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Electron-microscopic and cytochemical studies were
carried out on tissues of NCTR-BALB/c mice. These
mice are affected with a neurovisceral genetic disorder
involving excessive tissue accumulation of lipid. Dis-
tinctive polymorphic intracellular inclusions, bounded
by a membrane and containing lamellated bodies, were
found in many cells of liver, spleen, lung, kidney, in-
testine, lymph nodes, and brain. The inclusions trans-
formed reticuloendothelial cells into massive foam
cells. Acid phosphatase cytochemical studies performed

on sections of liver demonstrated that the inclusions
were lysosomes. Fixation of liver in the presence of
digitonin produced “spicules” in the inclusions charac-
teristic of digitonin—cholesterol complexes. Clefts of
cholesterol crystals were seen in the inclusions in liver,
spleen, and lung. We conclude that the NCTR-BALB/c
mice are affected by a lysosome lipid storage disease
and that cholesterol is a major storage product. (Am J
Pathol 1982, 108:150-159)

THE NEUROVISCERAL DISORDER affecting the
NCTR strain of BALB/c mice was found to be as-
sociated with relative organ enlargement, extensive
deposition of lipid, and appearance of vacuolated
cells in many tissues.' Especially notable was the ac-
cumulation of large foam cells in reticuloendothelial
system (RES)-rich tissues of affected mice. These
pathologic features are characteristic of those of
many inborn lysosomal storage diseases? and raise
the possibility that the NCTR-BALB/c mice may be
affected by such a condition. In this article we de-
scribe results of ultrastructural and cytochemical
studies that support this conclusion and show that
cholesterol is a major storage product. A preliminary

communication of these investigations has been pub-
lished previously.?
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Materials and Methods
Animals and Samples

Control BALB/c and affected NCTR-BALB/c
mice, both male and female, aged 67-78 days were
used in these studies. The affected NCTR-BALB/c
mice exhibited the symptoms of the disorder described
in the preceding article, and they were in the descend-
ing limb of their growth profile.! The mice were fed
ad libitum on Purina Mouse Chow. Because of the
progressive impairment of their coordination, the
affected mice were less able to feed themselves and
may have been semifasted at the time of sacrifice.

The mice were killed by cervical dislocation, and
the brain, intestine, kidney, liver, lungs, lymph nodes
(affected mice only) and spleen were immediately ex-
cised and fixed by immersion for morphologic study.

Electron Microscopy

Specimens of each tissue, diced into 1 cu mm pieces,
were fixed 1-2 hours in ice-cold 2.5% glutaraldehyde
(Electron Microscopy Sciences, Fort Washington,
Pa) in 100 mM sodium cacodylate buffer, pH 7.4, or
in paraformaldehyde-glutaraldehyde fixative* in the
same cacodylate buffer. The samples were then post-
fixed for 1.5 hours in 1% osmium tetroxide in caco-
dylate buffer and stained en bloc with uranyl acetate.®
After dehydration in graded alcohol and propylene
oxide, the samples were embedded in Epon 812. Sil-
ver sections were cut on a Sorvall MT-2B ultrami-
crotome with a duPont diamond knife. They were
doubly stained with uranyl acetate® and lead citrate.”
Microscopy was performed with a Philips EM-300
electron microscope operated at 80 kv.

Cytochemistry

Acid Phosphatase

Cytochemical identification of lysosomes was
made by acid phosphatase staining. Tissue specimens
(approximately 1 X 2 x 10 mm) were fixed in 1-2%
glutaraldehyde in 100 mM sodium cacodylate buffer,
pH 7.4, for 1-2.5 hours on ice, and 30-40-u thick sec-
tions were then chopped on a Smith-Farquhar TC-2
tissue chopper (Ivan Sorvall, Inc., Newtown, Conn).®
After rinsing in cacodylate buffer to remove fixative,
we incubated the sections at 37 C for 2 hours either in
a modified Gomori medium, containing 40 mM Tris-
maleate buffer, pH 5.0, 2.4 mM lead nitrate, and 11.5
mM fB-glycerophosphate (Sigma Chemical Company,
St. Louis, Mo) as substrate,® or in 20 mM sodium
acetate buffer, pH 5.0, 3.6 mM lead nitrate, and
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2.7 mM cytidine monophosphate (Sigma Chemical
Company) as substrate.'® Control sections were in-
cubated in medium without substrate. After incuba-
tion, the specimens were washed once in cacodylate
buffer and postfixed in 1% osmium tetroxide in cac-
odylate buffer at 0 C. They were then processed for
electron-microscopic examination as described above.

