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ABSTRACT

The postpartum involution of corpora lutea was examined by electron microscope
cytochemistry of guinea pig ovaries previously fixed by vascular perfusion, a
method which produces optimal preservation of steroid-secreting cells and yet
maintains enzyme activity. The intracellular digestive apparatus was identified
through the localization of two acid hydrolases, acid phosphatase (ACPase) and
arylsulfatase. Other marker enzymes localized were thiamine pyrophosphatase
(in Golgi cisternae) and alkaline phosphatase (along plasma membranes). Pro-
longed osmication was used to mark the outer Golgi cisterna. The results
demonstrate that luteal cell regression is characterized by a striking increase in
the number of lysosomes and the appearance of numerous, double-walled
autophagic vacuoles. Both lysosomes and the space between the double walls of
autophagic vacuoles exhibit ACPase and arylsulfatase activity. In contrast to
earlier periods, just before and during regression, Golgi complex-endoplasmic
reticulum-lysosomes (GERL) is markedly hypertrophied, displaying intense acid
hydrolase activity. On the basis of various criteria, GERL is proposed to function
in the formation of lysosomes and autophagic vacuoles. Lysosomes seem to de-
velop from GERL as focal protuberances of varying size and shape, which detach
from the parent structure. Double-walled autophagic vacuoles, often large and
complex in structure, initially are produced as GERL cisternae envelop small
areas of cytoplasm. Lytic enzymes, perhaps furnished by the engulfing membranes
and trapped lysosomes, presumably bring about digestion of the contents of these
vacuoles, producing first aggregate-type inclusions, then, as the contents are fur-
ther degraded, myelin figure-filled residual bodies. ACPase activity occasionally
appears within smooth endoplasmic reticulum tubules and cisternae in advanced
regression, possibly suggesting that lytic enzymes utilize this membrane system as
an access route to GERL. These data indicate that cellular autophagy is a promi-
nent mechanism underlying luteal cell involution during normal postpartum
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degeneration of guinea pig corpora lutea. Furthermore they suggest that in re-
gressing luteal cells GERL is responsible for packaging acid hydrolases into lytic

bodies.
KEY WORDS luteal cell involution
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cytochemistry acid hydrolases
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The degenerating corpus futeum of the guinea pig
is an ideal system in which to study cell death as it
occurs under physiological conditions, since this
tissue involutes in response to hormones produced
by the uterus. Furthermore, the decline of the
corpus luteum in the guinea pig is gradual (39),
permitting the mechanisms underlying cellular
regression to be examined in detail.

Even though lysosomes and autophagic vacu-
oles have been noted in degenerating luteal cells
of various animals, little attention has focused on
the importance of autophagy in luteolysis. More-
over, studies dealing with this topic have often
come to differing conclusions. For example, van
Lennep and Madden (43) in a study on human
corpora lutea reported that autophagy was proba-
bly only a minor component in the overall process
of involution; in contrast, it was proposed in two
studies on sheep that autophagy played a substan-
tial role in the destruction of corpora lutea (18,
30). Our recent observations on guinea pigs (39)
indicate that, as luteal cells age during normal
postpartum luteolysis, they accumulate large num-
bers of lysosome-like dense bodies and apparent
autophagic vacuoles, suggesting that autophagy
might indeed be an important aspect of luteolysis.
The lytic nature of these bodies, however, was not
confirmed in that report. Whether lysosomes pro-
liferate in luteal cells during involution also re-
mains ambiguous, since aging luteal cells have
been reported to contain lysosomes in both in-
creased (3, 5, 27, 41) and unchanged (18) num-
bers.

The genesis of autophagic vacuoles is of partic-
ular interest since their origin has not been clearly
established for most tissues, including the corpus
luteum. Several organelles have been implicated
as the source of autophagic vacuoles in nonovarian
tissues. They include the Golgi complex (17, 28),
smooth endoplasmic reticulum {smooth ER) (1,
11, 13, 35), and a specialized region of smooth
ER, termed Golgi complex-endoplasmic reticu-
lum-lysosomes (GERL) (see Review in reference
32). Quatacker {42) has proposed that the mem-

branes enclosing autophagic vacuoles in regress-
ing human corpora lutea arise from plasma mem-
branes. On the other hand, in the earlier report
from our laboratory (39), it was suggested that
most autophagic vacuoles in involuting luteal cells
of guinea pigs are derived from GERL. It should
also be noted that even though lysosomes may be
involved in luteal cell degeneration, their origin
has not been demonstrated previously in these

cells.
It thus seems important to evaluate the role of

Iytic bodies in luteal cell destruction and to deter-
mine how they arise. Such information could be
gained through the localization of appropriate
marker enzymes, e.g., acid phosphatase (ACPase)
or aryisulfatase, in luteal cells by electron micro-
scope cytochemistry. This approach should iden-
tify which structures participate in luteolysis and
may also reveal their source. However, as noted
in the companion paper (40), few cytochemical
studies on luteal cells exist (18, 29, 30), primarily
because it is difficult to prepare these cells for
electron microscopy in a way that preserves both
fine structure and enzyme activity. This problem
has been resolved in the present study by using
tissue fixed by vascular perfusion, a technique
capable of optimally preserving steroid-secreting
cells (4), yet maintaining enzyme activity (9, 19).

In this report, the degenerative processes that
underlie luteal cell senescence and death are stud-
ied by electron microscope cytochemistry. Lyso-
somes and other structures belonging to the intra-
cellular digestive apparatus were identified by
cytochemical incubation for ACPase and arylsul-
fatase. The localization of both enzymes was
necessary, since proof that a structure is involved
in intracellular digestion rests on the demonstra-
tion that it contains more than one acid hydrolase
(7). Both the Golgi complex and plasma mem-
brane have been proposed as sources of auto-
phagic vacuoles; thus, procedures were carried
out for the localization of thiamine pyrophospha-
tase (TPPase) (a marker for inner Golgi cisternae)
and alkaline phosphatase (ALPase) (a plasma
membrane marker), and the tissue was subjected
to prolonged treatment with aqueous OsO,
(marks the outer Golgi cisterna).

