to the metastatic potential of its individ-
ual cells. This high degree of hetero-
geneity is probably attributable to the
fact that the B16 melanoma has existed
as a transplanted tumor for more than 20
years. It is quite likely that many vari-
ants would arise during this period by the
process of mutation and selection and by
epigenetic mechanisms ). In addition,
the process of metastasis is a complex
one with many sequential steps. It begins
with the invasion of tissues and vessels
by cells originating in the primary can-
cer. After their entry into the circulation,
most cells are arrested in the first capil-
lary bed encountered, but some continue
and are trapped in other organs. After
this arrest, the tumor cells must invade
the parenchyma, proliferate, establish a
vascular supply, and escape host defense
mechanisms in order to develop into sec-
ondary foci. A cell that acquires an in-
creased ability to survive any one of
these steps would be viewed as having
an increased metastatic potential. Thus,
there are probably many different path-
ways by which a cell could acquire an in-
creased or decreased capacity to form a
new colony at a distant site.

The possible existence of highly meta-
static variant cells within a primary tu-
mor may have important consequences
for cancer therapy. Efforts to design ef-
fective therapeutic agents and proce-
dures should be directed toward the few,
albeit fatal, metastatic subpopulations.
Continuing efforts to eradicate the bulk
of neoplastic cells, without regard to
their biological behavior, are likely to be
unproductive. Perhaps the highly meta-
static clones described in our study
would be useful tools for testing new
therapeutic approaches to cancer.

IsaiaH J. FIDLER
MARGARET L. KRIPKE
Basic Research Program, National
Cancer Institute Frederick Cancer
Research Center,
Frederick, Maryland 21701
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Phi Bodies: Peroxidatic Particles that Produce

Crystalloidal Cellular Inclusions

Abstract. Unique, spindle-shaped particles (¢ bodies) and rods with peroxidatic
activity are found in certain epithelial cells of normal mice, clofibrate-fed rats, and in
leukemic leukocytes. The ellipsoidal shape of ¢ bodies apparently results from the
deformation of spherical granules by extrusion of axial crystalloid that subsequently

fragments into rods.

While studying the abundant per-
oxisomes in mouse salivary gland distal
duct luminal epithelial cells with light mi-
croscopic histocytochemical methods
for the direct demonstration of their iso-
citrate dehydrogenase (/) and catalase,
we observed (2) enzyme-reactive rods as
well as filaments of different dimensions
(Fig. 1). Study of the size and distribu-
tion of these rods and filaments sug-
gested that they could not be micro-
organisms (3). This was confirmed by
correlative studies with the electron mi-
croscope, which also demonstrated that
these structures were crystalloid rather
than crystalline.

In our earliest studies of these rods we
observed spindle-shaped particles (Figs.
1 to 3) which, at first, were thought to
consist of microbodies superimposed on
rods. At this time, neither the change in
conformation of the peroxisome from
spheroidal to ellipsoidal nor the increase
in size that accompanies its transforma-
tion to the ¢ body had been recognized.
Indeed, the elucidation of the ¢ body as
a unique and distinct cellular particle vis-
ible with the light microscope in histocy-
tochemical enzyme preparations was de-
layed by our ability to resolve several of
these putative spindle-shaped particles
into rods superimposed on peroxisomes
with the light microscope.

Study of the specimen shown in Fig. 1,
however, suggested that a considerably
higher incidence of these particles than
might be expected from the fortuity of
superimposition could be found in cer-
tain areas of the ductal epithelium. Fur-
ther study of this specimen revealed that
the centers of almost all of these unique
spindle-shaped particles, which could
not be resolved with the light microscope
as being due to overlapping peroxisomes

and rods, were ellipsoidal rather than
spherical. It was also noted at this time
that the rods or filaments which extruded
from the poles of the ¢ body invariably
appeared to coincide with the major axis
of its ellipsoidal center. The ¢ body cen-
ters were also generally larger than near-
by spheroidal microbodies.

These observations led to the hy-
pothesis that the deformation of the
spherical microbody to an ellipsoidal
shape and its increase in size could re-
sult from internal pressure exerted by
crystalloid growing in the centers of the
relatively small numbers of transforming
microbodies prior to and during the
extrusion of the same material from
their poles. This proposed mechanism
is similar to the ‘‘tent-pole’” effect
proposed for the protein crystalloid of
immature eosinophil granules by which
their spherical contours become angu-
lated (4). A similar effect appears to
account for the population of ellipsoidal
azurophilic granules of normal neutro-
philic promyelocytes which have an
axial band of crystalloid (5).

