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In a preceding study (2 2), we ex tended the 
study o f the di stributio n o f hya luro nid ase
la bile a nd nonsulfa ted ac id muco polysaccha
ride (AMPS), previously reported by Hol
lander a nd So mmers (1 5) to be present in 
lepromas, to o ther types of leprosy . T he m os t 
significa nt AMPS depositio n consona nt with 
hya luronic acid ( HA), as noted by Ma ba lay 
e( a/ (20) a nd by us (22), was o bserved in the 
le promas o f acti ve leproma tous leprosy a nd 
was prese nt to a lesse r ex tent only in the 
ce ntral po rtio ns of ea rl y gra nulomas of tuber
culoid le prosy. Th e re were int e rm edi a te 
degrees of di stributio n of AMPS between 
the poles co rresponding to the case distribu
tion within the immunopathol ogic spectrum . 
This di stri butio n of AMPS seems to be in 
inverse proportion to the degree of ce ll
mediated immunity (e M I) in leprosy, just as 
lipid st o rage in lepromatous leprosy has bee n 
repeatedly repo rted by ma ny investiga to rs to 
present a simila r inve rse ra tio (9. II . 12.33.34.36 ). 

As the deposited lipid in leprosy has been 
rega rded as deri ved from M ycobacterium 
/eprae ( II . 12.33.34. 36 ) , so the o rigin of H A 
s h o uld be determined in o rd e r to purs ue 
understa nding of its bio logica l activi ty. If HA 
is deri ved from the host a nd M . /eprae tend 
to grow in loca les where HA is abunda nt, 
then HA might be rega rded as a possible 
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importa nt nutrient fo r M. /eprae. If, o n the 
o ther ha nd , M. /eprae produces HA as d o 
type A st re ptococcus ( 6. 17. IX. 19.47 ) a nd Trepo
nem a pallidum (4 2), then it might be regarded 
as a substa nce interfer ing with t he host's 
defense mecha nisms agai nst leprosy. T hese 
two poss ibilities were ra ised in a previous 
study (22). Acco rdingly, b io psy specime ns of 
leprosy skin we re studied to determine the 
subcellula r loca liza ti on of A MPS a nd ~
glucuronidase. Beta-glucuro nidase as we ll as 
N-acety l-~-glucosa minidase activity in lepro
sy les ions were a lso exa mined histochemical
ly to di ffe rentia te the act ivities o f the two 
enzymes since the la tter may a lso play some 
pa rt in the degradation of hya luronic acid . 

MATERIALS AND METHODS 

Leprosy skin bi opsies we r~ processed fo r 
the observa tion of AMPS a nd ~-glucuro ni
dase by electron microscopy as we ll as for 
morph ologic eva luati on by light microscopy 
of the di stributi on of ~ -glu curonidase, N
acetyl-~-glucosa minidase a nd fo r eva lua ti on 
by acid-fast a nd hema toxylin-eos in sta ins. 

Sources of material. Wedge biopsies from 
acti ve leproma tous (7 cases), bo rderline (3 
cases) a nd tuberculo id (3 cases) leprosy were 
obta ined from o utpa tients in Hong Ko ng, 
Ok inawa a nd Sa igo n. T he cases were classi
fi ed acco rding to the criteria of Ridley a nd 
J opling ( 29.30 ) . All pa tients had we ll devel
oped lesions a nd were untrea ted within the 
last fi ve yea rs or not treated at a ll. T he biop
sies were usua lly cut into t wo pieces of a l
most equa l size. One piece was fi xed in fo rmol 
chlo ra l hydra te (39) a nd the other in glutara l
dehyde (32), a fter cutting into 1-2 mm bits. 
G luta ra ldehyde fi xed ti ssue was the n washed 
with a nd prese rved in cacodyla te buffer con
tain ing 7% sucrose (39) a nd the tissues tra ns-
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po rted o n wet ice. 
Electron microscopic histochemistry. T is

sues we re minced o n a Sorva ll TC-2 ti ssue 
secti o ner by the method of S mith a nd Far
quha r (3X) a t 20 a nd 40 micro ns respecti ve ly 
fo ll owing either form ol chl o ra l hydra te o r 
g lut a ra ld e hyd e fi xa ti o n. T he secti o ned 
tiss ues we re then sta ined overnight with 
either Rine ha rt a nd Abul - Haj's modifi ca ti o n 
o f Hale's iro n soluti o n (3 1. 40) fo r gluta ra lde
hyde fi xed ti ss ue to detect A MPS, or fo r o ne 
hour with 0.08 mM na phth ol-AS- BI-~ -D
glucuro nide so luti o n according to the method 
of Sm lth a nd Fishma n (.19) fo r detect ing 
~ -glu c ur o nid ase . T he p rocessed secti o ns 
we re post-fixed with phos pha te buffered a nd 
pla in osmic ac id (39) res pec tiv e ly a nd em
bedded in epoxy res in a ft er a lco ho l dehydra
ti o n (3). Foci of cellula r infiltra ti o n we re 
chosen by light microsco pic o bse rva ti o n of 
Pa rago n (41) sta ined secti o ns. After sectio n-

