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INTRODUCTION

In a previous paper Palmer, Rees and Weddell (*) gave an account
of the reaction of rat Schwann cells toward carbon particles and two
species of leprosy bacilli, Mycobacterium lepraemurium and M. leprae,
injected between the stumps of divided seiatie nerves or into erushed
nerves at the site of damage. Carbon particles within the endoneurium
were taken up chiefly by Schwann cells and, at different periods after
injection, could be traced both to the endothelial cells of intrancural
blood vessels and, via the perineurium, to histioeytes in the epinenrium.
When M. lepraemurium was substituted for carbon particles, the bacilli
were taken up only by Schwann cells in the absencee of competing ex-
traneous phagoeytes, which are not found within the endoneunrinm in
crushed nerves. When M. leprae was substituted for carbon particles
and injected between the stumps of divided nerves, the bacilli evoked
an intense inflammatory response in which there were numerons phag-
ocytes containing many bacilli. A few of the organisms looked viable,
but the majority were breaking up. Bacilli were found also in small
numbers in many outwanderineg Schwann cells as well as in some
within the endoneurium of hoth stumps. These organisms were all in
an advanced state of disintegration. It was thus elear that Scehwann
cells had competed more suceessfully than inflammatory and other
cells for M. leprae, as compared with M. lepraemurium.

The results encouraged us to extend our experimental work to
human Schwann eells. During a visit to the Northern region of Nigeria,
in an area where leprosy was endemie, patients suffering from various
forms of leprosy were asked, and readily consented, to cooperate in
this projeet. In addition the health authorities gave permission for
examination of a randomly selected elass of school children for any
signs of infection and, in doubtful cases, for skin hiopsies as well as

I Reeeived for publieation Mareh 24, 1963,
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MATERIALS AND METHODS

Series L—In volunteers with various forms of leprosy 001wl ol o suspension of
carbon particles in normal saline (10 per cent India ink, C11/1431, particle size 200 A,
Gunther Wigner, Hannover) was injected into the skin, where lesions appeared to he
most active, 48 hours prior to routine biopsics. The arveas of skin that had been injected
with earbon were removed and divided into two, one part being fixed in Zenker's fluid
and the other in either Flemming's solution or 10 per eent neutral formalin, The pieees
fixed in Zenker's fluid were used to assess the effectiveness of freatment and the others
to determine the tate of the injected ink.

Series 11.—In another series of volunteer patients with indeterminate forms of the
disease, the dorsal eutaneous branch of the radial nerve was exposed at the wrist
bilaterally and a fine bundle exeised. On the right side 0.1 ml of a similar suspension
of earbon particles in normal saline was injected between the ent ends, and on the left
side 0.1 ml. of a washed suspension ol approximately 10%/ml. antoclaved M. leprae in
normal saline. Patients with this form of the disease were chosen in the hope that
vesident M. leprae would be few enough to permit the antoelaved bacilli to he recognized
unequivocally.

Serwes TH.—Thirty school hoys in Class IV (9-12 years old) ol a junior prinary
school were each examined physieally for early signs of leprosy and in addition lor
palpable differences in the size and consisteney of their ulnar and radial nerves at the
elbow and wrist as compared with those of three observers, two Envopean and one Afri-
eun. Before the investigation, each ol the observers had agreed that the nerves of his
colleagues were “normal”™ and comparable in size with his own. Each child was examined
by each observer independently, who recorded his observations, Cases in which opinions
were found to differ were subsequently reexamined to exelunde any recording errors and
the vesults were then pooled and averaged (Table 1),

