE INFECTED WITH M. leprae

Once infections with M. leprae were
obtained in the mouse footpad, the model
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provided the first opportunity for exper;.
mental chemotherapy. A review of these
studies and their impact on our knowlegy,
of the chemotherapy of human leprosy are
presented elsewhere in this symposium by
Shepard. However, experimental lepygg,
infections in the mouse also provided ¢},
first opportunity for directly identifying .
emergence of drug-resistant mutants of )
leprae in patients showing relapse, d(-gpilé
continued therapy. By combined studies oy
the multiplication of M. leprae and i,
serum concentration of dapsone in treateq
mice. it has been shown that the humay
leprosy bacillus from previously untreateq
patients is exquisitely sensitive to dapsone
in animals, being inhibited by serum cop.
centrations of 0.02 pg dapsone/ml. serum
(11 28), These serum levels in the mouse
contrast significantly with the serum level
of approximately 2.0 ng dapsone/ml. gf
serum obtained in man given standard
doses of 100 mgm dapsone/daily. Curreny
svstematic studies on the dapsone sensitivi.
ty in mice of strains of M. leprae isolated
from patients who have relapsed during
treatment with dapsone, have shown that g
proportion of these strains multiply freely
in the footpads of mice given doses of
dapsone resulting in serum levels of 20
pg/ml. These results provide conclusive ev-
idence that a proportion of relapses occur-
ring in. patients treated with dapsone are
due to the emergence of drug-resistant mu-
tants (7% 11), Their bacilli behave differ-
ently, being no longer inhibited by serum
concentrations of dapsone equivalent to
those obtained by standard 100 mgm. dap-
sone daily (7). Similar studies in mice have
established the fact of emergence of thiam.
butosine-resistant strains of M. leprae in a
high proportion of patients receiving this
drug for two or more vears (). The speed
and frequency of the emergence of resist-
ance to thiambutosine is in contrast with
that of dapsone where, from our cxperi-
ence, resistance is infrequent and is ob-
served only after seven years of treatment.

SUMMARY OF THE
CHARACTERISTICS OF M. leprae
FROM STUDIES IN THE MOUSE

The main part of my lecture has been



19, 2

allocated to a description of the bacterio-
logic characteristics and the histopathologic
manifestations elicited in mice inoculated
with M. leprae. The main characteristics
are summarized as follows:

(1) M. leprae has an uniquely long
eneration time (13 days).

(2) The rate and pattern of multiplica-
tion of M. leprae is unrelated to the source
of the organism from patients by race,
country of origin or type of leprosy.

(3) The bacilli can be serially pas-
saged, apparently indefinitely, without a
change in virulence or pathogenicity.

(4) Multiplication of M. leprae is inhib-
ited by dapsone and other antileprosy
drugs that are efficacious in man.

(5) Mouse-grown bacilli have the same
Mitsuda antigenicity as Mitsuda-type lep-
romin prepared from organisms from pa-
tients when tested in patients with all types
of leprosy.

(6) M. leprae multiplies preferentially
fn normal and immunologically-deficient
mice at specific sites, viz., skin, muscle,
nose, nerves and testes.

(7) Within these sites M. leprae has a

specificity for striated muscle fibers, and

perinenrial, Schwann, capillary endothelial
and Sertoli cells and macrophages.

(8) These sites and cells of predilection
for the multiplication of M. leprae are
unrelated to the source of the organisms
from patients by race, country of origin or
tipe of leprosy.

(9) Although local inoculation of M.

prae in normal and immunologically-
deficient mice results first in a local lesion.
with the passage of time systemic spread
acurs, for which there is overwhelming
widence that it is hematogenous in origin.

(10) Whatever the site of inoculation
ud whether in normal or immunologically-
deficient mice, there is eventually infection
% dermal and peripheral-nerve trunks, re-
wlting in gross and microscopic destruction

both myelinated and nonmyelinated
“erve fibers.

