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ABSTRACT

In guinea pig testes perfused with either glutaraldehyde or osmium tetroxide fixative, the
cytoplasm of the interstitial cells contains an exceptionally abundant agranular endoplasmic
reticulum. The reticulum in central regions of the cell is a network of interconnected
tubules, but in extensive peripheral areas the reticulum is commonly organized into closely
packed, flattened cisternae which are fenestrated. Occasional small patches of the granular
reticulum occur in the cytoplasm and connect freely with the agranular reticulum. The
mitochondria have a dense matrix and contain cristae and some tubules. The Golgi complex
is disperse and shows no evidence of secretory material. The cytoplasm also contains lipid
droplets. Lipofuscin pigment granules are probably polymorphic residual bodies and contain
three components: (1) a dense material which at high magnification shows a 75-A perio-
dicity; (2) a medium-sized lipid droplet; and (3) a cap-like structure. In glutaraldehyde-
perfused testis the interstitial cell cytoplasm appears to have the same density from cell to
cell, and the agranular reticulum is tubular or cisternal but not in the form of empty vesicles.
Thus the ““dark” and “light” cells and the vesicular agranular reticulum sometimes encoun-
tered in other fixations may be artifacts. Biochemical results from other laboratories,
correlated with the present findings, indicate that the membranes of the agranular endo-
plasmic reticulum in guinea pig interstitial cells are the site of at least two enzymes of
androgen biosynthesis, the 17-hydroxylase and the 17-desmolase.

It is now well established in laboratory mammals
that the interstitial cells are the main source of
testicular androgens.! In addition, some progress

IRecent direct evidence, both histochemical and
biochemical, has established the interstitial cells as
the main site of androgen production in the testes
of laboratory mammals. The 38-hydroxysteroid
dehydrogenase histochemical reaction, localizing a
step in androgen biosynthesis, is positive in the
interstitial cells but negligible in the seminiferous
tubules of several species (57, 30, 33), including
guinea pigs (33, 29).

In a biochemical approach to the problem,
Christensen and Mason (9) separated the seminiferous
tubules from the interstitial tissue of rat testes and
incubated the components separately with labeled
progesterone, an androgen precursor. Analysis of the

has been made in determining where within the
interstitial cell the biosynthesis takes place.
Christensen and Fawcett (8) found a rich agranu-
lar endoplasmic reticulum in the cytoplasm of
opossum interstitital cells. By correlating this fine
structure with biochemical work carried out on
cell fractions in other laboratories, these authors
proposed that the membranes of the agranular
reticulum are the site of at least some enzymes
acting in steroid biosynthesis. However, the bio-
chemistry had been done in guinea pigs and rats,
and there was some uncertainty in correlating it
with fine structure from opossums.

resulting steroids showed that the interstitial tissue is
the predominant source of androgens, although the
tubules are capable of some production.
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The present study overcomes this difficulty by
elucidating the fine structure of interstitial cells in
guinea pigs, a species used for some of the pertinent
biochemical work (32, 22).

MATERIALS AND METHODS

Testis material from English short-haired guinea pigs
(500 to 900 gm) was fixed for electron microscopy by
perfusion or by the usual dicing method. Of several
fixatives that were tried, 2.3 per cent glutaraldehyde
(46) buffered with dichromate (11), and 1 per cent
osmium tetroxide buffered with phosphate (34)
proved to be most useful for this material. Non-
perfused tissue fixed with osmium tetroxide for about
an hour was rapidly dehydrated with ethanol and
then embedded in Epon (31); non-perfused tissue
fixed in glutaraldehyde about 4 hours was left over-
night in phosphate buffer, postfixed for 3 hours in
phosphate-buffered osmium tetroxide fixative, and
then dehydrated and embedded. Light gold sections
were stained with uranyl acetate (56) and lead
citrate (42), and were viewed in an RCA EMU-3F
electron microscope.

The perfusion method was based on that of Palay
et al. (38), but was somewhat less elaborate (Fig. 1).
A 500-ml separatory funnel served as a perfusion
vessel and was fitted with several inches of rubber
tubing closed off by a pinch clamp. The perfusion line
consisted of 8 feet of polyethylene tubing (Clay-
Adams “Intramedic,” PE 60), with the shaft of a
20-gauge needle mounted in one end and the shaft of
a 26-gauge needle mounted in the other end by
means of a short length of PE 20 tubing. Animals
anesthetized with Nembutal were injected intra-
peritoneally with 1 ml of 1 per cent sodium nitrite,
and a few minutes were allowed for dilation of the
blood vessels. About 20 ml of balanced saline (38}
was poured into the separatory funnel (placed some
4 feet above the preparation), air was removed from
the stem by pressing the rubber tubing, and the
20-gauge needle of the perfusion line was pushed
through the rubber tubing to begin the flow of saline.
In carly perfusions the testicular artery was cannu-
lated with the 26-gauge needle in the abdominal
cavity, but it later proved simpler to place a ligature
and cannulate this artery as it passed over the surface
of the testis, after which the spermatic cord could be
severed and the testis removed from the animal and
placed in a beaker of saline (see Fig. 1). After 1 or 2
minutes of perfusion, the saline in the separatory
funnel was drained down to the level of the stopcock
by opening the pinch clamp, and about 50 ml of
fixative was poured into the funnel. Perfusion of
fixative was begun by briefly opening the pinch clamp
to drain off the remaining saline. The temperature of
the perfusion fluid was controlled by having the last
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part of the line pass in coils through a pan of water of
appropriate temperature—for the saline perfusion
and beginning of fixation the perfusion fluid was
lukewarm, and thereafter it was cooled by an ice
bath. After all the fixative had perfused through the
testis (1 to 2 hours), the preparation was allowed to
stand for about an hour more, and the testis was then
cut up with razor blades and the pieces of testis were
cither placed in cold buffer (glutaraldehyde-perfused
material) or dehydrated (OsO,-perfused material).
The subsequent steps were the same as for the non-
perfused tissue.