Several other considerations also
tended to relate ¢ bodies to free rods ob-
served in the luminal epithelial cells of
the distal ducts of mouse salivary glands.
Light microscopic study of the subman-
dibular glands of many strains of mice
and several strains of rats revealed that,
although nonparticulate catalase and
peroxisomes were prominent in the dis-
tal salivary gland duct cells of all strains,
¢ bodies were observed only in the tis-
sues of the rodent strains that contained
catalase-positive rods or filaments and
vice versa (3). This similarity in distribu-
tion, although a very important consid-
eration, was perhaps not as significant as
the frequent observation with the light
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microscope (Figs. 3 and 4) of segmenta-
tion of the axial processes of the ¢ bod-
ies. This was confirmed by occasional
electron microscopic observations (Fig.
5B). Although detachment was usually

where the rods extruded from the center,
it was occasionally observed more dis-
tally (Fig. 3). The register of the de-
tached or extruded segments in linear ar-
ray was also observed in several cases

observed at the proximal end (Fig. 5B) (Fig. 4). When the parent ¢ body could

a .

rods, and peroxisomes in light cell of luminal epi
lium of Wharton’s duct. Cryostat section. Light micrograph of glutaraldehyde-fixed salivary
gland tissue, incubated for catalase demonstration (/), then osmicated. The marker represents 5
pm. Fig. 2. Phi bodies (arrows) of various conformations in ductal epithelial cells. Cryostat
sections. Light micrographs of glutaraldehyde-fixed salivary gland tissue, incubated for catalase
demonstration (/), then osmicated. The marker represents 5 um. (A) A ¢ body and adjacent rod
in light cell. Note cytoplasmic activity in dark cell (D) and numerous peroxisomes. (B) A ¢ body
with processes of unequal lengths. (C) A ¢ body with thin, lightly stained process. Fig.3. A
¢ body with single, thick axial process showing distal break. Cryostat section. Light micrograph
of glutaraldehyde-fixed salivary gland tissue, incubated for catalase demonstration (1), then
osmicated. The marker represents 5 um. Fig. 4. Rod segments in register, suggesting rapid-
ity of sequential extrusion. In this section (2 xm) the tissue was embedded in plastic. Light
micrograph of glutaraldehyde-fixed salivary gland tissue, incubated for catalase demonstration
(1), then osmicated. The marker represents 5 um. Fig. 5. Phi bodies (arrows) in salivary
ductal epithelial cells. The reaction product obscures the equatorial crystalloid. Fixed and in-
cubated with DAB medium; counterstained with uranyl acetate and lead citrate. The marker
represents 0.5 um. (A) This holotypic ¢ body has an axial process protruding from each end. (B)
A ¢ body with detached axial process.

896

be located, it was observed that the de-
tached segments were almost invariably
aligned along the major axis of the ellip-
tical ¢ body center, suggesting that the
extrusion of segments could occur with
some rapidity.

All of the evidence cited above to link
the ¢ body to the filaments or rods is
merely circumstantial. The proof that the
¢ body gives birth to the detached or
segmented rods was obtained from elec-
tron microscopic studies of osmium-
fixed preparations of excised Wharton’s
duct of mouse submandibular gland.
Here the substructure was not obscured
by the enzyme histochemical reaction
product, and a band of equatorial crys-
talloid was revealed in those ellipsoidal
microbodies that were transforming into
¢ bodies (Fig. 6). In ¢ bodies, where the
equatorial crystalloid was already pro-
truding through the pole of ellipsoidal
central portion (Figs. 5 and 6, B to E), it
always coincided with the principal axis
of the ellipsoidal ¢ body center. Al-
though observation of the true length of
the extruding crystalloid processes from
the center of the ¢ body was limited by
the narrow plane of sectioning for elec-
tron microscopy, extrusion as the mech-
anism for the formation of the detached
rods is confirmed by comparison (6) of
the crystalloid of the ¢ body with that of
the free rods (Fig. 7). This revealed that
the periodic substructure of the crystal-
loid of the ¢ bodies and the detached
rods is identical, and that it consists of
parallel tubules approximately 130 A in
diameter connected by dense, lateral
cross-links approximately 160 A apart.
The long axis of the tubule is invariably.
coincident with the long axis of the ¢
body crystalloid or of the detached rod.
In cross section (Fig. 6G), the tubules
appeared to form a random array with no
apparent secondary order. The cross-
linking of the parallel tubules accounts
for the woven or herringbone pattern ob-

served in electron micrographs of longi-

tudinal sections of the crystalloid in both
the detached rods and ¢ bodies.