ing o n a P o rt e r Bl oo m MT2- B ultra micro
tome fo ll owed by ura nyl aceta te (44) a nd lead 
citra te (2X), the ti ssues were exa mined with 
a Zeiss E M9 S-2 electro n microscope hav ing 
a fi xed acce lera ti o n vo ltage of 60 kilovolt. 

Light microscopic histochemistry. Po rti o ns 
o f skin bi o psies prese rved in cacodyla te 
buffer a ft er fixa tio n with fo rm ol chlo ra l hy
dra te were sectio ned a t a bo ut six micro ns o n 
a cryosta t a t - 20° C a nd sta ined with the 
method fo r ~ -glucuro nidase (39) fo llo wed by 
countersta ining with methyl g reen according 
to the method o f Hayashi e l al (1 4). In 
selected cases the sections were a lso sta ined 
fo r N-acetyl-g lucosaminidase according to 
the method o f Hayashi (13). 

Histopathology. Po rtio ns of fo rm ol chl o ra l 
hydra te fixed ti ssue we re embedded in pa r
affin , cut a nd sta ined with hema toxy lin a nd 
eosin (25), T ri ff (46) a nd modifi ed Z iehl- Nee l
se n (5) sta ins. T hese se rved to confi rm the 

F IG. I . Lepra cell sta ined with Abul- Haj modifica tion of Ha le's iron so lution. T he occas iona l 
subdi vision of vacuoles by iron precipitate (a rrows) shows th e loca lizati on of A M PS. Origina l mag
nificati on: 9,500X. Lepromatous case: S-2699, 64-yea r-o ld male, BI = 4.3, M I = 30%, six yea rs after 
the onset of the disease. 
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FIG. 2. A higher magnification of Figure I. AMPS in vesicular form is associated with M. /eprae 
(M l) . Origina l magnification: 28,OOOX. 

pathologic diagnosis, as well as the condition 
of the bacilli and cells participating in the 

. infiltration. 

RESULTS 

In lepromatous cases (Figs. 1 and 2), 
AMPS is localized especia lly around M . lep
rae lying in the vacuoles of lepra cells. The 
vacuoles are subdivided by various indistinct 
lines due to the localization of AMPS which 
form vesicu lar structures, as shown in Figure 
2, and some of the vesicles are attached to 
bacilli. M. leprae attached to heavily stained 
vesicular structures often seem to be well 
preserved . In this type of fully developed 
lepra cell the AMPS is not seen in either the 
cell membranes or phagolysosomal mem
branes. However , in some cases with higher 
Morphologic Indices , AMPS is seen in the 
membranes of phagolysosomes of lepra cells 
as shown in Figure 3. I n this type of cell, the 
phagosomes contain more AMPS filling 

space between bacilli and do not show vesic
ular structure (Fig. 4) . Beta-glucuronidase 
activity is found in and around M. leprae as 
shown in Figure 5. This enzyme activity is not 
seen in the Iysosomes of lepra cells (Fig. 6). 
Although by light microscopy the enzyme 
activity seems to be diffusely present in the 
cytoplasm of lepra cells, in some leproma
tous cases electron microscopy revealed that 
the locali zation of the enzyme activity is not 
in the Iysosomes but in and around bacilli . In 
the maj ority of the lepromatous cases, the 
above findings were supported by the locali
zation of ~-glucuronidase in vacuoles in lepra 
cells where bacilli were localized (Figs. 7 and 
8). N-acetyl-~-glucosaminidase activity was, 
however, localized only in the cytoplasm of 
lepra cells and not in the vacuoles where 
numerous bacilli were located. 

In borderline cases, early epithelioid cells 
contained a small amount of AMPS in lyso
somal membranes (Fig. 9) and occasionally 
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FIG . 3. Lepra cell stained with Abul-Haj modification of Hale's iroQ solution. AMPS (arrows) is 
localized as lining the vacuoles. M. leprae (MI). Original magnification: 9,500 X. Lepromatous case: 
TSK-17, 60-year-old male, BI =4.5, MI =40%, I I years after the onset of the disease. 

trace amounts in cell membranes, but the cell 
membranes of lymphocytes often contain 
more AMPS (Fig. 10). Although in leproma
tous cases (3 -glucuronidase seemed to be de
rived from M. leprae, weak activity was also 
present in the Iysosomes of epithelioid cells 
of borderline cases. 