{(I1) In normal mice the cellular re-
foonse to infections with M. leprae results
Nentually in epithelioid granulomata, rep-
“ing the histologic picture of tubercu-
d-type leprosy seen in man. In immuno-
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logically-deficient mice the cellular  re-
sponses replicate those seen in patients with
lepromatous-type leprosy. In a proportion
of both normal and immunologically-
deficient mice there may develop, still later,
cellular responses replicating intermediate
(borderline) cellular responses with fea-
tures of both tuberculoid and leproma-
tous leprosy, again replicating the border-
line types of leprosy seen in man.

(12) Finally, the cellular response and
the multiplication or survival of M. leprae
in immunologically-deficient mice with es-
tablished infections can be influenced by
the inoculation of the animals with syn-
geneic and immunologically competent
lymphoid cells from normal animals, or by
grafting them with thymus tissue from
neonatal mice.

Thus the mouse infection has provided a
means of studying the bacteriologic proper-
ties of M. leprae, which for other bacteria
are normally studied in wvitro. Moreover,
the most important feature of the histologic
manifestations of infections with M. leprae
in the mouse is their remarkable resem-
blance to the manifestations of the disease
processes seen in patients with leprosy.

EXPERIMENTAL LEPROSY IN THE
MOUSE AND ITS CLINICAL
IMPLICATIONS

While it was anticipated that our knowl-
edge of leprosy would be advanced once
experimental models were available for
studying the causative organism in the lab-
oratory, the actual impact has transcend-
cd the most optimistic prophecies. This
pleasing situation has arisen from the fact
that the mouse has provided a susceptible
host for the multiplication of M. leprae, but
once the infection has been established,
disease processes have developed that rep-
licate all the specific features of leprosy in
man. In this final section are summarized
some of the most important clinical appli-
cations that have been developed from
studies of experimental human leprosy in
the mouse.

(1) Combined bacteriologic and phar-
macologic methods have bheen applied for
determining the antileprosy activity of dap-
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sone and other drugs known to be effica-
cious in the treatment of human leprosy,
and for determining the antileprosy activity
of new drugs and the minimal inhibitory
concentrations of all these drugs against M.
leprae. These studies have revealed the
exquisite sensitivity of M. leprae to dap-
sone, and, on this basis, to the new reposito-
ry derivative—4,4'-diacetyldiaminodiphenyl

sulfone (DADDS)—which releases daily

small doses of dapsone in the order of the
minimal inhibitory concentration of the drug
against M. leprae in the mouse (**). From
these studies in the mouse preliminary
trials of DADDS in man have shown that
the drug is active and releases concentra-
tions of dapsone comparable to those re-
leased in mice (*°). Still more recently,
the new semisynthetic antibiotic rifampicin
was shown first to be active against M.
leprae in the mouse and then tested in
man, where it was confirmed as efficacious
and, moreover, able to kill M. leprae more
rapidly than dapsone (). The killing
power of rifampicin compared with that of
dapsone was confirmed by demonstrating,
in the mouse, that bacilli failed to multiply
in the mouse much sooner when recovered
from patients receiving rifampicin than
from those receiving dapsone.

(2) The mouse footpad infection has
established for the first time the emergence
of strains of M. leprae resistant to dapsone
and to thiambutosine and the application
of this method can now be used to assess
the incidence of drug resistance.