OBSERVATIONS

Fig. 2 shows the seminiferous tubules and inter-
stitial tissue in guinea pig testis perfused with
glutaraldehyde, postfixed in osmium tetroxide,
embedded in Epon, then sectioned and stained for
light microscopy. The normal structural relation-
ships of the testis components are well maintained.
The interstitial cells in the interstitial tissue occur
either singly or in clusters and are polyhedral cells
about 8 to 12 u in diameter. The only structures
visible in their cytoplasm at this magnification are
lipid droplets, some of them partially extracted.
The connective tissue space around the interstitial
cells contains fibrocytes with slender processes,
collagen strands, congealed interstitial fluid, and
connective tissue matrix. The blood vessels are
expanded and empty because of the perfusion.
Macrophages are common among the interstitial
cells, although they are often difficult to distinguish
with the light microscope.

A field comparable to that in the small box at
upper left in Fig. 2 is shown in a low-power elec-
tron micrograph in Fig. 3, which includes portions
of four interstitial cells. The nuclei (r) assume
various shapes but are often ovoid. The most
striking feature of the interstitial cell cytoplasm is
the agranular or smooth endoplasmic reticulum
(aer), which fills all the cytoplasmic space not
occupied by other organelles. There are also
scattered small patches of granular or rough
endoplasmic reticulum (ger). Mitochondria (m),
Golgi elements (g), large lipid droplets (lp), and
lipofuscin pigment granules (p) are also prominent
in low power micrographs. The plasma membrane
of the cells is often evaginated as slender filopodia
(f), except where the membranes of adjacent cells
lie next to one another. In such places, occasional
poorly developed desmosomes may help maintain
cell relationships in the cluster (Fig. 6).

The agranular endoplasmic reticulum reaches
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Figure 1 The perfusion apparatus used in this study. The fixative passes from the separatory funnel out
through the polyethylene tubing to perfuse the isolated testis. An ice bath cools the fixative. For details,

see Materials and Methods.
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an unusual degree of development in guinea pig
interstitial cells (Figs. 3 to 11). In central regions of
the cell, where most of the mitochondria and other
organelles occur, the reticulum is present in the
usual form of randomly disposed interconnecting
tubules averaging about 450 A in diameter (Figs.
3 (9, 4, 5, and 10). In some cells, most of the
reticulum is in this tubular form. However, in the
majority of interstitial cells the agranular reticulum
in the peripheral areas of the cytoplasm is organ-
ized into closely packed, fenestrated cisternae
which are 300 to 400 A in thickness and are 150 to
200 A apart (Figs. 3 (¢), 6 to 8). The fenestrations
are commonly about 400 A in diameter and can be
seen to better advantage in surface views of the
cisternae (Figs. 7 to 9, arrows). The agranular
cisternae usually lie parallel with the cell surface
(Figs. 3 and 6) and sometimes are arranged in
concentric whorls around lipid droplets or other
formed elements (Figs. 6 and 8). Upon rare
occasions, cisternae are observed that show few
fenestrations (Fig. 11); this is a configuration more
characteristic of the granular endoplasmic reticu-
Ium.

Forms intermediate between the tubules and
cisternae of the agranular reticulum are often
seen, which suggests that the two are freely inter-
convertible. Possible stages in such transformations
are presented diagrammatically in Fig. 15. The
usual network of randomly oriented tubules (Fig.
15 A, compare Fig. 3, ({)) may reorganize first
into flattened sheets of tubules? (Fig. 15 B, compare

2 Sheets of tubules reported in the ciliary epithelium
(53) were originally interpreted as agranular reticu-
lum, but were later found to be artifacts of OsO,
fixation resulting from a breakdown of interdigitating
invaginations of the plasma membranes of adjacent
cells. In the present study, however, the tubule
sheets are present in glutaraldehyde-fixed material,
are clearly agranular reticulum, and are reasonable

Fig. 3, (&5)). As the tubules are further flattened
and the space between adjacent tubules is dimin-
ished, each sheet becomes a flattened cisterna and
what were spaces between tubules become fenes-
trae—giving rise to a fenestrated cisterna (Fig. 15
C, compare Fig. 3, (¢)). The reversion of cisternae
into tubules would proceed in reverse order.