In tuberculoid cases, trace amounts of 
AMPS were only seen occasionally in the 
lysosomes of epithelioid cells but the major
ity of these cells were AMPS free (Fig. II). 
These epithelioid cells and Langhans type 
giant cells often contain (3 -glucuronidase ac
tivity in the Iysosomes electron microscopi
cally (Fig. 12). The activity of the enzyme 
did not seem to be strong but was stronger 
than that found in cells of other types of 
leprosy. This enzyme activity as well as that 
of N-acetyl-(3-glucosaminidase was localized 
light microscopically in the central portions 
of granulomata where epithelioid and Lang
hans type giant cells are located. 

DISCUSSION 

Host immunity to leprosy has been found 

to comprise a spectrum between the polar 
lepromatous and tuberculoid types and the 
disease is classified accordingly (29.30 ). Figure 
13 (36) summarizes this concept. Despite 
varied studies for many years, nothing is 
known of M . leprae growth requirements 
which might help explain the lesion distribu
tion pattern in the disease, such as the predi
lection for nerves. 

In an earlier study we presented evidence 
relating HA to the host defense mechanism 
(22). This was suggested by the significant 
accumulation of HA in active lepromatous 
lepromas with only a mild accumulation of 
it in the central portions of early tuberculoid 
granulomata. However, because lipid storage 
is also more pronounced in lepromatous lep
rosy than in other leprosy expression and is 
thought to be derived from the bacilli 
(11. 12.33.36) , the question of the origin of HA 
arose. The results presented in Figure 3 
showi ng stronger localization of H A in the 
phagolysosomal membranes of lepra cells 
than around M . leprae support the concept 
that this AMPS is derived from the host. 
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FIG. 4. A vacuolar leprosy inclusion from the sa me case as Figure 3. AM PS (arrows) lines th e 
vacuole and is st uffed in between bacilli (M 1) . Original magnificati o n: 28,OOOX. 

Hammond and Dvorak's observation (10) that 
there is antigen-induced stimulation of glu
cosamine incorporation into the cytoplasm 
and cell membranes of macro phages of guin
ea pigs in delayed hypersensitivity may sup
port this concept. Glucosamine is a com
ponent of H A (27) and it is recognized (37) 
that the antigenic stimulation to humoral 
antibody production is stronger in leproma
tous as compared to tuberculoid leprosy. The 
localization of fj-glucuronidase only in and 
around M. leprae and not in lysosomes in
dependent of bacilli in lepra cells also sug
gests the possi bility that lepra cells are 
producing H A and that the bacilli are de
grading it. Beta-glucuronidase is a lysosomal 
enzyme according to Barrett (2) which plays 
a role in the degradation of HA as is also 

shown in Figure 14, adapted from Schtitterle 
and Platt (35). 

The above findings seem to correlate with 
the malfunction of macrophages in leproma
tous leprosy because macrophages are char
acterized as having strong ~-glucuronidase 
activity, with a few exceptions such as in 
sarcoidosis or some types of Hodgkin's dis
ease (43). 

In tuberculoid granulomas, trace HA was 
only observed occasionally in lysosomes of 
epithelioid cells. Beta-glucuronidase activity 
is, however, often encountered in the lyso
somes of epithelioid cells. This seems to par
allel the findings by Feher et al (8) in experi
mental granuloma, who observed strong 
~-glucuronidase activity remaining in histio
cytes after the disappearance of the AMPS 
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FIG. 5. Leprosy bacilli in a lepra cell cytoplasmic vacuole stained for jS -glucuronidase by the 
method of Smith and Fishman. The enzyme (arrows) is localized around bacilli. Original magnifica
tion: 28 ,OOOX. Lepromatous case: 64-year-old male, Bl = 4.3, M I = 30%, six years after the onset of 
the disease. 