Series IV.—Seven children from Series 111 with “enlarged™ nerves (Nos. 8, 10,
13, 14, 19, 22 and 23), as well as one child (No. 15), whose nerves were not enlarged,
were detained and the following procedures earried out: Child No. 8 was selected as a
control and told to go home and report again five days later for biopsy. Child No. 10
had hoth his radial nerves at the wrist infiltrated with Novoeain and advenalin in the hope
that the injection procedure would in itsellf’ be sufficient to stimulate neural turn-over,
The areas of entaneous anesthesin were then wapped and recorded to ensure that subse-
quent biopsy speeimens were taken rom skin supplied by the nerves that had been
blocked. He also was sent home and told to veport again five days later. In the remain-
ing children the vadial nerves were infiltrated at the wrists with Novoeain and adreenalin
and an anesthetic avea at the base of the vight forefinger was injected with 0.1 wml. of
the same suspension of carbon particles in normal saline. In children Nos. 13, 14, 15
and 19 0.1 ml. of the suspension of autoelaved 3. leprae in normal saline, and in Nos,
22 and 23 0.1 ml of a comparable suspension ol antoelaved M. lepraemurinm (approxi-
mately 1010 baeilli/ml.), were injected into anesthetie aveas at the bases of the left
forefingers. The children were then told to go home and to report haek tor biopsy five
days later, All the children reported back as requested, and under local anesthesin 2 .
punch biopsies were taken from the areas injected with ink and autoclaved oreanisms,
Comparable biopsics were taken from child No. 10 in zones that had been anesthetic
after his radial nerves had been blocked at the wrists with Novoeain and adrenalin, and
2 mm. punech biopsy specimens were removed from anesthetie zones at the hases of his
right and left fingers, respectively, in positions comparable with those in which foreien
matter had been injected in the other children.

After the biopsy specimens had been fixed, frozen sections 50y thick were ent, and
stained with silver by Schofield’s modification of Bielschowsky's technie and eounter-
stained by a modified Fite-Faraco technie (7). The rest of the material was embedded in
paraffin and alternating 10y sections were stained with hematoxylin and the modified
Fite-Faraco method or hematoxylin and eosin.



162 International Jowrnal of Leprosy 1965

TavLe 1.—~Nee, consistency and mobility of radial and ulnar nerves in school children
age 9-12 years.

Ulnar nerves at elhow

Radial nerves at wrist

Child No. Right 1 Left Right Left
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OBSERVATIONS
Series 1. Injection of carbon particles into the skin of patients with
lepromatous, indeterminate and tuberculoid leprosy—Table 2 shows
the results in the different forms of the disease. In the four cases with
lepromatous leprosy (Nos. 36, 39, 40 and 41) carbon particles were
found in Schwann cells in every case. The a and b sections of Figure 1,
from ease No. 39, are typical of the picetures seen. Figure la shows a
Schwann eell related to a “‘digestive’ chamber with earbon particles
in its wall (arrow). There are also earbon particles in the eytoplasm
of another axon-free Schwann cell lying next to a healthy Schwann
cell and its related axon (arrow). Figure 1b shows a clump of carbon
particles (arrow) in a vacuole in the eytoplasm of an axon-free
Schwann cell. The strand of cells of which this one was a member is
Iving beside another strand related to a regenerating axon. These
pictures demonstrated very clearly the inereased neural turnover seen
everywhere in the skin of patients with lepromatous leprosy.
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TasLe 2—Uptake of carbon particles by Schwann cells two days after injection of India
ink into active skin lesions of patients with lepromatous, tubereuloid and indeterminate
types of leprosy.

Tyvpe of leprosy

| Indeterminate ‘ Indeterminate
Tuberculoid — near lepromatous| near tubereuloid
36 : + I

37 | . 0 |
39
40
41
42 i

43 o -+

Patient No. | Lepromatous

+ 4+

TavLe 3—Uptake of carbon particles and M. leprae by Schwann cells five days after
injection of India ink or baeilli into a cut vadial nerve bundle at the wrist in patients
with tuberculoid or indeterminate leprosy.

LYDEOt epriny

| rwwr(rulnid | Il_ul_otvnuimm-
Patient No, | Carbon M. leprae ' Carbon M. leprae
78 | | = -1
79 0 0]
S0 0 0 i
81 _ar +

Carbon particles were seen also in Sehwann cells in patients No.
42 and 43, each with an indeterminate form of the disease, but in one
of whom (No. 42) there was histopathologic evidence that the disease
process was more toward the lepromatous end of the speetrum. By
contrast, in patient No. 37, who had tuberculoid leprosy, we were un-
able to find any carbon particles in the few Schwann cells that remained
in the anesthetiec zone. In one of the few nerve bundles still present,
which contained healthy nonmyelinated axons, a few earbon particles
were seen in some of the perineurial cells.

In each of these cases most of the injeeted earbon particles filled
histioevtes lying among collagen fibers in the dermis.