The agranular endoplasmic reticulum of steroid-
secreting cells is difficult to preserve for electron
microscopy. In the present study, the results of a
given fixation method were often variable, and
even in the same sections some interstitial cells
might be well fixed according to current criteria,
while other cells nearby might be poorly preserved.
Thus, with any of the methods used it is possible to
find cells that are well fixed, but their comparative
number varies with the method. In the best
glutaraldehyde perfusions, virtually all the inter-
stitial cells are well preserved, with the agranular
reticulum in the tubular or cisternal form as
described above. However, when fixed by other
means, the agranular reticulum in a variable
percentage of the cells shows a tendency to become
dilated into empty-appearing vesicles (Fig. 16)
which either can remain interconnected by narrow
portions of the tubules or may separate off into
isolated vesicles. This tendency toward vesiculation
ot the agranular reticulum is virtually absent in
material perfused with glutaraldehyde; it is
minimal in interstitial cells fixed with glutaralde-
hyde without perfusion, is somewhat greater after
osmium tetroxide perfusion, and is most pro-
nounced after fixation with osmium tetroxide
without perfusion. The size of the vesicles varies
from cell to cell, in some cases averaging about
1500 A (Fig. 16), but in others the vesicles are
larger and the cells appear swollen and seem near
dissolution. In such swollen cells the vesicles are

intermediates between the tubular and cisternal
forms of the reticulum.

Ficure 2  Light micrograph of guinea pig testis that has been perfused with glutaralde-
hyde fixative. The seminiferous tubules are maintained in their normal relationship to one
another. In the interstitial tissue between the tubules are numerous single or clustered
interstitial cells whose dense eytoplasm contains partially extracted lipid droplets, but
little else can be distinguished at this magnification. The interstitial cells are surrounded
by interstitial fluid and connective tissue matrix, and by dilated blood vessels that are
empty because of the perfusion. The area in the small box at upper left is approximately
comparable to that shown in Fig. 3. Epon section about 2 u thick, stained according to

Richardson et al. (43). X 430.
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often widely separated and clearly isolated from
one another without interconnections.

In cells in which the agranular reticulum is
vesicular, there are clusters of very fine intercon-
necting tubules (Fig. 16, ff) about 200 A in diame-
ter which appear in places to be continuous with
the agranular reticulum (Fig. 16, arrows). Similar
clusters have been described in rabbit interstitial
cells (10). In the present study, no comparable
structures were observed in cells with tubular or
cisternal reticulum (here considered better pre-
served), and this may suggest that the fine tubules
arise from certain portions of the reticulum as the
rest of the reticulum dilates into vesicles. It is
unlikely that the fine tubules derive from Golgi
elements, since intact elements are often visible in
the same cells as the clusters and no expected
intermediates are observed. The significance of
these fine tubule clusters is obscure, although they
may indicate that the membranes of the agranular
reticulum are not entirely homogeneous in their
chemical and possibly functional organization.

In testes fixed in glutaraldehyde with or without
perfusion, the cytoplasm of the interstitial cells
shows no appreciable difference in density from
one cell to the next. However, in tissue fixed in
Os0y, especially without perfusion, there is a
considerable difference in density between cells,
giving rise to “dark” and “light” cells resembling
those that have been described for interstitial cells
in other species (8, 27, 10), and in other tissues. If
glutaraldehyde fixation is considered to give a
more faithful preservation than OsOj used alone,
then these results suggest that the difference
between “dark” and “light” interstitial cells is an
artifact of fixation.

In addition to the agranular reticulum, there
are scattered small patches of granular endo-

plasmic reticulum (Figs. 3 to 5, 10, and 12), com-
posed of ribosome-studded cisternae whose mem-
branes connect freely with those of the surrounding
agranular reticulum (Figs. 10 and 12, arrows). The
cisternae of the granular reticulum exhibit no
fenestrations, even where they are continuous with
fenestrated cisternae of the agranular reticulum
(Fig. 12). Even very small samples of granular
reticulum seem to be in cisternal form (Fig. 4, ger).
This strong tendency toward cisternal form with-
out fenestrations and the propensity for adsorbing
ribosomes suggest that the membranes of the
granular reticulum in the interstitial cells differ, in
their chemical constitution or in some material on
their surface, from the membranes of the agranu-
lar reticulum. Free ribosomes are common in
regions of the tubular agranular reticulum, where
they lie at random between the tubules (Figs. 4 and
5). In areas of cisternal agranular reticulum the
sparse free ribosomes are often situated in the
middle of the fenestrations.

The mitochondria (Figs. 4 and 5) are moder-
ately abundant in the interstitial cells, except in the
peripheral cytoplasm in which the cisternal reticu-
lum occurs. The mitochondria are generally rod-
shaped, with a diameter that is variable but may
be up to 0.5 u. The matrix appears dense, and the
internal structure includes lamellar cristae and
some tubules, although the tubules are generally
less common than have been described in the
mitochondria of interstitial cells of rabbits (10),
humans (20), and mice (17). There are few
mitochondrial granules and no large granules such
as occur in the mitochondria of opossum interstitial
cells (8). In one of the animals used in the present
study, the mitochondria of most of the interstitial
cells had bizarre shapes and interlocking processes
similar to those that Sheridan and Belt found in

Ficure 8 Electron micrograph of portions of four interstitial cells, from an area roughly
comparable to that shown in the small box at upper left in Fig. 2. The most abundant
organelle in the interstitial cell cytoplasm is the agranular endoplasmic reticulum (aer),
which in central regions of the cell is in the form of randomly disposed, interconnecting
tubules (f), but in peripheral areas may be in the form of sheets of tubules (ts) or more
highly organized flattened, fenestrated cisternae (c) (see Fig. 15). Small patches of the
granular endoplasmic reticulum (ger) connect freely with the agranular reticulum. Mito-
chondria (m), Golgi elements (g), lipid droplets ({p), and lipofusein pigment granules
(p) are also present in the cytoplasm, and slender filopodia (f) extend from the surface of
the cells. The nuclei (z) assume various shapes, but are often ovoid. Glutaraldehyde per-

fusion. X 14,000.
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adrenocortical cells of occasional guinea pigs (49,
see their Fig. 9).