(3) The characteristic of leprosy in man
is the very wide range of clinical manifesta-
tions—from patients in whom the bacilli
multiply freely, indicating little or no host
resistance, to those in whom there are few
bacilli, indicating a high degree of host
resistance. In the mouse, bacilli from all
these various types of leprosy, show a simi-
lar growth curve. These results suggest that
the disease pattern in man is a reflection on
variations in the host response and not on
variations in the virulence of the organism.
This conclusion is particularly reinforced
by studies of infections with M. leprae in
normal and in immunologically deficient
mice, where the more resistant and less
resistant forms of the disease, respectively,
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can be reproduced. Furthermore, t},
progressive form of the infection in
nologically-deficient mice can be Tevers
by transfusion of immunologically
petent lymphocytes from syngeneie
mals. Such reconstituted mice manifest clinj.
cal and histologic evidence of acute ;
mation at all the sites infected wig,
leprae. These acute inflammatory changeg
resemble those seen in patients undergoip,
so-called “reversal reactions.” These q;ng.
by

€ Mo
mmy,

sodes in the mice, as in man, are followeq
a shift in the leprosy pattem, chang
from the lepromatous toward the tubercy,.
loid type. Thus all these experimental moq.
els indicate that the disease pattern g
response to infections with M. leprae hag
an immunologic basis. These experimenty)
results in mice have stimulated investig,
tions into the immunologic capacity of pa.
tients manifesting different patterns of ]
rosy. Although these studies are stl] i
their early stages, they are already re
vealing overwhelming evidence of the par
played by the host’s defense mechanisms i,
determining the type of overt disease.

(4) In the mouse model, infections with
M. leprae involve peripheral nerves, corre.
sponding to the predilection for nerves by
this bacillus in man, a property shared by
no other species of mycobacterium. There.
fore, the mouse has provided an exper.
mental model for attempting to study the
pathogenesis of nerve damage, which is the
most important complication of leprosy in
man. In the mouse, systematic studies on
early phases of nerve involvement are be
ginning to provide evidence that the per-
ineurium is the primary site of damage.
Thus, in all peripheral nerve lesions in mice
infected with M. leprae, whtre there is
destruction of nerve fibers, a part or whole
of the perineurium is destroyed and re-
placed by collagen fibers (Fig. 13). Cer
tainly these more gross findings are consist-
ent with the histology of nerves from pa-
tients with leprosy, where there is gross
thickening of the perineurium and evi-
dence of deposition of collagen and fibrosis.
Systematic studies on the early changes in
peripheral nerves of mice infected with M-
leprae, before there is destruction of nerve
fibers, frequently show intact perineuri
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Fic. 13. Upper segment of sciatic nerve from the same mouse as in Fig 11. Electron

micrograph showing almost complete destruction of perineurium with replacement by
collagen. P = Perineurium; E = Epineurium.
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Fic. 14. Upper segment of sciatic nerve from a thymectomized-irradiated mouse with
mild “foot drop”, inoculated in the footpad with 10% M. leprae 21 months previously.
Electron micrograph showing the perineurium (P) of two nerves with intervening
epineurium (E). Note the thickened basement membranes of all the perineurial cells.
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cells but with gross thickening of their
basement membranes (Fig. 14). Taken to-
gether, these findings point to the perineur-
ium as the “target site” in the attack on
nerves in leprosy, and show that the subse-
quent damage to nerve fibers may result
from a breakdown in the peripheral nerve-
blood barrier normally maintained by an
intact perineurium. Such a situation is seen
in congenital hypertrophic neuropathy,
where the primary lesion is a deficiency in
the formation of the perineurium.

(5) Inall infections with M. leprae in the
mouse, striated muscle fibers appeared to
be the cells of predilection for the bacilli
and for their successful multiplication in the
carly phases of infection. Hitherto, this was
the only feature of infections with the lep-
rosy bacillus in the mouse which had not
been described in man. On the basis of
these observations in the mouse, a series of
muscle biopsies were examined from pa-
tients with all types of leprosy, and the
results indicated a similar situation in man
(®). A summary of these findings is given
in Table 3. Similar observations have also
been obtained by Job et al., in studies on
biopsies of striated muscle fibres in patients
with leprosy (®). These observations on the