Among other observations, the findings of the
present study demonstrate that, during involution,
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acid hydrolase activity is prominent in GERL, in
lysosomes, and between the double walls of auto-
phagic vacuoles. Furthermore, both lysosomes
and autophagic vacuoles appear to arise from
GERL in regressing luteal cells of guinea pigs.

MATERIALS AND METHODS

Corpora lutea were obtained from a total of 36 Hartley
guinea pigs: 10 at 60-68 days of gestation (near term), 3
on the day of parturition, and in the postpartum period,
7 at 5 days, 1 at 8 days, 6 at 10 days, 6 at 16 days, and
3 at 20 days. The fixatives, method of fixation, and
incubation conditions (including controls) used for the
various cytochemical procedures were identical to those
described in the companion report (40).

RESULTS

The fine structure of luteal cell regression after
pregnancy in guinea pigs has been described in
detail in an earlier publication from this laboratory
(39). The following sections, which describe cyto-
chemical reactions of the Golgi complex, GERL,
autophagic vacuoles, and lysosomes, include per-
tinent morphological details as background for the
cytochemistry. It should be noted that luteal cells
at a similar stage of regression, regardless of the
actual age of the corpus luteum, show identical
cytochemical staining properties. Control incuba-
tions proved to be negative for the various cyto-
chemical reactions described below.

Golgi Complex

The Golgi complex in regressing luteal cells
remains well developed. The Golgi stacks and
their constituent cisternae display an ultrastruc-
ture similar to that described for luteal cells at 25-
33 days of gestation (40). After cytochemical
incubation for ACPase activity, reaction product
is observed in Golgi cisternae (Figs. 4a, c—e and
5), all of which show activity to a degree that is
uniform for a given experiment. The reaction
varies from scant to moderately intense, and is
usually less pronounced than that in GERL (see
below). Inner Golgi cisternae are reactive for
TPPase (Fig. 1), but occasionally other cisternae
may exhibit activity. The Golgi complex also
shows ALPase activity; usually the reaction is
most intense in the inner cisterna (Fig. 2). Al
though Golgi cisternae in aging luteal cells tend
not to stain after prolonged osmication, the outer
cisterna sometimes does. Occasionally, a slightly
widened cisterna (or tubule) or unknown origin is

interposed between the inner element of a Golgi
stack and GERL (Fig. 3b). This cisterna is devoid
of both ACPase (Fig. 4d) and TPPase (Fig. 1)
activity. It is clearly distinguishable from GERL
since it is expanded in width and has “thin”
limiting membranes, whereas the cisternae of
GERL, as described below, are usually narrow
and have thickened membranes.

GERL

Even though luteal cells are filled with smooth
ER, certain smooth-surfaced cisternal elements
near the Golgi complex exhibit morphological and
cytochemical features that suggest that they are
analogous to the GERL system described in neu-
rons (36) and elsewhere. Since this GERL-like
system is hypertrophied at this stage, it will be
more fully characterized here than elsewhere (39,
40). These GERL-like cisternae are situated next
to, or some distance from, the inner (trans) face
of a Golgi stack (Fig. 3). The intervening cyto-
plasm often contains small tubules or vesicles (Fig.
3a) that do not occur between Golgi cisternae. In
aging luteal cells as in other cell types (14, 20, 21,
22), these GERL-like cisternae show specializa-
tions that serve to distinguish them from other
smooth membrane-bounded organelles; e.g., they
may contain moderately dense material (Fig. 3d)
and/or a central dense line (Fig. 4f); they often
display a “thickened” (denser) limiting membrane
(Fig. 3a), which sometimes appears to be coated
(Fig. 3¢); and, they often are narrower in width
(about 25 nm) than are tubules (50-60 nm) or
cisternae (40-45 nm) of smooth ER. Although
their origin remains uncertain, the possible deri-
vation of these GERL-like cisternae from ER is
suggested by their occasional continuities with ER
(Figs. 3b, d, and 4a). The structures, with
which GERL is continuous, are judged to be ER
by their characteristic diameter (45-60 nm), pale
contents, thin limiting membranes, position out-
side the Golgi stack, and by their similarity to
other smooth ER in the vicinity (and by exclusion,
since alternative possibilities are not readily ob-
vious). Finally, these cisternae display cytochemi-
cal properties (see below) similar to those of
GERL systems described elsewhere (36). Thus,
smooth-surfaced structures conforming to these
criteria will be considered to constitute GERL in
luteal cells.

In striking contrast to that in 25-33 days of
pregnancy (40), GERL in regressing luteal cells
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Figures 1 and 2 Golgi complex, cisterna of unknown origin, and GERL of aging luteal cells, showing
typical reaction for TPPase and ALPase. All cytochemical material shown in this report has been stained
en bloc only.

Ficure 1 The inner cisternae of the Golgi complex (g) typically show (long arrows) TPPase activity. In
contrast, both the cisterna of unknown origin (short arrows) and GERL (GE) are negative for this
enzyme. Near term. X 20,000.