Series I1. The reaction of Scliwcann cells to carbon particles and
autoclaved M. leprae injected between the ends of divided sensory
nerves.—In the four cases in which small faseicles had been exeised
from the cutancous branch of the radial nerve exposed at the wrist,
and carbon particles injected between the stumps, the second biopsy
specimens were taken five days after the operation (Table 3). In cases
Nos. 78 and 81 carbon particles were found in Schwann cells lving
within hoth proximal and distal nerve stumps as well as in outgrowing
cells from the distal stump. For example, Figure 2, from the bhiopsy
specimen taken from case No. 81, shows a group of carbon particles
in the evtoplasm of an axon-free Schwann cell lying among healthy
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nerve fibers within the proximal stump. A< can he scen from Table 3,
cach of the cases just referrved to had an indeterminate form ol the
discase; inone it was histopathologically more toward the tuberceuloid
end of the spectrum than in the other, Tnoeases Noso 79 and SO, in which

|0).l e

Fia, 1. a) Nerve bundle in dermis, On either side of the liesilthy nerve filwer there are axon-
froe Sehwann cells i‘n[|1;|illlll}.: earbon, In one of them the carbon Lies in the wall of o "l“’.{-'\fi\'t'
ehamber™ Carrowso. (b Nerve bhundle just helow epidermis containing two strands of Sehwann
eolls, One s related to oo I'--grllu'l':nlillg axon: the other is axon-free, but one of its ecells has a
clump of carbon paorticles inoa vaeuole it extopliasm Caorrow o From S0u silver-stained seetions,
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[

Fig., 2.—Nerve bundle in der-
mis. There are carbon particles
(arrow) in in axon-free
Sehwann  eell  Iving  among
healthy nerve fibers. From o
Ap silver-stained scefion,

no carbon was tound in the second biopsies, the material obtained at
the first biopsies showed that the nerves had alveady been destroyed
hy the disease. Neither specimen contained any axons, but only a few
strands of nuelel, in size and shape resembling those of Sehwann cells,
buried in a mass of scar tissne. Nevertheless, the second hiopsies re-
vealed that a considerable amount of fibrous tissue had bridged the
gaps left by the first biopsies, but the few eells present contained no
carbon particles.

Before injeeting washed autoclaved M. leprae hetween the stumps
of divided sensory nerves of volunteer leprosy patients a pilot experi-
ment had been performed on a normal rat, to see if material of this
kind was likely (a) to survive and be recognizable after five days and
(b) to evoke the same response as viable M. leprae had done when they
were injected between the stumps of divided seiatic nerves (#).

One-tenth ml. of autoclaved M. leprae was injected between the
stumps of a divided rat sciatic nerve. Five days later hoth stumps
and the tissues between them were removed and processed as deseribed
above. There had been an intense inflammatory reaction. Nevertheless,
disintegrating organisms were found in Sehwann eells lyving in the
proximal stump 3 mm. or more from the site of section, as well as in
Schwann cells within and growing out from the distal stump. Figure
3 shows disintegrating bacilli in a **digestive”™ chamber (arrow) as
well as a single organism in the eytoplasm of another Schwann cell
(arrow) which has retained its characteristic appearance. There were
many organisms in the inflammatory cells in the epinenrial sheath and
between the nerve stumps, but they were not broken up as much as
those in the Sehwann cells. It was clear from this experiment that the
Schwann eells had competed sueeesstully for the autoelaved M. leprae,
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Fig. 3.—A elump of disintegrating aeid-fast organisms in a Sehwann cell 2 mm. within the
proximal stump of a divided rat seiatie nerve. They are lyving in a “digestive chamber”
(arrow). There is a single organism, which has retained the appearanee charaeteristic of
baeilli that have been autoelaved, in the eytoplasm of another Schwann eell (arrow). From
a 10g scetion stained with hematoxylin and carhbol fuehsin,

despite the presence of an inflammatory response in which there were
many phagoevtes, and that they were disposing of them more rapidly
than the other cells. The response was in faet similar to that following
the injection of viable M. leprae (*).