which appeared in the course of inflamma
tion produced by croton oil in rats. Manning 
and Dipasquale (21) also observed temporary 
increase of jS -glucuronidase in the course of 
wound healing in rats. We have not had the 
opportunity of studying early tuberculoid 
cases. However, we determined (22) that 
AMPS diminished with the chronological age 
of lesions and, therefore, it may be that the 
enzyme activities that we observed were not 
at the highest level. Even so, it seems to 
be characteristic that epithelioid cells and 
Langhans type giant cells have jS -glucuroni
dase activity in Iysosomes and lepra cells 
do not. This characteristic difference in the 
two poles of leprosy suggests that HA may 
be a nutrient for M. /eprae although HA and 
hyaluronidase have previously been primarily 

regarded as spreading factors (6. 17. 18. 19). Sac
charides with glycosidic linkages have higher 
value as nutrients than oligosaccharides, ac
cording to Day and Pigman (7). Although no 
supporting documentation has been found, it 
does not seem unreasonable to consider the 
possibility that these substances may be uti
lized for energy by microorganisms. In vivo 
and in vitro studies probing this possibility are 
in progress. In this light, the concentration 
of HA in the peripheral nerves, as shown by 
Johnson and Helwig (1 6), may relate to the 
affinity of M. /eprae for these structures. 
This possibility is under study. 

In borderline cases, although electron mi
croscopy revealed that the activity of J3-glu
curonidase in early epithelioid cells is mainly 
associated with bacilli, the enzyme activity 



42, 4 Matsuo & Skinsnes: Host-M. leprae Metabolic Relationship 405 

FIG. 6. Lepra cell stained to detect l3-glucuronidase. There is absence of l3-glucuronidase activity 
in the lysosomes not containing bacilli and activity (arrows) in and around bacilli. Original magnifica
tion: 9,500X. Same case as Figure 3. 

is also present in Iysosomes independent of 
bacilli although the activity does not seem 
to be strong. The light microscopic finding 
that bacilli were outnumbered by sites of en
zyme activity also suggests the presence. of 
the enzyme in the host's cells. Also, in bor
derline cases, H A was primarily distributed 
in the cell membranes of lymphocytes al
though it was also observed in the lysosomal 
membranes of early epithelioid cells. This 
might suggest some degree of disability in 

HA degradation because in tuberculoid cases 
lymphocytes seemed to have less HA. 

N-acetyl-j3-glucosaminidase activity seems 
to show the sa me pattern of distribution as 
,a-glucuronidase in tuberculoid leprosy but 
not in lepromatous leprosy. In the latter, the 
activity was present in lepra cell cytoplasm 
but not in the vacuoles where bacilli were 
concentrated. This light microscopic finding 
has not been confirmed electron microscop
ically because the methodology has only 
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FIG. 7. Light micrograph of leproma sta ined 
for P -glucuronidase. Enzyme activity is loca lized 
in the periphery of the vacuo le. Original magnifi
cation: 400X. Same case as that of Figure 3. 

t 

'" . . 
FIG. 8. Almost same area as Figure 7. Bacilli 

are located on the periphery of the vacuole where 
t)-glucuronidase activ ity is localized in Figure 7. 
Original magnification: I,OOOX . Acid-fast stain . 

FIG. 9. Lysosomes of dimorphous epithelioid 
cells stained for AM PS. T here are trace amounts 
of AMPS in the lysosomal membranes. Original 
magnification: 9,500 X. Borderline case; H MT-940, 
BI =0. 

recently become available. However, accord
ing to Okada and O'Brien (26), generalized 
absence of 13 -D-N-acetylhexosaminidase 
(which contains N-acetyl-t)-glucosaminidase) 
occurs in Tay-Sachs disease. As this ganglio
sidosis is not known to be encountered in the 
course of any type of leprosy, this enzyme 
deficiency does not seem to be associated 
with any possible leprosy cell enzyme de
ficiency. 

Hyaluronidase is also a major enzyme in 
the degradation of HA, as indicated in Figure 
14. Histochemical study of this enzyme in 
leprosy has been postponed , awaiting the 
availability of unfixed tissues (24). There may 
be such activity, although according to Wells 
(45) no hya luronidase is present in the skin. 
However, he examined normal and burned 
skin and did not study any type of granuloma
tous inflammation. 

The presented results suggest that the hy
aluronic acid is of host origin. Suggestive 
evidence of the possible role of hyaluronic 
acid as a nutrient for M. leprae in vivo and 
in vitro will be reported separately (23). 

SUMMARY 

Electron- and light microscopic analyses 
were conducted on leprosy skin biopsies rel
ative to the origin of hyaluronic acid , which 
has previously been observed to be distrib
uted inversely in ratio to the degree of cell
mediated immunity. The present study in
vestigated the subcellular localization of 
hyaluronic acid and its degrading enzyme in 
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FIG. 10. A lower magnification of the infiltration of the skin which is shown in Figure 9. Strong 
localization of AMPS (arrows) in the cell membranes of lymphocytes. Origina l magnifica tion: 1,900X. 