FigURe 2 After incubation for ALPase activity (pH 9, with 8-glycerophosphate as substrate), reaction
product characteristically fills the inner one or two cisternae of the Golgi stack (g); the remaining saccules
exhibit scattered deposits. GERL (GE), which seems to follow a twisting course through the cytoplasm
and sometimes bears fenestrations (arrows), is also strongly ALPase-reactive. Near term. x 25,000,



Ficure 3 GERL from regressing luteal cells, illustrating the unique, fine-structural features that
distinguish it from other smooth membranes in luteal cells. (¢) GERL (between arrowheads) frequently
has limiting membranes that are “thicker” (denser) than those of many other cytoplasmic organelles,
including smooth ER. Small vesicles (arrows) occur between GERL cisternae, and between GERL and
Golgi cisternae (g), but not between Golgi saccules. X 38,000. (b) Images in which GERL (GE) appears
to be in continuity with a tubule of smooth ER (arrows) suggests the possibility that GERL derives from
ER. Note that GERL is separated from the Golgi stack (g) by a widened cisterna (arrowhead), whose
origin is uncertain. X 33,000. (¢) GERL membranes (arrow) are sometimes coated, whereas Golgi
cisternae (g) and smooth ER membranes have not been observed to bear a similar coating. Note the
density of the membranes that limit GERL. X 29,000. (d) One of the two GERL cisternae ( GE) shown
here appears to be continuous with a tubule of smooth ER (between arrows), again suggesting the
possibility that GERL takes origin from ER. Note that these GERL cisternae contain a moderately dense
material, whereas Golgi cisternae (g) are electron-transparent, and smooth ER tubules and cisternae have
a pale appearance. X 50,000. Note the narrowed width of GERL in figures a, ¢, and d. All, near term.

consistently displays intense ACPase activity
(Figs. 4a, ¢, d, and 5d and e). This strong
ACPase reaction emphasizes the hypertrophied
condition of GERL in these cells. Dense accumu-
lations of reaction product fill small (coated or
smooth) vesicles (Fig. 5d) and larger vacuoles
(Fig. 5e), which presumably represent nascent
lysosomes, that project from GERL. Circular and
U-shaped profiles of GERL cisternae, containing
reaction product between their double walls, are
noted close to (Fig. 4¢) as well as some distance
from (Fig. 4 f and g) Golgi stacks. A central dense
line is observed in some GERL cisternae even in

cytochemical preparations (Fig. 4f). U-shaped
GERL profiles are noted near (Fig. 4) and in
continuity with (Fig. 44 and i) dense bodies. In
addition to ACPase, GERL shows intense arylsul-
fatase activity (Fig. 4b). GERL is also strongly
reactive for ALPase activity (Fig. 2). As at 25-33
days of gestation (40) and as in other cell types,
neither incubation for TPPase activity (Fig. 1) nor
prolonged immersion in aqueous OsO, results in
staining of GERL in regressing luteal cells.

Lysosomes and Autophagic Vacuoles

When compared with luteal cells during the
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period of maximal progesterone secretion (40),
aging luteal cells contain markedly increased num-
bers of lysosomes (Fig. 5a). These bodies are
ACPase (Fig. 5a) and arylsulfatase (Fig. 5b)
reactive. Throughout involution, they are often
observed trapped in autophagic vacuoles (Fig.
6h). As regression proceeds, highly pleomorphic
lysosomes appear, including the unusual beaded
(Fig. 5¢) and elongated (Fig. 5g) types. Elon-
gated lysosomes sometimes occur in proximity to
GERL (Fig. 5g). Frequently, several small, acid
hydrolase-positive vesicles are noted surrounding
a larger reactive body in the Golgi-GERL region
(Fig. 51).

In contrast to earlier stages (40), autophagic
vacuoles are prominent in luteal cells during invo-
lution (Fig. 6a). These vacuoles are unusually
pleomorphic in the guinea pig (39), and constitute
several more or less distinct groups, each of which
has been identified by a descriptive phrase to
simplify reference to it: intricate (Fig. 6¢), double-
membrane (Fig. 6f), and simple (Fig. 6i). For
further details concerning these bodies, see Paa-
vola (39). The present study reveals that the first
two types are stongly reactive for ACPase and
arylsulfatase (Fig. 64, b, d, and g), whereas the
simple form is typically nonreactive (Fig. 65). It is

striking that the predominant type of autophagic
vacuoles in regressing luteal cells is enclosed by
double membranes. After cytochemical incuba-
tion for acid hydrolases, reaction product fills the
space between the double walls of these vacuoles
(Fig. 6). In instances where the reaction product
is less dense, the space between the double walls,
as well as the central dense line of intricate (Fig.
6d and e) and double-membrane (Fig. 64) type
autophagic vacuoles, can be discerned, confirming
that these acid hydrolase reactive inclusions are
identical to those described previously in conven-
tional preparations (39). The material filling the
space between the double walls is sometimes not
apparent in cytochemically reacted tissue, proba-
bly because the tissue was stained en bloc only.
Images seen in the present study suggest that, as
the contents of double-walled autophagic vacuoles
are digested, they are transformed into aggregate-
type inclusions (Fig. 7), which through further
digestion eventually become residual bodies. The
possible interrelationships between these various
autophagic vacuoles, GERL and lysosomes are
summarized in Fig. 8.

ACPase reaction product is sparse in multivesic-
ular bodies and does not occur free in the cyto-
plasm of involuting luteal cells before their engulf-