As can be seen in Table 3, in cases No, 78 and 81, with indeterminate
forms of leprosy, in which carbon particles had heen taken up by
Schwann cells on the right side, there were inflammatory responses on
the left side into which the autoclaved M. leprae had been injected.
In case No. 81 it was of a type seen in a lepromin-positive reaction.
The tissue response in case No. 78 was less intense, but in both cases
the reactions were visible elinically, the bases of the fingers being tense
and swollen. In each case, injected organisms were seen in Schwann
cells and, as in the rat, most of the rods were breaking up more rapidly
in these cells than they were in the surrounding inflammatory cells
which contained more of them. In case No. 78 the Schwann cells showed
unusually intense activity, to judge by the number that had proceeded
from the distal stump, as well as the presence of multiple nucleoli in
their nuclei. These cells contained numerous autoclaved organisms
that were breaking down. There were also many characteristic organ-
isms in the inflammatory cells as well as in the cells of the epineurial
sheath, but, unlike those in Schwann cells, the majority were not under-
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Fui, 4—Proximal stump ot
radial nerve 5 idavs after in
jeetion of autoelaved M. lepras
into gap between ends of divid-
ed bundle, A single organism
is  seen beside o relatively
healthy looking axon (arrow
It is comparable in form to the
autoelaved  baeilli ingjeeted  at
operation  amd  unlike the or
ganisms in the nerve bhefore it
was divided (see Fig, 6. Bi
opsy  from a patient with an
indeterminate form of leprosy,
Al section stained with silver

and enrbol fuechsin,

ok 4

1. 3.—Distal stump of radial <
nerve 5 days after injection  of 4

autoelaved M, leprae into gap be
tween ends of divided bundle. A
single organism that is starting to
fragment can be seen lying in the
evtoplasm of a Sehwann eell, which
contains also a segment of swol- -
len  degenerating  axon  beside a
relatively  healthy-looking  axon
(arrow ), It is comparable in form
to the autoelaved bacilli injeeted
at operation and unlike the or
ganisms in the nerve before it was
divided (see Fig. 6). Biopsy from
o patient with an  indeterminate

L
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-t

&

form of leprosy, 30up  section
stained  with  silver and  earbol
fuehsin,

|0M -

voing fragmentation. Figures 4 and 5 illustrate these observations, In
particular, they show that the distinetive morphology conferred on M,
leprae by autoclaving () can be recognized five days after their injection
between the stumps of divided sensory nerves in human volunteers
and that they are found in Schwann cells inside both the proximal
and distal nerve stumps. Figure 6 comes from a section of the fascicle
removed at the first biopsy from the same case (No. 78) and shows a
viable organism within a Schwann cell lying alongside a normal looking
nerve fiber (compare Figs. 4 and 5). Very few organisms were found in
this nerve, but all those seen looked viable.

In cases No. 79 and 80 the areas of skin served by the radial nerves
showed higher degrees of sensory impairment than those in cases No.
78 and 81. Moreover, at operation the nerve bundles were pale and sur-
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Fia, t6—Bundle of fibers ex-
cised from the lial nerve at
the wrist of a patient with an
indeterminate form of leprosy.
A single viable-looking organ-
ism is lving beside a healthy
looking axon (arrow). d0u see-
tion  stained  with  silver  and
earbol fuehsin (ef, Figs, 4 and

rounded by very thick epineurial sheaths, The sheaths were removed
and suitable fascicles exeised. However, the first biopsies showed that
the nerves had already been destroyed and the second biopsies showed
no Schwann cell activity. No organisms were found in any of the speei-
mens. In both cases, however, there was a profusion of newly formed
fibrous tissue between the **stumps,”” and this is consistent with the
fact that, before the second biopsy specimens were taken, hard, neu-
roma-like bodies could be felt heneath the skin at the sites from which
the nerve faseicles had been excised.

Series 1T and I'V.—The results of the investieations in the school
children are given in Tables 1 and 4. They show that neither enlarge-
ment nor hardening of either mixed or cutancous nerves (compared