Cholesterol

Intracellular location of unesterified cholesterol
was identified by the digitonin procedure of Scallen
and Dietert.!* Diced tissue specimens were fixed in
Flickinger’s aldehyde fixative (2% formaldehyde,
2.5% glutaraldehyde, and 0.05% calcium chloride in
100 mM sodium cacodylate buffer, pH 7.2) for 30
minutes at room temperature. The specimens were
then further treated with Flickinger’s fixative contain-
ing 0.2% digitonin (Fisher Scientific Company, Pitts-
burgh, Pa) for 1-3 hours at room temperature.
The specimens were postfixed in 1% osmium tetrox-
ide in cacodylate buffer, and processed for elec-
tron microscopy as described above, except that de-
hydration (5-10 minutes) in graded solutions (20%o,
30%, 50%, 95%, and 100%) of ethyl alcohol was used
and the propylene oxide step was omitted. Infiltra-
tion with Epon was done in 1 : 1 (vol/vol) mixtures of
Epon and alcohol, followed by Epon alone.

Results
Ultrastructure of Tissues of Affected Mice

The intracellular inclusions described here were
found in tissues of both male and female affected
mice. The structures had the same appearance and
frequency in both sexes.

Liver

Sinusoids were obstructed by numerous large foam
cells and erythrocytes, resulting in disruption of the
usual organization of the tissue (Figure 1A). The
foam cells were filled with large vacuolated inclu-
sions; many of these cells were presumably Kupffer
cells, but the degree of cytoplasmic vacuolization was
so extensive that identification could not be estab-
lished with certainty. Erythrocytes were sometimes
found in the cytoplasm of the foam cells, indicating
that these cells were phagocytic.

Hepatocytes exhibited numerous inclusions, some
consisting of vacuoles containing osmiophilic bodies
and others consisting of rhomboidal crystal clefts
(Figure 1B). The inclusions tended to be concentrated
near the bile canaliculi, although they could be found
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Figure 1— Appearance of liver parenchyma of an affected NCTR-BALB/c mouse. A — Foam cells filled with inclusions obstruct a sinusoid,
which extends across the lower half of the micrograph. Nearby hepatocytes also possess inclusions like those in the foam cells. Erythrocytes
(rbc) are present in the sinusoid, and some are phagocytized by the foam cells, as shown in the inset, in which the phagosome membrane is
clearly visible. B — Portions of cytoplasm of several hepatocytes with numerous crystal clefts as well as inclusions similar in appearance
to those found in adjacent foam cells (lower right). Hepatocyte inclusions are generally smaller, and they tend to cluster near bile canaliculi
(bc). Nucleus (N), mitochondrion (M), and endoplasmic reticulum (ER) appear normal. (A, x 7800; inset, x 35,000; B, x 10,000) (With a photo-
graphic reduction of 7%)
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Figure 2— Detailed views of the inclusions in liver. A —Inclusions in cytoplasm of sinusoid foam cell are large vacuoles bound by a mem-
brane (arrows). They contain numerous lamellated, osmiophilic bodies 100-500 nm in diameter that are interspersed in electron-lucent areas,
presumed to represent lipid extracted during tissue processing. B — Portion of hepatocyte cytoplasm showing the polymorphic nature of
the inclusions. The most frequent vacuoles (v,) are similar to those seen in foam cells. Crystal clefts may appear in these structures (v,), better
illustrated in upper left inset, where limiting membrane is visible. Occasionally, vacuoles filled with membraneous whorls (v;) or autophagic
remnants of mitochondria and endoplasmic reticulum (right inset) can be seen. (A, x20,000; B, x 24,000; left inset, x 54,000; right inset,
X 25,000) (With a photographic reduction of 7%)
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throughout the hepatocyte cytoplasm. In favorable
sections, endothelial cells and fat-storing cells were
also seen to possess inclusions, but these were fewer
in number than in the hepatocytes or the foam cells.

The inclusions present in sinusoidal foam cells and
hepatocytes are shown at higher magnification in Fig-
ure 2. The foam cell inclusions consisted of vacuoles
2-5 pin diameter bound by a membrane and contain-
ing numerous lamellated bodies ranging from 200 to
500 nm in diameter (Figure 2A). The lamellated
bodies often possessed osmiophilic dense centers pos-
sibly derived from tightly coiled myelinlike material.