Ficure 4 GERL from involuting luteal cells, reacted for acid hydrolase activity. After cytochemical
incubation for lytic activity, deposits of lead phosphate fill GERL cisternae, clearly revealing its
morphology and extent. Golgi stacks, which exhibit varying degrees of activity, are indicated in each
figure at (g). () The possibility of connections between GERL and ER, such as those in Fig. 3b and d,
are also suggested in cytochemical preparations. The GERL (GE) cisterna shown here appears to be in
continuity with an ER-like structure (arrows). Reacted for ACPase. X 31,000. (b) After incubation for
arylsulfatase activity, reaction product is accumulated in GERL (arrows), demonstrating that this organelle
possesses more than one acid hydrolase. X 47,000. (¢) In contrast to that in younger cells, GERL as
shown here is hypertrophied in aging luteal cells. Reacted for ACPase. X 23,000. (d) Occasionally, a
nonreactive cisterna (arrowheads) of unknown origin separates GERL from a Golgi stack, in instances
when both GERL (GE) and Golgi cisternae (g) show lytic activity. Reacted for ACPase. X 29,000. (¢)
This U-shaped GERL cisternae (between arrows) is situated near a Golgi stack. From an examination of
serial sections, it was determined that similar U-shaped profiles are derived from cup-shaped bodies.
Reacted for ACPase. X 25,000. () In lightly reacted specimens, the central dense line (arrows) of GERL
cisternae can be discerned. The moderately dense material that fills the cisternal space is not always
readily apparent in cytochemical preparations, probably because the tissue was stained en bloc only.
Reacted for ACPase. x 37,000. (g) U-shaped GERL profiles (arrows) may be located some distance
from a Golgi stack, sometimes occurring in close proximity to dense bodies. Reacted for ACPase.
X 32,000. (h) In some instances, one edge (arrow) of a U-shaped GERL profile appears to be unattached
to a dense body. Observations on serial sections indicated that such images represent a cup-shaped
structure attached by one lip to a (usually spherical) dense body. Reacted for ACPase. x 19,000. (i)
Both sides of a U-shaped profile (GERL cisterna) can be attached to a dense body. Here again, a study of
serial sections indicated that the U-portion of such structures represents a completely closed (most likely)
or a partially closed (less likely) cup. Reacted for ACPase. X 19,000. (a) 5 days postpartum; (b and f) 10

days postpartum; (c-e and g—). Near term.
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ment by macrophages. Neither lysosomes nor
autophagic vacuoles show TPPase or ALPase
activity, and only rarely stain after prolonged
treatment with OsQO,.

The complex relationships between GERL, au-
tophagic vacuoles and lysosomes require further
comment. It might be claimed that the double-
membrane type of autophagic vacuole (Fig. 6f) is
merely the result of an appropriate plane of
section through an intricate-type autophagic vac-
uole (Fig. 6¢) or through a cup-shaped GERL
cisterna (Fig. 4¢). In a similar vein, it might be
suggested that the compartments within intricate-
type vacuoles are merely surface depressions that
contain tongues of cytoplasm. 90 consecutive se-
rial thin sections were used to examine these
possibilities. Even though some data concerning
this point were presented previously (39), more
extensive data are offered here to clarify further
these relationships. 62 double-membrane type
vacuoles (Fig. 6f) were followed in the serial
sections, and were examined: all were roughly
sphere-shaped, completely closed, discrete enti-
ties, unattached to other inclusions. Their interiors
were not subdivided into compartments. 87% of
these double-walled inclusions contained dense
bodies, other autophagic vacuoles, or GERL cis-
ternae, that were not attached to their walls. 40
intricate-type vacuoles (Fig. 6¢) were studied:
they also were independent structures, whose
multiple compartments were completely walled
off from the surrounding cytoplasm, and con-
tained various inclusions. 45 GERL-type cister-
nae, exhibiting central densities and dense con-
tents, were examined: 73% were cup-shaped;
20% were almost completely closed spheres with

a small opening communicating with the cyto-
plasm, suggesting the possibility of eventual clo-
sure; and, 7% were slightly curved discs. A num-
ber of cup-shaped GERL-like structures were
observed in partial continuity with dense bodies,
being attached by one edge to a dense body (such
a body could be represented by Fig. 4h, where
one edge of a cisternal-like structure appears
unattached). In addition, 150 lysosome-like dense
bodies of varying shape, size, and electron-opacity
were studied in these serial sections; all were
separate entities and the most common shape was
a sphere. Also noted were elongated and beaded
lysosomes that extended for considerable dis-
tances through the cytoplasm. Some of these
lysosomes were observed attached to or surround-
ing lipid droplets. These results clearly demon-
strate that these various structures can exist as
independent entities, entirely separate from each
other.

Some Comments on the Cytochemical
Behavior of the ER and Plasma
Membrane

In regressing luteal cells, as at earlier stages, the
smooth ER is nonreactive for both TPPase and
ALPase, shows glucose-6-phosphatase activity
(Paavola, unpublished observations), and can
stain after extended treatment with OsQ,. How-
ever, in marked contrast to the time of maximal
progesterone secretion (40), the smooth ER of an
occasional terminally regressing luteal cell displays
intense ACPase activity (Fig. 7). Such a finding,
to the best of my knowledge, has not been previ-
ously reported in luteal cells. Luteal cells, other

FIGURe 5 Regressing luteal cells, showing proliferation of lysosomes, pleomorphic lysosomes, and the
relationship of developing lysosomes to GERL. GERL is indicated by GE and Golgi stacks by g in these
figures. (@ and b) The dramatic increase in quantity of the common spherically shaped lysosome in aging
luteal cells is illustrated in this figure from an ACPase preparation; large numbers of reactive bodies have
accumulated in an armlike extension of luteal cell cytoplasm. These bodies display ACPase (a) and
arylsulfatase (b) activity. X 17,000; 19,000. (c) Highly pleomorphic lysosomes appear during involution,
including beaded types that show both ACPase (arrows) and arylsulfatase (inset, arrow) activity. X 22,000,
(inset) 37,000. (d and ) During luteolysis, GERL cisternae frequently display small vesicles (d, arrow)
or larger vacuoles (e, arrows) attached to their membranes. These protuberances show intense lytic
activity, thus appearing to represent developing lysosomes. Both, reacted for ACPase. x 37,000; 29,000.
(/) Clusters of small acid hydrolase-positive vesicles commonly surround, and through fusion may possibly
give rise to, larger reactive bodies (arrows) in aging luteal cells. Reacted for arylsulfatase. X 21,000. (g)
Occasional elongated lysosomes (arrows) are noted in close association with GERL, leading to the
speculation that such bodies may possibly originate from GERL cisternae. Reacted for ACPase. (2 and g)
Near term; (b-f) 5 days postpartum.
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than those that are in a state of advanced regres-
sion, do not show ACPase activity within smooth
ER tubules or cisternae.