Fi1g. 7.—Small bundle of nerve fibers in the
dermis of forefinger skin 5 days after the
injection of earbon particles. An aggregation
of partieles ean be seen in an axon-free
Schwann eell pathway heside healthy-looking
axons, A few partieles ean be seen also in the
perineurium  (arrow), The great majority of
carbon is in nearby maerophages, 50up silver-
stained seetion.
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with those of the examiner) permit any inferences to be drawn as to
the state of the cutancous twigs served by the nerves, let alone the like-
lihood that the subjeets were suffering or had suffered from leprosy.
Neither did they give any indication as to whether or not the subjeets
would develop signs of leprosy within the next twelve months, a fact
which emerged on reexamination. It is also elear that blocking a nerve
trunk with novoeain and adrenalin per se did not do enough damage
for this to be deteeted in the skin served by the nerve five days later
(Table 4, case No. 14). On the other hand, intradermal injections of
suspensions of either earbon particles or myeobacteria into the chosen
sites did lead to loeal nenral damage deteetable five days later (Table 4,
case Nos, 13,15, 19, 22 and 27). For example, in case No. 15 neither the
mixed nor the eutancous sensory nerves were judged to be in any way
clinically abnormal. Yet on the right side, but only surrounding the
site of injeetion, there was a local inerease in the turn-over of nerve
fibers, and Schwann cells had ingested earbon particles (Fig. 7). Klse-
where in the specimen the nerves appeared to he entirely normal. On
the left side, but again only surrounding the site of injection, there
was alzo a loeal inercase in neural turn-over, which was absent celse-
where in the specimen. It was of interest that there had been no ceellular
response to the injection of antoclaved M. leprae and that no organisms
were seen in the seetions from this hiopsy. Furthermore, as noted in

1. 8.—A small bundle of nerve fibers in
the dermis of forefinger skin, No injeetions
had been made in this area of skin, whiel

looked healthy; the radial nerve was not
blocked before lrpl'l'.‘l“ljll, One unusually l.'l]'}.‘,'"
axon is myelinated and gives off a branel

which itself dichotomizes, This is typieal of «
regenerating nerve, The perineurial sheath is
also unusually thick and all these appearanees
are similar to those seen in skin of patients
with an indeterminate form of leprosy, 50u
silver-stained seetion.
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Table 4, there was no elinically detectable swelling at the site of in-
Jeetion. It can only be supposed that this child was lepromin-negative
and that the injected organisms had either been eliminated by the
Nchwann cells or that the zones from which the sections came were a
fraction too far away from the site of injection for organisms to be
recognized. In the biopsy from case No. 22, whose mixed and cutaneous
sensory nerves were slightly enlarged clinically, earbon was found also
in Schwann cells close to the site of injeetion. Klsewhere the nerves in
the section were normal. In cases No. 13, 14 and 23 the biopsies showed
no carbon particles; nor was there any inerease in nearal turn-over.
It was obvious that these biopsies had failed to include the site of in-
jeetion of carbon. By contrast, in skin from both sides in case No. 8 and
from one side in ease No. 10 all the perineurial sheaths surrounding
the bundles of nerve fibers were thickened and there was a marked in-
crease in nearal turn-over (Fig. 8). In neither of these cases had loeal
injections been made into the skin at the sites of biopsy; yet the neural
changes were greater and more widespread than in any of the other
speeimens examined. They looked the same as those seen in indetermi-
nate forms of leprosy except that no acid-fast organisms could be
found. Morcover, there were no symptoms or clinical signs of the dis-
case at this time nor twelve months later.

In four out of the six boys there was an inflammatory response at the
site of injection of the mycobacteria, but again no organisms were
found. In all cases except one, in which M. leprae had been injected,
there was an inereased turn-over of nerve fibers, and in the two cases
in which M. lepraemuriim had been injected, there had been an intense
inflammatory response including the appearance of giant cells, resem-
bling closely the eellular response seen in tuberculoid leprosy. However,
the nerve fibers and Schwann cells in both these cases were quite un-
affected, except immediately adjacent to the site of injection, where
there was inereased neural turn-over.

It should be emphasized that in the school children the amount of
fluid injected was very small, as indeed was the amount of skin removed,
so that in case No. 15, in which no inflammatory response was apparent
in the tissnes on the left side and no inerease in neural turn-over de-
tectable on either side, both biopsy specimens must have come from
skin not coineiding with the sites of injection in a lepromin-negative
subject.

These experiments, taken together, suggested that leprosy is prob-
ably transmitted by inoculation of M. leprae into the skin and that the
Schwann cells of nerve fibers injured by the inoculation successfully
compete for the bacilli. The bacilli may be destroyed by the Schwann
cells or they may destroy the Schwann cells that ingested them. These
colls would then be ingested by neighboring Schwann cells, which in
their turn might snecumb, and in this way the disease counld spread
centrifueally along a nerve bundle until the organisms were finally
destroyed. Such a sequence of events would certainly account for the
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F'1G. 9.—8Skin from the margin of the lesion in Case 3, Note extensive eellular infiltration,
destruetion of Sehwann cell pathways and presence of giant multinuelear ecells in the neuro-
vascular bundles. The picture is typical of a self-limiting tuberculoid lesion. No neid-fast
baeilli were seen. 10g seetion, stained with hematoxylin and carbol fuehsin.
clinical ohservations in the so-called ““self-limiting”’ form of the dis-
case, Le., tuberculoid leprosy.