The elements of the Golgi complex are dispersed
in the cytoplasm, rather than being concentrated
at one pole of the nucleus. Each element is made
up of several flattened, closely packed cisternae and
associated small vesicles (Fig. 4). Although the
cisternae are sometimes swollen, there is no evi-
dence of any accurmnulation of secretory product
within the elements. Associated with the Golgi
elements in some cases are unusual tubules about
550 A in diameter that contain and are also sur-
rounded by some sort of dense material (Fig. 4,
dt). These dense tubules seem to connect with the
Golgi cisternae (Fig. 4, arrow). Similar profiles
have been described in rabbit interstitial cells (10)
and in cardiac muscle cells (25). The two centri-
oles, oriented at right angles to one another, are
seen in favorable sections (Fig. 13). Cell division
is rare in mature interstitial cells.

The interstitial cells contain many large lipid
droplets (Figs. 2 to 4, 6, and 8). In cells that are
well preserved it is difficult to ascertain whether
the lipid droplets are membrane bounded. How-
ever, in damaged cells the lipid is sometimes en-
tirely extracted and the droplets are separated
from adjacent structures. In such cases there ap-
pears to be a bounding membrane.

The pigment granules in the interstitial cells
are presumably lipofuscin, which has been de-
scribed widely in steroid-secreting cells, as well as
in other tissues (see 39). The fine structure of such
granules has been elucidated in the interstitial cells
of some species (16, 20, 27), and in other tissues,
such as cardiac muscle (25). In guinea pig inter-
stitial cells, the lipofuscin granules generally con-
tain three components (see Figs. 17, 18, and 20):
(1) a dense component, here interpreted as the
pigment proper, p; (2) a lipid droplet, Ip, about 1
u in diameter; and (3) a cap-like structure, cap,
which has a granular matrix and contains linear
patterns in small patches. A majority of the lipo-

fuscin granules observed in this study can be in-
terpreted as various sections through a complex of
this kind (Figs. 21 and 22), although the compo-
nents may possibly occur separately. The pigment
appears dense and homogeneous in OsO,-fixed
material (Figs. 17, 20, and 22), but is less dense
after prefixation in glutaraldehyde (Figs. 3 and
18). In favorable sections at higher magnification
(Fig. 19), a 75-A periodicity is evident in the pig-
ment, suggesting a crystalline structure. The pig-
ment usually lies at the surface of the lipid droplet,
and the variation in pigment size suggests that it
may arise there (compare Figs. 18, 20, and 17).
The cap is the component that most resembles ly-
sosomal material, for example in Fig. 21, and the
existence of what appear to be myelin figures in
the cap in some cases (Fig. 22) implies that at
least this component may constitute part of a re-
sidual body. A bounding membrane occurs on the
outside of both the pigment (Figs. 19, 20, and 22,
arrows) and the cap (Figs. 18 and 21, arrows), and
it seems likely that this membrane also extends
over the lipid droplet to enclose the whole lipo-
fuscin granule, which may tentatively be consid-
ered a polymorphic residual body. It is not known
whether any of the components contains acid phos-
phatase, usually taken as a diagnostic character
for lysosomes or residual bodies. The detailed his-
tochemical characteristics of the lipofuscin gran-
ules at both the light and electron microscope
levels will be the subject of a separate study.
Nicander (36) found lititle glycogen in guinea
pig interstitial cells studied with the light micro-
scope after the periodic acid-Schiff reaction. Sim-
ilarly, in the present study glycogen particles are
not evident, with the electron microscope, in the
interstitial cells of most guinea pigs. However, in
occasional adult animals the cytoplasm of the ma-
jority of interstitial cells contains conspicuous par-
ticles (Fig. 10) whose morphology is that now
taken to indicate glycogen (41). The particles are
larger (250 to 400 A) and more dense than nearby

Ficure 4 More detailed view of interstitial cell cytoplasm. The agranular reticulum
(aer) is in the tubular configuration. A bit of the granular reticulum (ger) appears, despite
its small size, still to be in the characteristic form of a flattened cisterna. Mitochondria
{m) have a dense matrix and contain lamellar cristae and occasional tubules. Associated
with two Golgi elements (g) are dense tubules (df), seen in longitudinal and cross-section,
which appear to connect with the Golgi sacs (arrow). The lipid droplet (Ip) is somewhat
extracted around the edges. Glutaraldehyde perfusion. X 22,000,
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Fiogure 5 Further detail of the agranular endoplasmic reticulum. The reticulum is mostly in the tubular
form, but some profiles of flattened cisternae are seen along the nucleus at left, and a surface view of sheets
of tubules or fenestrated cisternae is seen at lower right. Osmium tetroxide perfusion. X 83,000,



ribosomes (compare g/ and rb in Fig. 10). It is un-
known why glycogen appears only in occasional
adult animals.

Microtubules about 250 A in diameter are com-
mon in the cytoplasm of glutaraldehyde-fixed in-
terstitial cells (Figs. 6 and 12, mt). The microtu-
bules occur singly and seemingly at random, and
do not form large bundles like those of opossum
interstitial cells (8).