After incubation for ALPase at pH 9 with Na-
B-glycerophosphate as substrate, the plasma
membrane shows deposits of reaction product
along its external surface. The cytochemical reac-
tions of the plasma membrane for ALPase and
TPPase under diverse conditions (varying pH,
substrates, inhibitors) are similar to those de-
scribed for luteal cells at 25-33 days of gestation
(40).

DISCUSSION

In the present study, the cytochemical events
underlying the normal involution of luteal cells in
guinea pigs after pregnancy are described in ma-
terial fixed by vascular perfusion. The decline and
death of luteal cells in this animal are brought
about by hormones produced by the uterus; thus
these findings provide further insight into how
cells regress in response to physiological signals.
This report also offers evidence on the origin of
autophagic vacuoles and lysosomes in degenerat-
ing luteal cells, and on the possible pathways that
acid hydrolases follow en route to these lytic
bodies.

The fine structural events leading to the post-
partum destruction of corpora lutea in guinea pigs
were detailed in a previous publication from this
laboratory (39), in which it was suggested that the
most striking changes occurring in luteal cells
during involution were the accumulation of appar-

ent autophagic vacuoles and the dramatic increase
in the number of lysosome-like dense bodies. The
cytochemical findings reported here substantiate
that claim by establishing that these bodies contain
ACPase and arylsulfatase. The localization of
both enzymes was necessary, since a structure
cannot be regarded as a true digestive body unless
it is shown to contain more than one acid hydro-
lase (7). Because these inclusions satisfy that
condition, they thus belong to the intracellular
digestive apparatus and probably represent the
morphological bases for autolysis.

The extent to which lytic bodies are involved in
regression of corpora lutea has remained elusive.
For example, although autophagic vacuoles of
widely differing morphology have been described
in ultrastructural studies on luteal cells of various
animals (see Reference 39), their actual participa-
tion and relative importance in luteolysis are still
uncertain. Similarly, the role of lysosomes in
luteolysis is disputed. Two recent cytochemical
studies on regressing corpora lutea of sheep at the
end of the estrous cycle came to differing conclu-
sions: Gemmell et al. (18) maintained that lyso-
somes were no more abundant during involution
than at other times, whereas McClellan et al. (30)
reported that they increased markedly during
regression. The marked proliferation of auto-
phagic vacuoles and lysosomes in degenerating
luteal cells of the present study provides compel-
ling evidence that in guinea pigs they are involved
in luteolysis, and substantially strengthens the
claim that autophagy is a prominent mechanism in

FiGURE 6 Autophagic vacuoles in regressing luteal cells. (a) The marked accumulation of autophagic
vacuoles that takes place in luteal cells during involution is clearly illustrated in this larger field from an
ACPase preparation. Note that in these cells the predominate type of autophagic vacuole is enclosed by
double walls (arrows). x 18,000. (b-¢) The interior of the most elaborate of the autophagic vacuoles in
luteal cells, the intricate type, is divided into compartments. The double walls of this vacuole typically
enclose a moderately dense material and a central dense line (c, arrows). Incubation for arylsulfatase (b)
or ACPase (d) reveals that lytic enzymes are located between the double walls and in the dense portions
of this vacuole. The central density (4, arrows) and the space separating the double walls (e, arrows;
reacted for ACPase) are also evident in lightly-reacted cytochemical specimens. X 28,000; 24,000;
23,000; 25,000. (f-h) Regressing luteal cells contain another type of autophagic vacuole, whose interior
is not subdivided into compartments, the double-membrane type. The double walls of these bodies also
display a moderately dense content and a central density (f, arrow). Arylsulfatase (g, arrows), as well as
ACPase (h, arrow) occur in the space between the walls. When reaction product is less intense, the
central dense line of these bodies is apparent (k, arrow). X 19,000; 51,000; 37,000. (i and j) On the
other hand, simple autophagic vacuoles (i, sv) characteristically lack reaction product after incubation for
acid hydrolases (j, sv; reacted for ACPase). They thus seem to be of less importance in autolysis.
x 20,000; 20,000. (a—, e, k and j) Near term; (b and g) 5 days postpartum; (f and i) 16 days

postpartum.
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FiGure 7 Smooth ER of terminally regressing luteal cell, showing ACPase activity. During advanced
involution, cytochemically demonstrable lytic activity appears for the first time within tubules and cisternae
of the smooth ER (arrows). Note that the reaction product is confined to the cavities of smooth ER, and
does not occur free in the cytoplasm. This aged luteal cell also contains several large, ACPase-positive
aggregate-type inclusions (aa). Profiles of nonreactive smooth ER (not included in this field) identified
this cell as a luteal cell. (g) Golgi complex; (m) mitochondrion. Near term. x 17,000.

the involution of corpora lutea. This finding con-  Another conceivable mechanism for luteolysis,
trasts with that of van Lennep and Madden (43) in  which is not supported by the present results, is
humans, and agrees with that of McClellan et al. the release of lysosomal enzymes into the cyto-
(30) in sheep. plasm. It has been reported that, as the corpus
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Ficure 8 This diagram summarizes the ways in which GERL appears to participate in the formation of
Iytic bodies during postpartum luteolysis in guinea pigs. Although the pathway that lytic enzymes follow to
reach GERL remains uncertain (?, RER-rough ER; SER-smooth ER), GERL is responsible for
packaging acid hydrolases into lytic bodies in these cells. Lysosomes are thought to arise from GERL by
the growth and detachment of beaded (1, BL), elongated (2, EL), vesicular (coated or smooth) (3, CV),
and rounded vacuolar (4, L) structures. The small vesicles may possibly fuse, forming larger lysosomes.
As cup-shaped GERL cisternae (5) wall off areas of cytoplasm by becoming completely closed spheres,
they produce double-membrane type autophagic vacuoles (6, DMAV). These double-membrane type
autophagic vacuoles may then enlarge, possibly developing into autophagic vacuoles of the intricate
variety (7, 8, IAV). The inner limiting membrane of double-walled autophagic vacuoles apparently breaks
down and digestion ensues, converting the vacuole into an aggregate inclusion (a lysosome) (9, AA).
Further digestion may take place, ultimately producing a residual body (70, RB), filled with myelin

figures.