Fvidence that spread of injection can and does take place in this
manner in certain regions of the body is afforded by the following ob-
servations. A Nigerian boy aged 14 vears was sent by his family to a
center for treatment because six months previously two areas of skin
over his chest wall had first become reddened and then become depig-
mented and anesthetie. Sinee then the patehes had not hecome any big-
ger, but equally they showed no signs of getting smaller or becoming
repigmented. He had received no treatment of any kind.

On clinical examination the lesions were found to he typical of tu-
bereuloid leprosy, and there were thickened ceutancous branches of an
intercostal nerve going to each of them. Both affected areas were de-
pigmented and anesthetic. There was a very slightly raised margin
around each area, but it was not reddened and there was no clinical
indication that the disease was progressing, but rather that it was
resolving. Moreover, each of the thickened nerves could be palpated
without giving rise to pain. Skin hiopsy specimens were taken from the
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Fia. 10.—Distal portion of nerve bundle serving anesthetie area of skin in Case 3.
It shows massive ‘cellular infiltration, multinuelear giant cells and complete disorganization
of neural struetures. 10p seetion, stained with hematoxylin and earbol fuchsin,

center and margins of each lesion. No acid-fast baeilli were seen in any
of these specimens. Specimens from the center of the areas contained
no nerve fibers and only a few poorly organized Sehwanu cell pathways.
At the margins of both lesions there was an inflammatory response
containing giant cells, typical of tuberculoid leprosy; this is illustrated
in Figure 9. No nerve fibers were seen toward the anesthetie side of
the marginal zone, but a few regenerating axons were seen advancing
toward the denervated area from adjacent normal skin that had heen
included in the biopsy speeimens. The skin beyond the lesions showed
neither nenral nor other histopathologie changes and no acid-fast or-
ganisms could be found in these regions.

A biopsy specimen 1 em. in length was taken also from the entaneous
nerve serving one of the patches, about 5 em. distant from the lesion.
As can be seen in Figure 10, a typical tubereuloid response had de-
stroyed the distal part of the nerve bundle, but more proximally a few
intact healthy-looking axons were still present and related to equally
healthy-looking Schwann cells, except for the fact that they contained
viable M. leprae in their evtoplasm (Fig. 11).
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16, 11.—Proximal portion of nerve bundle
serving anesthetie area of skin in Case 3. It
shows a few healthy-looking axons, lying among
degenerating nerve fibers. Here and there (ar-
rows) acid-fast baeilli, some apparently vi-
able, are seen in Sehwann eells. 50p section,
stained with silver and earbol fuehsin.

DISCUSSION

It has been demonstrated that Schwann cells of cutaneous nerves
take up carbon particles injected into their neighborhood under certain
conditions: (a) in the presence of de- and regenerating nerve fibers,
and (b) when growing out from the stumps of recently divided nerves.

Ninee neural turn-over in the skin of patients with lepromatous and
some forms of indeterminate leprosy is always greater than that in
healthy subjeets (7), it was not surprising that a number of cutaneous
nerve fiber Schwann cells had carbon particles in their eyvtoplasm 24
hours after it had been injected. Carbon particles were found also in
healthy finger skin close to the site of injection five days previously.
Their presence in Schwann cells was clearly due to the locally inereased
neural turn-over, which in turn must have been due to the tranma
caused by the injeetion of the fluid eontaining the carbon, since at
these sites it had to be injected under pressure.

To explain these observations it may be assumed that either the
perineurial sheath, consisting of interlocked cells, ends before nerve
fibers terminate in the skin or that it is easily breached by trauma or
disease. In faet, electron microscope studies have demonstrated that
the eellular perineurial sheath does change its form radically in rela-
tion to nerves forming the eutancous plexus. In this region there is no
complete sheath of interlocked cells, but rather a series of perineurial
satellite cells that accompany the Schwann cells and neurites towards
their termination, but stop short of it (%).