The plasma membrane of the interstitial cells
occasionally exhibits dense-walled invaginations
or “coated vesicles” (Fig. 14, arrows) similar to
those that have been described in other cell types
and interpreted as sites of selective absorption of
proteins and perhaps other materials into the cell
(45). Similar structures have been reported in
what are considered to be rat interstitial cells (12),
although some of the micrographs in the paper
show macrophages.

DISCUSSION

The fine structure of steroid-secreting cells has
been studied in a number of mammalian species.
Some papers may be listed on testicular interstitial
cells: oppossum (8), human (16, 20), rat (27, 48,
7), mouse (6, 17), and rabbit (10); ovarian in-
terstitial cells: mouse (35); lutein cells: rat (14,
15), mouse (61), mink and armadillo (14); and
adrenocortical cells: rat (47, 55, 28, 1), guinea
pig (49), and mouse (62). The most prominent
organelle in these steroid-secreting cells has gen-
erally been the agranular endoplasmic reticulum,
although the mitochondria are sometimes well de-
veloped, especially in the adrenal cortex (1). The
guinea pig interstitial cells described in the present
study have the most abundant and highly devel-
oped agranular reticulum that has yet been re-
ported in steroid-secreting cells. In addition to
having the usual tubular form of the agranular
reticulum, the interstitial cells in this species char-
acteristically have extensive systems of flattened
cisternae, a form of the agranular reticulum which
is uncommon in steroid-secreting cells of other
species. Cisternal reticulum was occasionally seen
in opossum interstitial cells (8) and membrane
whorls occur in mouse interstitial cells (6, 17), but
in guinea pigs the cisternae are a characteristic
form of the reticulum in the peripheral cytoplasm
of a majority of interstitial cells. The organization
of these membrane systems resembles that of the
well developed granular endoplasmic reticulum
described by Ito (24) in pancreatic acinar cells of

A. KeENT CHRISTENSEN Guinea Pig Interstitial Cells

starved and re-fed bats, except that in the inter-
stitial cells there are no ribosomes on the mem-
branes and the cisternae are fenestrated.

In a living interstitial cell the agranular endo-
plasmic reticulum is a dynamic system of mem-
branes, and probably undergoes continuous
changes of form and disposition. The agranular
reticulum is particularly difficult to preserve ade-
quately for electron microscopy, and it is, there-
fore, hard to be sure which forms seen in electron
micrographs are within the normal range of varia-
tion of the intact organelle, and which are artifacts
produced during preservation for electron micros-
copy. In the present study, it has been assumed
that the agranular reticulum is normally a net-
work of interconnected tubules of essentially uni-
form diameter. In peripheral regions of the guinea
pig interstitial cell, this abundant tubular retic-
ulum can become reorganized into sheets of tu-
bules and these can transform into closely packed
fenestrated cisternae. On the other hand, the tu-
bules can also develop dilations along their length,
giving rise to numerous vesicles that are still in-
terconnected. These may ultimately separate off
into isolated vesicles. Both the interconnected and
isolated vesicles are here considered a result of
faulty preservation. Some of the basis for the above
assumptions can now be considered.

In early siudies of steroid-secreting cells, the
agranular reticulum was reported, with rare ex-
ception (44), to be a system of isolated membrane
vesicles. The possibility that the membranes might
form a continuous system was seldom emphasized,
in spite of earlier suggestions that in other tissues
the vesicles of the agranular reticulum were inter-
connected (37). In my own early observations on
rat interstitial cells (7) and in preliminary work on
opossum interstitial cells with D. W. Fawcett, the
techniques of the day usually revealed the agran-
ular reticulum as a system of what seemed to be
discontinuous vesicles. However, as techniques
improved, the reticulum in the majority of opos-
sum interstitial cells came to appear as a network
of interconnecting tubules of more or less uniform
diameter without local dilations (8). Similar re-
sults had been described earlier by Ross ef al. (44)
in human fetal adrenocortical cells. Yet, even in
the best fixations there were still some cells that
contained the vesicular agranular reticulum. The
tubular form of the agranular reticulum, without
vesicles, has now been described in a variety of
steroid-secreting cells (8, 10, 14, 15, 17, 20, 27,
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44, 55), but occasional recent papers still claim
that isolated vesicles are the typical configuration
in normal interstitial cells (48). The present study
offers further evidence that the normal form of the
agranular reticulum in interstitial cells is that of
fairly uniform tubules, and not isolated vesicles or
strings of vesicles. In guinea pig testis perfused
with glutaraldehyde fixative, which, in current

thinking, should be a method of choice, there are’

virtually no interstitial cells showing an agranular
reticulum in the form of vesicles. It is, therefore,
suggested that the vesicular agranular reticulum
is an artifact of fixation resulting from dilation
and eventual breakdown of the normal tubules of
the agranular reticulum. There has been a similar
shift of ideas in the study of gastric parietal cells,
in which the agranular reticulum was early
thought to be vesicular, but has since been shown
by Ito (23) to be in the form of interconnecting
tubules of fairly uniform diameter.