luteum ages, lysosomes become more fragile (8);
thus, they are more susceptible to rupture. How-
ever, in the present work, ACPase activity was
never observed free in the cytoplasm of luteal
cells, arguing against a generalized intracellular
release of lytic enzymes. Rather, advanced invo-
lution was found to be dominated by highly pleo-
morphic, intensely acid hydrolase-reactive, mem-
brane-bounded inclusions.

The pathway that acid hydrolases follow en
route to their final destination in lysosomes or
other lytic bodies is not yet resolved. According
to one view (1, 12), lytic enzymes are handled in
a manner similar to that described for various
secretory proteins (23-25); i.e., after synthesis on
bound ribosomes, they enter rough ER cisternae,
eventually reaching the Golgi zone, where pack-
aging occurs. Alternatively, Novikoff (32) and co-
workers suggest that acid hydrolases may move
directly from ER to GERL, where they are proc-
essed, bypassing the Golgi complex entirely. The
current finding of ACPase activity in smooth ER

tubules of an occasional moribund luteal cell
indicates that lytic enzymes can gain access to this
compartment, perhaps via the many continuities
linking rough and smooth ER in these cells (39).
But how these enzymes then reach GERL is
unclear. ACPase activity often occurs in both
GERL and Golgi cisternae, and, even though
kinetic data are lacking, this evidence seems to
suggest that lytic enzymes might move from ER
through the Golgi complex to GERL. But an
ACPase-negative cisterna is sometimes interposed
between GERL and the Golgi complex when both
are ACPase-positive (Fig. 4d), a finding which
makes it difficult to envision an uninterrupted
flow of enzymes from Golgi cisternae to GERL.
Lytic activity could also occur in both structures if
lytic enzymes moved (a) from ER to GERL, then
to Golgi cisternae, or {b) from ER to both GERL
and Golgi cisternae. Even though the pathway to
GERL is complicated, it is clear from the marked
hypertrophy and intense lytic activity of this or-
ganelle in luteal cells during luteolysis that it has
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the primary responsibility for the final packaging
of acid hydrolases. The role of the Golgi complex
in this process, however, requires further clarifi-
cation.

Two further questions that merit comment are
the origin of lysosomes and the source of auto-
phagic vacuoles in senescent luteal cells. ACPase-
reactive vesicles and vacuoles, presumably repre-
senting nascent lysosomes, bulge from GERL
(Fig. 5), strongly suggesting that such bodies are
derived from these cisternae. They seem to de-
velop as focal, knoblike swellings that eventually
detach from the parent GERL cisterna. As shown
in Fig. 5g, elongated lysosomes occur in intimate
association with GERL, a relationship which
makes it tempting to suggest that they also de-
velop from GERL. Similar mechanisms for lyso-
some formation have been proposed for several
nonovarian cell types (6, 14, 15, 22, 31, 34, 36).
Only those smooth membranes adjacent to a
Golgi stack appeared to give rise to lysosomes in
the current study; a different situation occurs in
neurons and other cells, where ER located some
distance from the Golgi complex has been re-
ported to form lysosomes (22, 26). The clustering
of small acid hydrolase-positive vesicles around
dense bodies (Fig. 5f), together with images indi-
cating the possibility of fusion between these
bodies, suggests that larger lytic bodies might arise
by fusion of smaller units.

Several organelles have been implicated as the
source of the membranes enclosing autophagic
vacuoles in nonovarian tissues, including the inner
(17) and outer (28) Golgi cisternae, Golgi-derived
vesicles (16), smooth ER (1, 11, 13, 31), and a
specialized region of smooth ER, GERL (6, 22,
32, 36). Quatacker (42) favored the view that the
plasma membrane formed autophagic vacuoles in
degenerating luteal cells of humans. On the other
hand, a recent report from our laboratory (39)
suggested that GERL gave rise to the predomi-
nate type of autophagic vacuole in guinea pig
luteal cells as follows: GERL cisternae engulf
small areas of cytoplasm, becoming in the process
completely closed, double-walled autophagic vac-
uoles (double-membrane type), which then may
enlarge or become structurally more complex,
developing into intricate-type autophagic vacu-
oles. The results presented here provide support
for that suggestion, since GERL cisternae and the
double walls of autophagic vacuoles display sev-
eral features that point to a common origin. For
example, both show intense lytic enzyme activity
between their double walls; both frequently have

thickened limiting membranes; and both show
dense material or central dense lines in the space
separating their double walls (apparent even in
some cytochemical preparations). Smooth ER and
Golgi cisternae, other possible sources of double-
walled autophagic vacuoles, are somewhat less
attractive candidates. Neither display dense con-
tents or central densities in their cisternae. Smooth
ER has a thin limiting membrane, and Golgi
cisternae are commonly TPPase-positive, whereas
autophagic vacuoles are negative for this enzyme.
Although smooth ER occasionally shows ACPase
activity in the final stages of luteal cell regression,
this is long after most double-walled autophagic
vacuoles have made their appearance. It therefore
appears unlikely that autophagic vacuoles arise
primarily from ER or Golgi cisternae in these
cells. It thus is concluded that GERL supplies the
membranes of most autophagic vacuoles in re-
gressing luteal cells of guinea pigs. The role of
GERL in the formation of such bodies in luteal
cells has not previously been documented in the
literature. One somewhat similar suggestion (30)
has appeared, citing an earlier abstract (37) of the
current report. GERL also appears to give rise to
double-walled autophagic vacuoles in neurons of
mammals (2, 32, 33) and in degenerating neurons
of frog larvae (6).