(Carbon particles were found in the eytoplasm of the Schwann eells
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bridging the gaps between the stumps of the excised nerve fascicles
m the volunteer patients with indeterminate forms of leprosy. It should
also be stressed that carbon particles were found in the eytoplasm of
Schwann cells lying well within both nerve stumps. To have reached
these positions they must have been transported by the cells themselves,
for there are no lymphaties or other channels in the stumps along which
the earbon could have either traveled passively or been pushed. When
autoclaved M. leprae were substituted for carbon particles in such pa-
tients, even though washed, they evoked a lepromin-like reaction. More-
over, even in the presence of an inflammatory response with many
phagocytes, Schwann cells had competed for them successtully and
were destroying them more rapidly. Disintegrating bacilli were found
within Sechwann eells inside both nerve stumps, as well as in outwander-
ing cells from the distal stump.

These findings paralleled comparable experiments in rats (*) in
which it has been shown that Schwann cells behave as phagoeytes to-
ward carbon particles and compete successfully against other phaco-
evites for both viable and autoclaved M. leprae injected hetween the
stumps of sciatic nerves divided five days previously. In rats also, both
viable and autoclaved M. leprae were found in Schwann cells well in-
side both nerve stumps, althongh neither viable nor autoclaved 3.
lepraemurium were ever seen in this position.

In the series of investigations in which saline suspensions of either
washed autoclaved M. leprae or M. lepraemurium were injected into
healthy finger skin of children living in a region where leprosy was
endemie, the M. leprae either caused a lepromin reaction or failed to
cause any reaction at all. M. lepraemurium, on the other hand, caused
a severe reaction (including the appearance of giant cells), with con-
siderable swelling and edema. After five days no acid-fast organisms
could be found in any of the specimens, but in the skin in which /.
leprae had been injected there was a marked inerease in the turn-over
of the nerve fibers, which was only roughly localized around the site
of injection. By contrast, in skin into which M. lepraemurivim had been
injected, there was a small sharply localized zone of inereased neural
turn-over at the site of injection, but none elsewhere, despite the very
much greater inflammatory response that took place both at, and at a
distance from, the site of injection.

These investigations on human subjects confirmed the results of the
experimental work reported above and in the first of these papers (%):
It is elear that Schwann cells react quite differently toward M. leprae
and M. lepraemurium. They compete successfully against other cells
for M. leprae, and five days after the inoculation of bacilli, were in a
state of activity normally only seen at a later date following nerve dam-
age. They were quite unaffected by M. lepraemurium, and it was re-
markable also that, despite the intense inflammatory reaction evoked hy
these baecilli, nerves surrounded by inflammatory ecells, but not im-
mediately adjacent to the site of injection, were quite unaffected. An-
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other gratifying finding was that autoclaved M. leprae and leprae-
murium were capable of evoking specifiec cellular responses, in all re-
speets comparable with their viable counterparts, in both rats and hu-
man subjects.

As stated in our first paper on this subjeet, it has been known for
a very long time that M. leprae and nerve fibers arve closely associated.
Here we were concerned specifically to determine which neural element
was chiefly involved. It proved to be a Sehwann cell.

This finding we consider to be of importance in understanding the
disease process, for we are beginning to know more about the aetivity
of nerve fibers and Schwann cells in the skin as the result of studies
on other aspects of this problem. It is now quite elear that they differ
both with regard to number and turn-over in different people and in
different races. In all persons and at all ages there is a turnover of
both these elements in skin, which tends to inerease with inereasinge age
(*). On the other hand, in some individuals, e.g., those with psoriasis,
a disease that indeed may exist in subelinical form, the turn-over is
enormously accelerated (°).