There is a possible source of concern regarding
the above conclusion. It is conceivable that a very
hypertonic fixative might dehydrate a cell to the
point where membrane structures originally in
the form of interconnected vesicles might become
uniform tubules, or uniform tubules might become
cisternae closely packed together. In this case the
cisternae, or even the tubules, might, therefore,
be artifacts. The dichromate-buffered 2.5 per cent
glutaraldehyde fixative used in the present study
was hypertonic (osmolarity 510 mOs/kg, com-
pared to about 300 for mammalian serum), but
the phosphate-buffered osmium tetroxide fixative
was supposedly isotonic with mammalian serum
(34), and in a majority of cells in perfused tissue it
vielded the same sort of tubules (Fig. 5) and
fenestrated cisternae (Fig. 8) that were seen in
glutaraldehyde-perfused material. It is, therefore,
considered unlikely that the tubules and cisternae
are products of hypertonic fixation. However,
fixation is a complex phenomenon, as the experi-
ments of Wood and Luft (60) have recently
emphasized, and it is possible that some details in

the form or closeness of packing of the tubules or
cisternae may result from fixation effects.

A major goal of cell biology is to understand the
role of the various organelles in cellular phenom-
ena and to elucidate the molecular basis of these
functions. A good deal is known about the cell bi-
ology of some secretory cell types, especially those
that secrete proteins (5). However, cells that se-
crete steroid hormones are still poorly understood.
In view of the striking differences between steroids
and other common cell products, with regard to
chemical properties and biosynthetic pathways,
there is no reason to assume that the pattern of or-
ganelle involvement in steroid secretion will follow
that of better known cell types. The biosynthesis
of steroid hormones has been worked out in con-
siderable detail and a number of studies have been
made on the fine structure of steroid-secreting cells,
but there has been little progress so far in correla-
ting data at the molecular level with organization
at the cell level. An attempt will be made in the
remainder of this discussion to correlate the fine
structure of guinea pig interstitial cells with the
available information from biochemistry. For this,
it is necessary to turn to studies done in other lab-
oratories on the biosynthesis of steroids and the
location of the various enzymes in centrifugal
fractions of testis homogenates.

The predominant pathway of androgen bio-
synthesis (Table 1) is now well established (see 13).
The main substrate is probably cholesterol, which
is synthesized from acetate. The side chain of cho-
lesterol is cleaved to produce pregnenolone, and
this is then transformed successively to progester-
one, 17-hydroxyprogesterone, A%-androstene-3,
17-dione, and finally testosterone. The enzymes
mediating the four steps from pregnenolone are
3B-hydroxysteroid dehydrogenase (and A®-isom-
erase), 17-hydroxylase, 17-desmolase, and 173-
dehydrogenase. The localization in cell fractions of
these and other enzymes of androgen biosynthesis
in guinea pig and rat testes is shown in Table I.
The 17-hydroxylase and the 17-desmolase are pre-

Ficure 6 In the peripheral regions of these two cells the agranular endoplasmic reticulum
is in the form of fenestrated cisternae. The cisternae are closely packed, lie parallel with
the cell surface, and are sometimes organized around formed elements, such as the lipid
droplet (Ip) in the upper cell. Microtubules (mf), here seen in longitudinal section, are
common in the interstitial cells. Occasional poorly developed desmosomes (arrow) may
help maintain cell relationships. Glutaraldehyde perfusion. X 21,000.

922

Tue JourNaL or CeLL Brovogy - VoLuMmEk 26, 1965



A. Kent CHRISTENSEN Guinea Pig Interstitial Cells 923



Ficure 7 Region of cytoplasm in which the agranular reticulum is in the form of fenestrated cisternae.
The cisternae are about 300 to 400 A thick and 150 to 200 A apart. In the center of the field, some of the
cisternae are seen in surface view, and the fenestrations can, therefore, be seen to better advantage
(arrows). Glutaraldehyde perfusion. X 83,000,



dominantly in the microsome fraction of guinea
pig testis homogenates (32, 22) and are stable to
ribonuclease (32), suggesting that these enzymes
are associated with the membranes of the micro-
some fraction and not with the ribosomes. It is
assumed, for the purposes of the present study, that
this reflects the location of these enzymes in living
cells, although there is always the danger in cell
fractionation studies that during homogenization
some enzymes may be adsorbed secondarily onto
structures that they did not occupy when the cell
was intact.

Microsome pellets of many tissues have been ex-
amined with the electron microscope and found to
contain mostly membrane vesicles and attached
ribosomes, and it is generally agreed that most of
the vesicles arise during tissue homogenization by
a fragmentation of the endoplasmic reticulum. It
therefore seems reasonable to believe that during
homogenization of guinea pig testes the abundant
agranular reticulum of the interstitial cells breaks
down into vesicles, and that these vesicles, with
few attached ribosomes, are the main contribution
of the interstitial cells to the microsome fraction.
It would be difficult to check this by electron mi-
croscopy of microsomal pellets, since the great
majority of vesicles in such preparations would be
derived from the seminiferous tubules and those
from the interstitial cells could not be distinguished
among them. However, in the present study the
agranular reticulum occasionally broke down into
strings of vesicles or isolated vesicles under the
stress of inadequate fixation (Fig. 16), and these
changes may be analogous to those that occur dur-
ing homogenization of the cells. In Fig. 16 the
vesicles resemble those that are seen in microsome
fractions, but in the present case they are seen in
situ, and so are known to derive predominantly
from the agranular reticulum of the interstitial
cells.

Thus, the available biochemical evidence, cor-
related with the fine structure results of the present
paper, indicates that the abundant agranular en-
doplasmic reticulum of guinea pig interstitial cells
is the site of at least two enzymes of androgen bio-
synthesis, the 17-hydroxylase and the 17-desmo-
lase.