A separate question is how lytic enzymes, de-
rived from GERL, become associated with auto-
phagic vacuoles. The overwhelming majority of
autophagic vacuoles in the present study displayed
acid hydrolases between their double walls, as did
their precursor, GERL. This finding suggests that
lytic enzymes are acquired early in development
and carried along with the developing vacuole.
The hydrolases contained between the double
walls may possibly gain access to the interior of
the vacuole through a disintegration or alteration
of the inner membrane, a process also suggested
by others (1, 17, 32). This would convert the
vacuole into a lysosome. Actual disappearance of
this inner membrane was not observed, but its
dissolution may occur very rapidly and would be
difficult to recognize in electron micrographs.
Additional hydrolases may be derived by other
means, e.g., from lysosomes trapped in these
vacuoles. In contrast to the present situation,
autophagic vacuoles (termed cytosegresomes or
isolation bodies) in other tissues often do not
exhibit lytic enzymes between their double walls
when first formed, gaining them later through

fusion with preexisting lysosomes or Golgi vesicles
(1,10, 28).
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Finally, in my earlier report (39), it was not
clear how aggregate-type inclusions related to the
other lytic bodies present in degenerating luteal
cells. In the present work, however, stages possi-
bly representing the transformation of double-
walled autophagic vacuoles to aggregate-type in-
clusions have been observed. Thus, one can now
postulate that a stepwise progression leads from
GERL to residual body, as described in the legend
to Fig. 8.

It is my pleasure to acknowledge Mr. Charles O. Boyd
for his outstanding technical assistance in this work. I
would also like to thank Dr. A. Kent Christensen for his
helpful comments on this manuscript.

This work was supported by research grants
HDO05897, HD09993, and Biomedical Research Sup-
port Grant RR05417 from the National Institutes of
Health, and by a Grant-in-Aid of Research from Temple
University. Preliminary reports of this work were pre-
sented at the 15th annual meeting of the American
Society for Cell Biology in San Juan, P.R. (37), and at
the First International Congress on Cell Biology in
Boston, Mass. (38).

Received for publication 9 August 1977, and in revised
form 7 June 1978.

REFERENCES

1. ArstiLa, A. U., and B. F. Trump. 1968. Studies on cellular autophag-
ocytosis. The formation of autophagic vacuoles in liver after glucagon
administration. Am. J. Pathol. 5§3:687-733.

2. Boutry, J. M., and A. B. Novikorr. 1975. Cytochemical studies on
Golgi apparatus, GERL, and lysosomes in neurons of dorsal root
ganglia in mice. Proc. Natl. Acad. Sci. U. S. A. 72:508-512.

3. Cavazos, L. F., L. L. ANDErsoN, W. D. BeLt, D. M. Henricks, R.
R. KRAELING, and R. M. MELaMPY. 1969. Fine structure and proges-
terone levels in the corpus tuteum of the pig during the estrous cycle.
Biol. Reprod. 1:83~106.

4. CHRISTENSEN, A. K. 1965. The fine structure of testicular interstitial
cells in guinea pigs. J. Cell Biol. 26:911-935.

5. CromBie, P. R, R. D. BurtoN, and N. Ackranp. 1971. The
ultrastructure of the corpus luteum of the guinea pig. Z. Zellforsch.
Mikrosk. Anat. 115:473-493,

6. Decker, R. S. 1974. Lysosomal packaging in differentiating and
degenerating anuran lateral motor column neurons. J. Cell Biol.
61:599-612.

7. pe DUVE, C. 1963. The lysosome concept. In Ciba Foundation Sym-
posium on Lysosomes. A. V. 8. de Reuck and M. P. Cameron, editors.
Little, Brown and Co., Boston, Mass. 1-35.

8. DINGLE, J. T., M. F. Hay, and R. M. Moor. 1968. Lysosomal function
in the corpus luteum of the sheep. J. Endocrinol. 40:325-336.

9. Ericsson, J. L. E. 1966. On the structural demonstration of glucose-6-
phosphatase. J. Histochem. Cytochem. 14:361.

10. Ericsson, J. L. E. 1969. Studies on indu ed cellular autophagy. 1.
Electron microscopy of cells with in vivo labeled lysosomes. Exp. Cell
Res. 55:95-106.

11. Ericsson, J. L. E. 1969. Studies on induced cellular autophagy. II.
Characterization of the membranes bordering autophagosomes in par-
enchymal liver cells. Exp, Cell Res. 56:393-405.

12, EricssoN, J. L. E., and W. H. GLINSMANN. 1966. Observations on
the subcellular organization of hepatic parenchymal cells. 1. Golgi
apparatus, cytosomes, and cytosegresomes in normal cells. Lab. Invest.
15:750-761.

13. EricssoN, J. L. E., B. F. TruMp, and J. WEBEL. 1965. Electron
microscopic studies of the proximal tubule of the rat kidney. II.
Cytosegresomes and cytosomes: their relationship to the lysosome
concept. Lab. Invest. 14:1341-1365.

14. EssNer, E., and H. Hammes. 1977. Ultrastructural study of GERL in
beige mouse alveolar macrophages. J. Cell Biol. 75:381-387.

Laurie G. Paavora Cytochemistry of Luteal Cell Regression

15.

22.

23.

24,

25.

26.

27.

28.

29.

30.

3L

hat

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

. GemMeLL, R. T., B. D. Sracy, and G. D. THORBURN.

Essneg, E., and C. Ouver. 1974, Lysosome formation in hepato-
cytes of mice with Chédiak-Higashi syndrome. Lab. Invest. 30:596-
607.