It must be presumed that leprosy is caused by the inoculation of
mycobacteria into the skin, althongh it is of conrse theoretically pos-
sible that they might get into Sehwann cells by inunetion, or even by
other routes. We ourselves have never seen M. leprae lying in the
epidermis, although we have examined thousands of sections of lepro-
matous skin. Oceasionally organisms were thought to have been in the
epidermis, but this has always proved to be wrong and either an optical
illusion due to the angle of the section or to the faet that thev had
been displaced from elsewhere by the microtome knife. Moreover,
we have come across only one statement in the literature elaiming that
these organisms were seen in the epidermis (). Whatever the route,
they will eventually reach Schwann cells related to damaged nerve
fibers, which will compete for them. Further developments must de-
pend upon (a) the rate of exposure to infection and the number of
organisms injected at each exposure, and (b) the state of the subject’s
immunity. In lepromatous leprosy there is now good evidence that it
is contracted most commonly when subjeets are exposed to massive
doses of infection, for the lepromatous rate falls when such patients
are either segregated or treated successfully (*). Nevertheless, in some
persons lepromatous leprosy apparently develops far more readily
than in others when exposed to the same environmental hazards. Tt is
reasonable to propose that in lepromatous leprosy the organisms are
harbored by Schwann cells. Only when they have multiplied sufficiently
do they burst into the endoneurinm, whence they are taken to blood
vessels, and so get into the bloodstream (?), or are carried through the
perineurium into macrophages in the epineurium, just as in the case
of ecarbon particles (*). From the bloodstream they are disseminated to
other tissues and eventually those aceumulating in the epineurium
cause strangulation of nerve trunks. Thus the well-known clinical con-
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dition ol lepromatous leprosy develops. From what has been said it is
reasonable to spevulate that, since the treatment of these cases despite
“sulfones’ is still prolonged and not always suecessful, drugs eurrently
in usce do not reach the organisms in Schwann cells in the endonenrium
in sufficient coneentration to kill them. It is usually possible to destroy
organisms lying in other cells with sulfones. Now that we know that
Schwann cells harbor viable organisms, it follows that progress in
treatment might lie in a determined effort to find drugs that can reach
the organisms in these cells.
SUMMARY

The Schwann cells of sensory nerves in man behave in a mauner
analogous to that of Sechwann eells of rat sceiatic nerves toward earbon
particles, and autoclaved M. leprae and M. lepraemurium.

Human Schwann cells take up carbon particles for disposal outside
the endoncurium and compete successtully against inflammatory ecells
for M. leprae, but do not do so in the case of M. lepraemurium. The
cellular response in man toward washed autoclaved M. leprae suspend-
ed in saline is similar to that in the rat toward both viable and aunto-
claved organisms,

These observations suggest that every effort should be made to
discover some drug that will enable M. leprae harbored within Schwann
cells to be destroved without injury of the Schwaun cell at the same
time.

RESUMEN

Las eélulas de Schwann de los nervios sensoriales en el hombre, se comportan de
una manera andloga a aquellas de los nervios eidticos de las ratas con respecto a las
partienlas de earbén v a los M. leprae y M. lepraemurium post-autoclave, Las células
de Schwann humanas toman las partienlas de earbén para su disposicion tfuera del en-
doneurium y compiten existosamente con las células inflammatorias en enanto al M.
leprae, pero no lo hacen asi en el caso del M. lepraemurium. La respuesta celular en el
hombre hacia los M. leprae de autoclave y lavados, suspendidos en solueién salina, es
similar a aquellos en las ratas hacia ambos organismos viables y de auntoclave,

Estas observaciones sugieren que debe ser hecho el mayor esfuerzo para descubrir
alguna droga que permita destruir al M. leprae localizado dentro de las células de
Schwann, sin injuria para estas mismas.

RESUME

Les cellules de Schwann des nerfs sensitifs de 'homme se comportent d'une maniére
analogue aux cellules de Schwann des nerfs sciatiques du rat envers les particules de
charbon, envers les baceilles M. leprae autoelavés ainsi qu'envers les bacilles M. leprae-
murinm dgalement autoelavés.

Les eellules de Schwann humaines absorbent les particules de charbon pour les
évacuer hors de 'endonévre et entrent en compétition avee les cellules inflammatoires en
ce qui concerne M. leprae, mais ne se comportent pas de la méme maniére dans le eas de
M. lepraemurium. Chez 'homme, la réponse cellulaire & une suspension saline de M.
Teprae lavés est similaive i la réponse ohservée chez le rat & 1'égard des organismes
vivants et des organismes autoclavés,

Ces ohservations suggérent que tous les efforts devraient tendre vers la découverte
de quelque médicament pouvant permettre la destruetion de M. leprae lorsqu'il est
contenu dans les cellules de Sehwann sans causer en méme temps de dommage i cette
cellule de Schwann.
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