Similar but more extensive results are available
from biochemical work on rat testis homogenates
(see Table I). Shikita and his associates (50, 51)
studied enzyme activity in microsome fractions
that had been shown by electron microscopy to be

A. KeNt CHRISTENSEN Guinea Pig Interstitial Cells

free of mitochondria or other contaminants. These
authors found that the enzymes mediating
testosterone biosynthesis from pregnenolone are
firmly attached to the microsomes of rat testis
homogenates.

The testes of both rats (54) and guinea pigs (21)
are capable of making cholesterol from acetate.
However, the most careful studies on this synthesis
so far have been carried out in the rat liver (see 4),
in which most of the enzymes occur in the micro-
some fraction, although some are in the soluble
fraction. The microsomal enzymes are in the
“heavy” microsome subfraction and are stable to
ribonuclease, indicating that they are probably as-
sociated with the membranes of the endoplasmic
reticulum rather than with the ribosomes. There
is a great deal of current interest in cholesterol bio-
synthesis in the testis, and so far the meager data
from fractionation studies suggest that, as in the
liver, the enzymes occur in the microsome and
soluble fractions (19, lanosterol to cholesterol). A
further suggestion that the agranular reticulum is
involved in cholesterol synthesis comes from a cor-
relation of fine structure observations with bio-
chemical data (58) on the extent of cholesterol
synthesis in the testes and adrenals of rats and
guinea pigs. The rat adrenal cortex makes almost
none of its free cholesterol, absorbing it instead
from the plasma; the adrenocortical cells in this
species contain a very sparse endoplasmic retic-
ulum (55). The guinea pig adrenal cortex makes
about 40 per cent of its free cholesterol, and the
agranular reticulum is moderately well developed
(49). The rat testis makes about 60 per cent of its
cholesterol, and its interstitial cells have a fairly
abundant agranular reticulum (27). The guinea
pig testis makes 87 per cent of its cholesterol, and
its interstitial cells have an exceedingly abundant
agranular reticulum, as described in the present
study. In these cases, therefore, the amount of
agranular reticulum in the cells seems to correlate
well with the extent of cholesterol production. It
is clear from the electron micrographs in the pres-
ent study that any soluble enzymes of cholesterol
biosynthesis cannot be very far from the endoplas-
mic reticulum, since the cytoplasmic space between
the tubules or cisternae is limited.

In addition to their probable role as an energy
source, the mitochondria of rat interstitial cells are
the site of the enzymes that cleave the side chain
of cholesterol to make pregnenolone (52). Since
the enzymes that precede this stage of androgen
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TABLE I
Location of Enzymes of Androgen Biosynthesis in Centrifugal Fractions of Testis Homogenates

Synthesis Enzymes Centrifugal fractions
Acetate
i Microsomes and soluble: rat (19,
i (Numerous steps)
v lanosterol to cholesterol)
Cholesterol
i Side chain cleavage system Mitochondria: rat (52)
Pregnenolone
33-Hydroxysteroid
dehydrogenase (and Microsomes: rat (50)
Ab-isomerase)
Progesterone

17-Hydroxylase

17-Hydroxyprogesterone
17-Desmolase

Androstenedione

178-Dehydrogenase

Testosterone

Microsomes: guinea pig (32, 22),
rat (50, 51, 32)

Microsomes: guinea pig (32, 22),
rat (50, 51, 32)

Microsomes : (22),
rat (50, 51)

Soluble: guinea pig (32)

guinea pig

biosynthesis and those that follow it are predom-
inantly in the microsome fraction, presumably
cholesterol must pass from the vicinity of the endo-
plasmic reticulum to the mitochondria, and preg-
nenolone must return to the reticulum. If the
cholesterol cleavage enzymes are inside the mito-
chondria, rather than on their surface, then there
might be some accumulation of substrates within
the mitochondria, which could explain the dense
matrix that is a common feature of interstitial cell
mitochondria as seen in electron micrographs. The
mitochondria of interstitial cells are generally not
so numerous or well developed as those of adreno-
cortical cells, in which the mitochondria are the
site of 11-hydroxylation (3), a terminal step in the
synthesis of both cortisol and corticosterone. In
the adrenal cortex the final hormones may thus

arise in the mitochondria (47), but this does not
seem to be the case in the testis.

The results from biochemical studies of the rat
testis, therefore, indicate that although the mito-
chondria are involved to some extent, the micro-
some fraction is the preponderant site of the en-
zymes involved in androgen biosynthesis. This
agrees with the morphological finding that the
agranular endoplasmic reticulum is the most prom-
inent organelle in the interstitial cells of rats (27).
In guinea pig interstitial cells the agranular retic-
ulum is still more abundant, and although the
biochemical evidence is limited at present, it seems
likely that in guinea pigs also the agranular retic-
ulum will be found to play a broad role in andro-
gen biosynthesis.