The catalase-positive rods and ¢ bod-
ies, like microbodies in salivary gland
distal duct luminal epithelial cells of
mice, vary in size. The ellipsoidal cen-
ters of ¢ bodies vary from approximately
0.5 to 1.5 um along their major axes. The
processes or detached rods and filaments
may be much larger and occasionally ex-
tend across an entire cell (2, 3). Although
the processes of a ¢ body are frequently
of approximately the same length, ¢ bod-
ies having only one process or processes
of quite unequal lengths are also com-
monly observed (Fig. 2). The axial pro-
cesses (like the detached rods) vary from
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very fine filaments to rather robust rods,
and there is no apparent relation be-
tween the size of the process and that of
the ¢ body center. Yet there appeared,
by light microscopy, to be a relation of
the length of the process to its robust-
ness, the longer processes being more
robust. The frequent appearance of short
unilateral, very fine filamentous process-
es on large ¢ body centers also suggests
that a ¢ body may produce successive
generations of rods.

The intensity of catalase staining of
the processes and of the detached rods
appears to be related to their size, but
this is not always the case. Even the fin-
est filaments and processes have suf-
ficient catalase activity to enable their
facile detection with the light micro-
scope; they do not have nearly as much
isocitrate dehydrogenase activity, how-
ever. This could mean that catalase is
one of the first paracrystalline proteins to
appear in the core of the mouse salivary
gland duct luminal epithelial cell micro-
bodies transforming into ¢ bodies. Sup-
port for this is received from several light
microscopic observations of greater
catalase activity in the equatorial band of
crystalloid and in the processes than in
the matrix of the ¢ body center. Al-
though this band could be an artifact due
to refraction, our observations suggest
that the crystalloid core of the trans-
forming microbodies differs from other
animal microbodies having polytubular
crystalloid cores. The latter are believed
to be composed of uricase (7) and other
proteins, whereas the crystalloid core of
plant microbodies is believed to consist
of catalase (8). The catalase in the core
of plant leaf peroxisomes may represent
the progressive coacervation or crystalli-
zation of catalase from the microbody
matrix (9). Such an accretion of catalase
from the matrix of the ¢ body center
could account for the greater catalase ac-
tivity observed in its equatorial band.
Similarly, there could be a progressive
coacervation of catalase from the cy-
toplasmic pool in the mouse distal duct
luminal epithelial cells to the new pro-
cesses of the ¢ body and the smaller de-
tached rods, which could account for
their growth and the greater enzyme ac-
tivity of the larger processes and rods.
There are two populations of cells with
respect to cytoplasmic catalase activity
observed in this luminal epithelium, light
and dark cells, and the detached ¢ bod-
ies and rods are usually seen in the
former (2).

The only other enzyme studied in the
rods and ¢ bodies is isocitrate dehy-
drogenase, which is observed in a much
more limited population of these as well
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as in fewer of the neighboring per-
oxisomes. The crystalloid cores of the
transforming peroxisomes and of the ¢
bodies may contain small amounts of a
number of coacervated paracrystalline
proteins in addition to catalase and iso-
citrate dehydrogenase. The fact that only
one polytubular substructure is observed
in the electron microscopic studies of the
crystalloid cores suggests, however, that
catalase is the principal structural pro-
tein while the quantities of other proteins
are relatively small. In studies on the
crystallization of purified catalase, it was
shown that, although catalase usually
forms crystals, the presence of certain
substances may induce the formation of
paracrystalline tubules (10).

The transformation of microbodies in-
to tubular structures resembling ¢ bodies
has been observed in many, almost ex-
clusively, ultrastructural studies. (/7).
These transformations, occasionally ac-
companied by microbody proliferation
and increased catalase synthesis, are
more usually observed in tissues of ro-
dents bearing tumors or treated with cer-
tain drugs. In some cases, their relation-
ship to catalase-positive rods in the cy-
toplasm has even been noted. The
emphasis in these studies, however, was

i

on the transformation of the microbody
matrix into tubular structures rather than
on the transformation of the peroxisome
itself into a specialized form which has a
function in producing detached para-
crystalline cellular inclusions. The tu-
bules of these transformed peroxisomes
were generally of greater diameter than
those seen in our studies. Although ¢
bodies can be seen in their light micro-
graphs, the characteristic light micro-
scopic profile of the ¢ body was not de-
scribed in these studies. In at least one
case, however, the ultrastructural fea-
tures of a similar transformed microbody
were rather accurately described (12).
Similar light and electron microscopic
studies of tissues from male hypophy-
sectomized rats fed high doses of clofi-
brate have revealed the induction of rods
and ¢ bodies in proximal convoluted
tubular epithelial cells of kidney. The
unit tubules of the crystalloid core are
1200 A in diameter in both the ¢ bodies
and detached rods.