. FEDORkO, M. E., J. G. Hmsch, and Z. A. ConN. 1968. Autophagic

vacuoles produced in vitro. I1. Studies on the mechanism of formation
of autophagic vacuoles produced by chloroquine. J. Cell Biol. 38:392-
402.

. Frank, A. L., and A. K. CHRISTENSEN. 1968. Localization of acid

phosphatase in lipofuscin granules and possible autophagic vacuoles in
interstitial cells of the guinea pig testis. J. Cell Biol. 36:1-13.

1976.
Morphology of regressing corpus luteum in the ewe. Biol. Reprod.
14:270-279.

. GrauMANnN, H. 1975. Ultrastructural demonstration of phosphatases

by perfusion fixation followed by perfusion incubation of rat liver.
Histochemistry. 44:169-178.

. Hanp, A. R., and C. OLiver. 1977. Cytochemical studies of GERL

and its role in secretory granule formation in exocrine cells. Histochem.
J. 9:375-392.

. Hanp, A. R., and C. OLIVER. 1977. Relationship between the Golgi

apparatus, GERL, and secretory granules in acinar cells of the rat
exorbital lacrimal gland. J. Cell Biol. 74:399-413.

HoLtzman, E., A. B. Novikorr, and H. VILLAVERDE. 1967. Lyso-
somes and GERL in normal and chromatolytic neurons of the rat
ganglion nodosum. J. Cell Biol. 33:419-435.

Jamieson, J. D., and G. E. PaLADE. 1967. Intracellular transport of
secretory proteins in the pancreatic acinar cell. 1. Role of peripheral
elements of the Golgi complex. J. Cell Biol. 34:577-596.

Jamieson, J. D., and G. E. PaLaDE. 1967. Intracellular transport of
secretory proteins in the pancreatic acinar cell. II. Transport to
condensing vacuoles and zymogen granules. J. Cell Biol. 34:597-615.
Jamieson, J. D., and G. E. PaLape. 1971. Synthesis, intracellular
transport, and discharge of secretory proteins in stimulated pancreatic
exocrine cells. J. Cell Biol. 50:135-158.

Lang, N.J., and A. B. Novikorr. 1965. Effect of arginine deprivation,
ultraviolet radiation, and x-radiation on cultured KB cells. J. Cell Biol.
27:603-620.

Leavitr, W. W., C. R. Bason, J. N. BagweLL, and G. C. BrLana.
1973, Structure and function of the hamster corpus luteum during the
estrous cycle. Am. J. Anat. 136:235-249,

Locke, M., and A. K. Sykes. 1975. The role of the Golgi complex in
the isolation and digestion of organelles. Tissue Cell. 7:143-158.
Loxng, J. A. 1973. Corpus luteum of pregnancy in the rat. Ultrastruc-
tural and cytochemical observations. Biol. Reprod. 8:87-99.
McCreLiaN, M. C., J. H. AgEL, and G. D. NisweNDer. 1977.
Function of lysosomes during luteal regression in normally cycling and
PGF,treated ewes. Biol. Reprod. 16:499-512.

Novikorr, A. B. 1964, GERL, its form and function in neurons of rat
spinal ganglia. Biol. Bull (Woods Hole). 127:358a.

Novikorr, A. B. 1973. Lysosomes, a personal account. In Lysosomes
and Storage Diseases. H. G. Hers and F. van Hoof, editors. Academic
Press, Inc., N. Y. 1-41.

Novikorr, A. B. 1975. The endoplasmic reticulum: a cytochemist’s
view (a review). Proc. Natl. Acad. Sci. U. S. A. 73:2781-2787.
Novikorr, A. B, P. S. RonemM, and N. QuINTANA. 1966. Changes in
rat liver cells induced by orotic acid feeding. Lab. Invest. 18:27-49.
Novikorr, A. B.. and W-Y. SuiN. 1964. The endoplasmic reticulum
in the Golgi zone and its relations to microbodies, Golgi apparatus and
autophagic vacuoles in rat liver cells. J. Microsc. (Paris). 3:187-206.
Novikorr, P. M., A. B. Novikorr, N. QUINTANA, and J-J. Hauw.
1971. Golgi apparatus, GERL, and lysosomes of neurons in rat dorsal
root ganglia, studied by thick section and thin section cytochemistry. J.
Cell Biol. 50:859-886.

Paavolra, L. G. 1975. Ultrastructure and cytochemistry of guinea pig
lutein cells during pregnancy and the postpartum period. J. Cell Biol.
67(2, pt. 2):321a. (Abstr.).

Paavora, L. G. 1976. Ultrastructure and cytochemistry of the Golgi
apparatus in guinea pig luteal cells during pregnancy. J. Cell Biol. 70(2,
pt. 2):339a. (Abstr.).

Paavora, L. G. 1977. The corpus luteum of the guinea pig. Fine
structure at the time of maximum progesterone secretion and during
regression. Am. J. Anat. 150:565-604.

Paavora, L. G. 1978. The corpus luteum of the guinea pig. II
Cytochemical studies on the Golgi complex, GERL, and lysosomes in
luteal cells during maximal progesterone secretion. J. Cell Biol. 79:45-
58.

PRIEDKALNS, J., and A. F. WeBER. 1968. Ultrastructural studies of the
bovine Graafian follicle and corpus luteum. Z. Zellforsch. Mikrosk.
Anat. 91:554-573.

QuATACkER, J. R. 1971. Formation of autophagic vacuoles during
human corpus luteum involution. Z. Zellforsch. Mikrosk. Anat.
122:479-487.

vAN Lenngp, E. W., and L. M. MaDpDEN. 1965. Electron microscopic
observations on the involution of the human corpus tuteum of men-
struation. Z. Zellforsch. Mikrosk. Anat. 66:365-380.

73