The hepatocyte inclusions were also membrane-
bounded but were smaller in size than those found in
foam cells and were more variable in appearance
(Figure 2B). The most common form of hepatocyte
inclusion contained lamellated bodies similar in ap-
pearance to those seen in the foam cells. Other inclu-
sions consisted of crystal clefts surrounded by a
membrane. Often, crystal clefts, together with lamel-
lated bodies, were seen in the same vacuole. The crys-
tal clefts appeared in both glutaraldehyde and para-
formaldehyde-glutaraldehyde fixed tissues. Less
commonly observed were vacuoles filled with tightly
packed membranous whorls. Autophagic vacuoles
were seen more frequently in the hepatocytes of af-
fected NCTR-BALB/c mice than in those of control
animals; typical secondary lysosomes were scarce.
Lipid droplets and glycogen, abundant in hepato-
cytes from unaffected mice, were absent. Their ab-
sence and the frequent appearance of autophagic
vacuoles could be a reflection of the nutritional state
of the animals. Other cytoplasmic structures, such as
the endoplasmic reticulum, Golgi apparatus, mito-
chondria, and peroxisomes, appeared normal in the
liver cells of affected animals.

Spleen

The spleens of affected mice showed lipid deposits
in the cells of the red pulp and marginal zone. Giant
foam cells as large as 30 um in diameter were seen,
and they contained large inclusions similar in appear-
ance to those found in foam cells in liver (Figure 3A).
Again, the inclusions were membrane-bounded and in
some instances contained crystal clefts. Most of the
foam cells were presumably derived from free or fixed
macrophages. Lymphocytes in the white pulp were
also affected, but not to the severe degree found in
the foam cells of the red pulp. The lymphocyte inclu-
sions were similar to those in the foam cells but were
fewer and smaller (Figure 3B). Other cells found in
the spleen, such as smooth muscle cells and reticular
cells, contained occasional small inclusions. The
blood leukocytes were also altered (not shown).
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Lung

Alveolar macrophages were the cells most affected
in the lung (Figure 3C). They were enlarged and pos-
sessed inclusions similar to those seen in foam cells of
liver and spleen. Pneumocytes, on the other hand,
rarely contained the inclusions.

Other Tissues

The inclusions described above were seen also in
cells of several other tissues of affected mice (not il-
lustrated). Depending on the source of the tissue, the
internal appearance of inclusions varied slightly.
Sometimes amorphous materials or loosely coiled
myelinlike figures were present. Small cytoplasmic in-
clusions were seen in tubular epithelium of the kidney
and in neuroglial cells of the brain. Epithelial cells
and goblet cells in the intestinal villi did not exhibit
the inclusions, but cells in the lacteals were affected.
As in spleen, the lymph nodes possessed numerous
foam cells filled with large inclusions, and the cyto-
plasm of lymphocytes in germinal centers often con-
tained clusters of small inclusions.

Cytochemical Studies

Acid Phosphatase

As shown in Figure 4, cytochemical reaction for
acid phosphatase identified the inclusions of both liver
sinusoid foam cells and hepatocytes as lysosomes.
The staining was observed in these structures with
either p-glycerophosphate or cytidine monophos-
phate as substrates. Lead phosphate reaction product
did not appear in the inclusions in the absence of sub-
strate. Some inclusions did not stain, particularly
those in the sinusoid foam cells. This could reflect the
lack of enzyme activity but could also be the conse-
quence of enzyme inactivation due to fixation or,
since the inclusions are so large in foam cells, it could
be accounted for by formation of the reaction prod-
uct above or below the plane of section. The lyso-
some contents themselves might also inhibit enzyme
activity.

Cholesterol

Digitonin treatment of liver tissue of affected mice
resulted in the appearance of tubular structures (Fig-
ure 5). These occurred throughout the cytoplasm of
the foam cells and in discrete circumscribed sites in
the hepatocytes. These structures, called spicules, are
characteristic of digitonide complexes of cholester-
ol''"** and phospholipid.!* Typical storage inclusions
were absent after digitonin treatment. Remnants of
lamellated bodies, however, were sometimes found
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Figure 3 — Appearance of other tissues of an affected NCTR-BALB/c mouse. A —Foam cell in splenic red pulp is filled with vacuolar inclu-
sions delimited by a membrane; crystals may form in the vacuole (inset). B — Lymphocytes in splenic white pulp are less affected. The
vacuolar inclusions are smaller and fewer in number. C —Typical foam cell free in the alveolar space of lung. D — Example of a