TasLeE 3. Presence of acid-fast bacilli

(AFB) in muscle biopsies from leprosy
palients.
Biopsies
Type AFB in
of AFB muscle

disease® Number | present fibers
Leproma-

tous (LL-

BL) 20 16 13
Borderline

(BB) 4 3 2
Tuberculoid

(BT-TT) 9 5 5
Total 33 24 20

» Classification is according to Ridley and Jopling
(®) and Ridley and Waters (2!).
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importance of striated muscle fibers g o
site in which M. leprae enter and mu]tiply
preferentially in the mouse, have stim,.
lated further studies on the hitherto )
documented information in man, that M
leprae were frequently found in arrcctom;
pilorum muscles, i.e., nonstriated muscle of
the skin. Thus Harman (®) in particulyy
has found M. leprae in nonstriated muscle
fibers of the breast and scrotum. The evoy,
tion of infections with M. leprae in the
mouse, therefore has revealed the appar-
ent importance of muscle fibers as a site iy
which the bacilli are preferentially proteq.
ed against the normal defense mechanisy
These observations suggest that muscle
fibers may also be the cells in which the
bacilli enter in the carliest phases of the
infection in man. In order to test this hy.
pothesis studies are planned to see whether
acid-fast bacilli are present in muscle fibers
obtained from otherwise healthy contacts
of patients with active leprosy.

Acknowledgments. The basis of the work
reported here results from carefully integrated
studies between the National Institute for
Medical Research, London, the Leprosy Re
search Unit, Sungei Buloh, and the Depart-
ment of Human Anatomy, Oxford.

REFERENCES

1. Bivrorp, C. H. The transmission of M.
leprae to animals. Attempts to find an ex-
perimental model, Internat. J. Leprosy 36
(1968) 599.

« 2. Drarer, P., Rees, R. J. W. and Watenrs,
M. F. R. Comparisons in man of lepromins
prepared from leprosy infections in man
and mice. Clin. Exp. Immunol. 3 (1968)
809-816.

3. Harman, D. J. Mycobacterium leprae in
muscle. Leprosy Rev. 39 (1968) 197-200.
Hiuson, G. R. F. Observations on the in-
oculation of M. leprae in the foot pad of
the white rat. Intermat. ]J. Leprosy 33
(1965) 662-666.

5. Jos, C. K, KaraT, A. B. A, Karar, S
and MaTtHAN, M. Leprous myositis—A
histopathological and electronmicroscopic
study. Leprosy Rev. 40 (1969) 9-16.

6. Peamson, J. M. H., Rees, R. J. W. and
WebbeLL, A. G. M. Mycobacterium leprae



»2

10.

. Reks, R.

in the striated muscle of patients with lep-
rosy. Leprosy Rev. 41 (1970) 155-166.
pertiT, J. H. S, Rees, R. J. W. and Rm>-
Ley, D. S. Studies on sulfone resistance in
rosy. 1. Detection of cases. Internat, J.
Leprosy 34 (1966) 375-390.
Rees, R. J. W. Limited multiplication of
acid-fast bacilli in the footpads of mice
inoculated with Muycobacterium leprae.
Brit. J. Exp. Pathol. 45 (1964) 207-218.
Rees, R. J. W. Enhanced susceptibility of
thymectomized and irradiated mice to in-
fection with Mycobacterium leprae. Na-
ture 211 (1966) 657-658.
Rees, R. J. W. Drug resistance of Myco-
bacterium leprae particularly to DDS. In-
temat J. Leprosy 35 (1967) 625-638.
Rees, R. J. W. Recent advances in experi-
mental leprosy. In: Adv. Tuberc. Res.
(1970) 17, pp. 189-232 (Karger, Basel/
New York).
Rees, R. J. W. Immunological aspects of
experimental leprosy in the mouse. Proc.
Roy. Soc. Med. 63 (1970) 1060-1062.
Rees, R. . W. and VaLenTing, R. C. The
appearance of dead leprosy bacilli by
light and electron microscopy. Internat. J.
Leprosy 30 (1962) 1-9.
Rees, R, J. W. and WebbeLr, A. G. M.
Experimental models for studying leprosy.
Ann. N. Y. Acad. Sci. 154 (1968) 214-
236.
Rees, R. J. W. and WebbeL, A. G. M.
Transmission of human leprosy to the
mouse and its clinical implications. Trans.
Roy. Soc. Trop. Med. 64 (1970) 31-42.
Rees, R. J. W., Pearson, J. M. H. and
Warters, M. F. R. Experimental and clini-
cal studies on rifampicin in the treatment
of leprosy. Brit. Med. J. 1 (1970) 89-92.
J. W., Waters, M. F. R., Web-
pELL, A. G. M. and PaLmEer, ELISABETH.
Experimental lepromatous leprosy. Nature.
215 (1967) 599-602.
Rees, R. J. W., WeppeLL, A. G. M. PaLwm-
ER, EvisaBeTn and Peamson, J. M. H.
Human leprosy in normal mice. Brit. Med.
J. 3 (1969) 216-217.
RmLey, D. S. Reactions in leprosy. Lep-
rosy Rev, 40 (1969) 77-81.
Rmrey, D. S. and JorLin, W. H. Classi-
tion of leprosy according te immunity.
five-group system. Intemat. J. Leprosy