Since a good histochemical method is available

Ficure 8 Fenestrated cisternae in an interstitial cell fixed by perfusion with osmium
tetroxide fixative. In the upper part of the micrograph the closely packed cisternae are
organized around a large lipid droplet (Ip). The membranes near the lipid droplet are
arranged in especially tight whorls. In the lower third of the micrograph, the cisternae or
sheets of tubules are cut in various planes of section, including a surface view in which
fenestrations (arrows) are visible. A small area of general cytoplasm with dense mito-

chondria is seen at left. X 80,000.
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for localizing 38-hydroxysteroid dehydrogenase
at the light microscope level (57, 30), it might be
expected that a modification of the technique
would allow localization of this enzyme at the
electron microscope level. However, the histo-
chemical reaction involves a diaphorase step in-
terposed between the dehydrogenase and the re-
duction of the tetrazolium reagent. The final
formazan deposit, therefore, marks the location of
the diaphorase, which might be some distance
from the dehydrogenase, perhaps even on a dif-
ferent organelle. A recent paper ignores this dif-
ficulty and reports a localization by electron mi-
croscopy of 38-hydroxysteroid dehydrogenase in
mitochondria of the rat adrenal cortex (2). There
is biochemical evidence that this enzyme is actually
in the endoplasmic reticulum of rat adrenocortical
cells (26).

It is not known how androgens are transported
from their site of synthesis in the guinea pig inter-
stitial cell to the cell surface to be released into
extracellular space. If the androgens are trans-
ported within the agranular reticulum in any con-
centration, they might be kept in solution by being
bound to proteins produced by the patches of

granular reticulum. There is no evidence that the
pattern of androgen secretion resembles that de-
scribed in protein-secreting cells (see 5), since in
interstitial cells there is no indication that lipid
droplets or other secretory inclusions arise in the
Golgi complex or that lipid droplets are released
from the cells. Although the droplets in interstitial
cells contain cholesterol as well as neutral fats
(see 59, pp. 460—474), it has not been established
that androgens accumulate in the droplets. Lipid
droplets do not seem to be essential in the secre-
tion of steroid hormones, since they are rare in the
interstitial cells of some species, such as opossums
(8) and adult laboratory rats (although abundant
in prepubertal rats) (7). It has been suggested by
Fawcett and Christensen (17) that the extensive
membranes of the agranular reticulum, in addition
to providing sites for enzymes, may also act as a
reservoir for the storage of cholesterol, since cho-
lesterol is an important component of biological
membranes (18).

The lipofuscins constitute a very heterogeneous
group of lipid pigments that occur in many tissues
(see 39). They have been described in a variety of
steroid-secreting cells, and have been especially

FiGURE 9 Fenestrated cisternae in surface view. Fenestrations occur throughout this
field—some that are more clearly seen are indicated by arrows. The diameter of the
fenestrations varies, but is commonly about 400 A. Glutaraldehyde perfusion. X 72,000.

Ficure 10 Particles presumed to be glycogen (gl) are present in the interstitial cells of
occasional guinea pigs, although most animals lack them. When present, the particles are
larger and stain more densely than ribosomes () in adjacent patches of the granular
reticulum. Note the continuity (arrow) between the membranes of the granular (ger) and
the agranular (aer) reticulum. Osmium tetroxide, without perfusion. X 48,000.

Ficure 11 In rare instances the agranular cisternae have few fenestrations. This form
of the reticulum is more characteristic of the granular endoplasmic reticulum. Glutaralde-

hyde perfusion. X 32,000.

FIiGURE 12

The granular endoplasmie reticulum (ger) connects freely (arrows) with the

agranular reticulum (aer). The cisternae of the granular reticulum lack fenestrations,
while the adjoining cisternae of the agranular reticulum are fenestrated. Two micro-
tubules are seen in cross-section (mf). Glutaraldehyde perfusion. X 34,000.

Ficure 13 The interstitial cells contain two centrioles (cen) at right angles to one another,
Cell division is rare in mature interstitial cells. Glutaraldehyde perfusion. X 21,000.

Ficure 14 Some cells show dense-walled invaginations of the plasma membrane (ar-
rows). These “coated vesicles” (45) in some other cell types have been suggested as pos-
sible sites of protein absorption. Glutaraldehyde perfusion. X 23,000.
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A. Random tubules

B. Tubule sheets C. Fenestrated cisternae

Figurr 15 Diagram of various forms of the agranular endoplasmic reticulum seen in guinea pig inter-
stitial cells. The possible interconversions of these configurations are indicated by arrows. 4, Random
network of interconnected tubules. This is the usual form of the agranular reticulum in the interstitial
cells of other species and in the central region of guinea pig interstitial cells. B, Loose sheets of tubules.
This is probably a transitional form, C, Fenestrated cisternae. This is a common form of the agranular
reticulum at the periphery of guinea pig interstitial cells.

Ticure 16 In tissue fixed by techniques other than glutaraldehyde perfusion, occasional
cells are seen in which the agranular reticulum seems to have become dilated into vesicles
which may remain interconnected or may separate into isolated vesicles. The vesicles in
the cells shown in this micrograph average about 1500 A in diameter, but in some cases
they are much larger. The virtual absence of cells containing vesicles in material fixed by
glutaraldehyde perfusion suggests that the vesicles arise as an artifact by the dilation of
tubules or cisternae during preservation. The mitochondria (m) seem relatively less
affected, except that they are somewhat swollen and seem to contain more tubules.

In cells that contain vesicles, the cytoplasm also exhibits scattered clusters of fine
tubules (f) that average about 200 A in diameter and interconnect with each other and
with the vesicles of the agranular reticulum (arrows). Their significance is unknown.
Glutaraldehyde fixation, without perfusion. X 24,000.
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well characterized in the adrenal cortex of several
mammals, including guinea pigs (40). These pig-
ments are generally thought to be polymerization
products of oxidized unsaturated lipids, and it
seerns unlikely that they are directly related to hor-
mone production.
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