Microbodies were previously ob-
served in salivary gland cells (I3), but
transforming forms have been infre-
quently reported. In cat submandibular
ductal cells, deformed, crystalloid-con-
taining microbodies, analogous to ¢ bod-
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Fig. 6. Transformation of peroxisome to ¢ body by growth and extrusion of equatorial crystal-

loid, resulting in formation of detached rod. Relationship of these forms is supported by the
presence of a limiting membrane and association with endoplasmic reticulum (arrows). Fixed
solely by immersion in 1 percent OsO,, except (E) which was fixed with glutaraldehyde, os-
micated, then amplified by bridging with thiocarbohydrazide and OsO, (22) prior to embed-
ment. Counterstained with uranyl acetate and lead citrate. Marker, 0.5 um. (A) Note smaller
spherical peroxisome (P) adjacent to transforming peroxisome with axial crystalloid (double
arrows). (B to E) Stages in extrusion of axial crystalloid from both ends of the ¢ body center. (F
and G) Detached rods in longitudinal (F) and cross section (G).

L e A S R e

Fig. 7. Comparison of paracrystalline substructure of ¢ body and detached rods. Fixed and
counterstained as in Fig. 6. Marker, 0.1 um. (A and B) Longitudinal sections of crystalloid of ¢
body and rod, enlarged from Fig. 6, C and F, respectively. Tubule diameter of 130 A is evident
(arrows). Cross-links result in herringbone appearance. (C) Rod in cross section, enlarged from
Fig. 6G. Diameter of tubule, 130 A (arrows).
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Fig. 8. Micrographs of ¢ bodies in peripheral leukocytes of patient E.S., a 43-year-old male,
with acute myelogenous leukemia (/9). The leukocyte preparation was treated for catalase dem-
onstration as described above. (A) Light micrograph, x 1200. (B) Electron micrograph. Mark-
er, 0.5 um.

ies, have been observed (/4). Moreover,
¢ bodies are present in human labial sali-
vary gland acinar cells, although their re-
lation to microbodies was not observed
(15). In rabbit kidney proximal con-
voluted tubular epithelial cells, ¢ bodies
have been observed (/6) that are identi-
cal to those we report, even with respect
to the periodicity of the finely tubular
substructure. These observations sug-
gest that ¢ bodies—although less fre-
quently observed than catalase-positive
rods, which in turn are not nearly as
prevalent as microbodies—may be pres-
ent in many types of animal cells con-
taining microbodies.

Various crystalloid cellular inclusions
apparently can be derived from the
rough endoplasmic reticulum, mito-
chondria, and lysosomes as well (17).
The Auer rods of leukemic leukocytes,
which have peroxidatic activity, are gen-
erally thought to arise by the fusion of
the leukocytic azurophilic granules.
However, structures resembling ¢ bod-
ies, which have an axial crystalloid com-
posed of similar tubules (/8), have been
reported in leukocytes of a number of
leukemic patients. With the light micro-
scope, numerous ¢ bodies were readily
observed by virtue of their peroxidatic
activity (Fig. 8) in the leukocytes of a
patient with acute myelogenous leuke-
mia (/9). They could be responsible for
the formation of Auer rods by a mecha-
nism similar to that observed for the
catalase-positive rods in the epithelial
cells.

Support for this hypothesis may follow
from the observations (20) that catalase
is present in increased amounts in azuro-
philic or primary granules of leukocytes
in myelocytic or myelogenous leukemias
(rods present) while in acute lymphocyt-
ic leukemia (rods absent) it is very low.
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This would mean that the ¢ body is in-
volved in packaging or sequestering ex-
cess enzyme for a specific purpose, such
as storage or elimination.

This new cellular particle was discov-
ered by light microscopic study of speci-
mens treated for the direct demonstra-
tion of enzymes by histocytochemical
methods (/). It was then characterized
by correlative studies with the light and
electron microscopes. The less desirable
disruptive  biochemical fractionation
techniques, which assumed a dominant
role in the elucidation of the lysosome
and the peroxisome (2/), were not appli-
cable because of the general paucity of
this particle and its relative prevalence
in cells or epithelia which lend them-
selves to direct microscopic exploration.

The transformation of the peroxisome
and the azurophilic granule (generally
considered to be a lysosome) into ¢ bod-
ies establishes the uniqueness of this
new cell particle. It also suggests that
there may be a closer relation between
these progenitor particles than common:
ly believed.

JacoB S. HANKER
DwiGHT K. RoMANoOviICZ
Dental Research Center,
School of Dentistry, University of
North Carolina, Chapel Hill 27514
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