membrane-limited crystal cleft in cytoplasm of alveolar foam cell cytoplasm. (A, x 7800; inset, x 15,000; B, x 7800; C, x 9800; D, x 62,000)
(With a photographic reduction of 5%)
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Figure 4 —Cytochemical demonstration of liver inclusions as lysosomes. A — Acid phosphatase reaction product associated with inclu-
sions in cytoplasm of a liver foam cell. Inset — Reaction product in a membrane delimited vacuole. B and C — Two views of hepatocyte
cytoplasm showing several inclusions (ly) that possess acid phosphatase. Ga, Golgi apparatus; M, mitochondrion; RER, rough endoplasmic
reticulum; P, peroxisome. (A, x27,000; inset, x 55,500; B, x39,000; C, x32,000) (With a photographic reduction of 6%)
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Figure 5— Appearance of liver inclusions after digitonin treatment. A —The vacuolar contents of foam cell cytoplasm are repiaced by
tubular digitonide “spicules” (arrow). The delimiting membrane of the vacuoles are no longer evident. Inset — A detailed view of an inclu-
sion filled with spicules; a lamellated osmiophilic body is seen among the spicules. B and C— Two views of hepatocyte cytoplasm il-
lustrating spicules in discrete areas (arrowheads). Note in B the small cytoplasmic lipid droplet (D) not altered by the digitonin treatment.
Other cellular components such as nucleus (N), mitochondrion (M), rough endoplasmic reticuium (RER), Golgi apparatus (Ga), and peroxisome
(P) appear unaffected by the digitonin. (A, x 25,000; inset, x 32,000; B, x 27,000; C, x 24,000) (With a photographic reduction of 6%)
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among clusters of spicules, indicating that the digi-
tonin reacted with the contents of inclusions to alter
the appearance of the vacuoles. Other cellular orga-
nelles, including endoplasmic reticulum, mitochon-
dria, and peroxisomes, did not exhibit spicules and
appeared unchanged.

Discussion

We conclude from the morphologic observations
presented above that the intracellular inclusions ap-
pearing in tissues of affected NCTR-BALB/c mice
are lipid-filled lysosomes and that the symptoms of
the affected mice are the result of a lysosome storage
syndrome. Cholesterol is a major storage product in
the lysosomes, as demonstrated by the cytochemical
reaction with digitonin and the appearance of choles-
terollike crystals in the inclusions. The cholesterol
crystals were strikingly more numerous in hepato-
cytes than in adjacent sinusoid foam cells; we have
no explanation for the preferential formation of crys-
tals in the hepatocytes. Very similar intralysosomal
cholesterollike crystals and digitonin-induced spicule
formation in lysosomes have been described previ-
ously in aortic foam cells of rabbits fed on choles-
terol-rich diets.'® The lamellated bodies within the in-
clusions of NCTR-BALB/c mice may represent
phospholipid. Their loosely coiled appearance is
comparable to the multilayered structures that are
seen in lysosomes of rats with drug-induced phospho-
lipidoses.'¢

Niemann-Pick disease in humans is characterized
by tissue accumulations of sphingomyelin and, to a
lesser degree, unesterified cholesterol'” and by the oc-
currence of large, membrane-bounded cytoplasmic in-
clusions whose internal structure varies somewhat,
depending on the tissue examined.'*-2* The foam cells
in brain tissue, bone marrow, and lymph nodes of
these patients contain large bodies packed with my-
elin figures consisting of concentric osmiophilic lay-
ers with a periodicity of about 5 nm. Inclusions in
liver cells were found to be more electron-translucent
but contained membranelike structures.?*~? The
Niemann-Pick inclusions have been identified as ly-
sosomes by acid phosphatase staining.2’° The myelin-
filled structures (v;) shown in Figure 3B are similar to
some of the Niemann-Pick inclusions. But they are
seen infrequently and could as well be autophagic
vacuoles resulting from the semi-fasted state of the
affected mice. The majority of the lysosomes found
in the affected NCTR-BALB/c mouse tissues are dis-
tinctly different from the Niemann-Pick inclusions.
They are more electron-lucent and contain clusters of
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small lamellated bodies, rather than large membra-
nous whorls. We have not found in the literature any
reports of cholesterol crystals in the inclusions of
Niemann-Pick cells.

We have also compared morphologically the stor-
age inclusions in affected NCTR-BALB/c mice with
intracellular inclusions in tissues of mice with foam
cell reticulosis (fm/fm).?* Tissue accumulations of
cholesterol and sphingomyelin also occur in selected
tissues of the latter. The two types of inclusions re-
semble each other only in being membrane-bounded.
Their internal structures are dissimilar. In liver, for
example, the hepatocyte inclusions of the fm/fm
mouse contained an electron-dense matrix in which
one or more electron-lucent areas were found; other
hepatocyte inclusions were described as tubular in
shape. Splenic macrophage inclusions in the fm/fm
mice contained a granular matrix with no lamellated
bodies. Proliferation of smooth endoplasmic reticu-
lum, which was prominent in hepatocyte cytoplasm
of the fm/fm mice, does not occur in liver cells of
affected NCTR-BALB/c¢ mice.
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