Rees: Impact of Experimental Leprosy in Mouse on Research

21.

22.

23.

24,

26.

27.

30.

31.

215

34 (1966) 255-273.

Rmrey, D. S. and Warters, M. F. R.
Significance of variations within the lep-
romatous group. Leprosy Rev. 40 (1969)
143-152.

Suerarp, C. C. The experimental disease
that follows the injection of human leprosy
bacilli into footpads of mice. J. Exp. Med.
112 (1960) 445-454.

Sueparp, C. C. Activity of repository
sulfones against Mycobacterium leprae in
mice (31757). Proc. Soc. Exp. Biol. Med.
124 (1967) 430-433.

Sueprarp, C. C. and Concpon, C. C. In-
creased growth of Mycobacterium leprae
in thymectomized-irradiated mice after
footpad inoculation. Intemat. J. Leprosy
36 (1968) 224-227.

Sueparp, C. C. and Gumvto, R. S. Im-
munological identification of footpad iso-
lates as Mycobacterium leprae by lepro-
min reactivity in leprosy patients. Internat,
J. Leprosy 31 (1963) 353-362.

Sueparp, C. C. and Hasas, JANET A. Re-
lation of infection to tissue temperature in
mice infected with Mycobacterium marin-
um and Mycobacterium leprae. J. Bact.
93 (1967) 790-796.

Sueprarp, C. C. and McRag, DorotaY H.
Mycobacterium leprae in mice. Minimal

- infectious dose, relationship between stain-

ing quality and infectivity, and effect
of cortisone. J. Bact. 89 (1965) 365-372.
Sueparp, C. C., McRag, Dororny H.
and Hasas, JaneT A. Sensitivity of Myco-
bacterium leprae to low levels of 4,4'-
diaminodiphenyl sulfone (31282). Proc.
Soc. Exp. Biol. Med. 122 (1966) 893-
896.

Sueparp, C. C., TorLeEntvo, J. G. and
McRag, Dorotay H. The therapeutic ef-
fect of 4.4-diacetyldiamino--diphenylsul-
fone (DADDS) in leprosy. Am. J. Trop.
Med. Hyg. 17 (1968) 192-201.
Waters, M. F. R. and Niven, Janer S. F.
Experimental infection of the ear and
footpad of the golden hamster with My-
cobacterium leprae. Brit. J. Exp. Pathol.
47 (1966) 86-92.

WeppieLr, A. G. M., PALmEeR, ELISABETH
and Rees, R. J. W. The fate of Mycobac-
terium leprae in mice (CBA). ]. Path.
(1971). In Press.