FIG. II. Epithelioid cells stained with Abul-Haj modification of Hale's iron solution. Absence of 
AMPS in none of the cells. Original magnification: 1,900 X. Tuberculoid case; S-147 . 



408 International Journal of Leprosy 1974 

FIG. 12. Epithelioid cell stained for i3 -glucuronidase. Enzyme actIvIty is in Iysosomes (arrows). 
Tuberculoid case; HMT-I037, 56-year-old male, BI =0, 10 years after the onset of the disease. Orig
inal magnification: 5,500 X. 
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FIG. 13. Schematic representation of the immunologic and pathologic relationships in leprosy (37). 
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FIG. 14. Schematic representation of the enzymatic degradation of hyaluronic acid (35). 

various types of leprosy. Hyaluronic acid in 
some lepromatous leprosy cases was shown 
to be accumulated in the limiting membranes 
of the phagosomes of lepra cells and Myco
bacteria leprae have J3-glucuronidase which 
plays a role in the degradation of hyaluronic 
acid. Contrariwise, in tuberculoid leprosy, 
J3 -glucuronidase was detected in the Iyso
somes of epithelioid cells and giant cells. 
This result suggests that the origin of hy
aluronic acid is in histiocytes and at the same 
time it might suggest that M. leprae is in 
competition with enzymes of epithelioid cells 
for hyaluronic acid, whereas' reduced or ab
sent J3 -glucuronidase in lepra cells enable 
bacilli to utilize the AMPS as a nutrient . . 

RESUMEN 
Biopsias cutaneas de lepra fueron examinadas 

mediante la microscopia de luz y electronica en 
relacidn con el orijen del a'cido hyalurdnico, el 
que en observaciones previas se halld distribuido 

en relacidn inversa a l grado de in'munidad celular. 
En el presente estudio la localizacidn celular del 
a'cido hyalurdnico y su enzima degradativa fue 
investigada en varios tipos de lepra . Se demostrd 
que en casos de lepra lepromatosa el a'cido hya
lurdnico se hallaba en las membranas limitantes 
de los fagosomas de ceJulas leprosas y que las 
M. /eprae poseian J3-glucoronidasa, enzima esta 
que participa en la degradacidn del acido hya
lurdnico. Por el contrario en la lepra tuberculoide, 
J3-glucoronidasa fue detectada en los lysosomas 
de ceJulas epiteloides y gigantes. Estos resultados 
sugieren que el a'cido hyalurdnica se origina en 
los histiocitos, y tam bien podrfan sugerir que las 
M. /eprae compiten con las enzimas de ceJulas 
epiteloides por el a'cido hyalurdnico; mientras 
que la reduccidn 0 ausencia de J3-glucoronidasa 
en ceJulas leprosas permiten a los bacilos utilizar 
AMPS como factor nutricional. 

RESUME 
Au moyen de microscopie optique et electro

nique on a etudie l'origine de l'acide hyaluronique 
dans des biopsies cutanees des malades de lepre. 
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Un rap po rt inve rse avai t deja ete obse rve ent re 
la presence de I'acide hya luronique et Ie degre 
d ' immunite ce llulai re. Da ns ce travai l on a exa
mine la loca li sa ti o n sous-cellula ire de I'acide 
hya lu roni q ue et ses fer ments degra da nts da ns les 
for mes differenfes de lepre. La plupart des cas 
lepromateux ont revele un entassement de I'acide 
hyaluro ni que a ux memb ra nes des phagoso mes des 
cellules de Virchow, et en plus o n a rema rq ue 
a ux bacilles de M. leprae une activi te d u fe rment 
{j-glucuronidase, q ui jo ue un ro le da ns la degra
dat io n de I'aci de hya luro niq ue. Au contra ire, chez 
les ma la des de lepre tubercul oide, la gluc uroni
dase a ete tro uvee da ns les Iysoso mes des cellules 
epithelioides et ce llules gea ntes. Ces resulta ts 
suggerent q ue I'aci de hya lu roniq ue a ux lesio ns 
lepreuses est de I'o rigi ne histiocyta ire et en m@me 
temps q ue M. leprae est en co ncurrence avec les 
ferme nts des ce llu les epithel ioides pour I'acide 
hyalu ro nique, ta nd is qu'une dimi nut ion ou a b
se nce de (j-glucuro nidase da ns les ce llules de 
Vi rchow permet les bacilles d' utiliser Ie muco
polysacchar ide aci d iq ue comme a liment. 
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