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ABSTRACT

The nature and content of lytic bodies and the localization of acid phosphatase (AcPase)
activity were investigated in mammotrophic hormone-producing cells (MT) from rat an-
terior pituitary glands. MT were examined from lactating rats in which secretion of MTH!
was high and from postlactating rats in which MTH secretion was suppressed by removing
the suckling young. M T from lactating animals contained abundant stacks of rough-surfaced
ER, a large Golgi complex with many forming secretory granules, and a few lytic bodies,
primarily multivesicular bodies and dense bodies. M T from postlactating animals, sacrificed
at selected intervals up to 96 hr after separation from their suckling young, showed (a)
progressive involution of the protein synthetic apparatus with sequestration of ER and
ribosomes in autophagic vacuoles, and (b) incorporation of secretory granules into multi-
vesicular and dense bodies. The content of mature granules typically was incorporated
into dense bodies whereas that of immature granules found its way preferentially into
multivesicular bodies. The secretory granules and cytoplasmic constituents segregated within
lytic bodies were progressively degraded over a period of 24 to 72 hr to yield a common
residual body, the vacuolated dense body. In MT from lactating animals, AcPase reaction
product was found in lytic bodies, and in several other sites not usually considered to be
lysosomal in nature, i.e., inner Golgi cisterna and associated vesicles, and around most of
the immature, and some of the mature secretory granules. In M T from postlactating animals,
AcPase was concentrated in lytic bodies; reaction product and incorporated secretory
granules were frequently recognizable within the same multivesicular or dense body which
could therefore be identified as “autolysosomes” connected with the digestion of endogenous
materials. Several possible explanations for the occurrence of AcPase in nonlysosomal sites
are discussed. From the findings it is concluded that, in secretory cells, lysosomes function
in the regulation of the secretory process by providing a mechanism which takes care of
overproduction of secretory products.

INTRODUCTION

Lysosomes are now recognized as a morphologi-
cally heterogenous group of cytoplasmic particles
which contain acid hydrolases and serve as an
intracellular digestive system (1, 2). It has become

apparent, primarily as a result of morphological
and cytochemical studies with the electron micro-
scope, that the relatively primitive activity of
intracellular digestion has been adapted in special-
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ized cells of multicellular organisms to subserve a
variety of complex functions such as defense (3, 4),
absorption (5, 6), differentiation (7, 8), and cell
involution (9). Hence, the role of lysosomes in
many types of cells has been elucidated; in others,
however, especially neurons and secretory cells of
exocrine and endocrine glands (2, 10-14), their
functions have remained obscure.

We have investigated lysosomal activities in
secretory cells by carrying out extensive cyto-
chemical and electron microscope studies on the
rat anterior pituitary gland during different phases
of secretion (15, 16). In our studies we have paid
particular attention to the nature of lytic bodies
and the distribution of acid phosphatase (AcPase)!
activity. In this paper we report our detailed find-
ings on the mammotrophic hormone-producing
cell (MT) which we have studied during lactation,
when its secretory level is high (17-19), and after
removal of suckling young, when hormone secre-
tion is suppressed (19). The findings clearly
demonstrate that in cells of the anterior pituitary
gland, lysosomes function in the regulation of the
secretory process by incorporating and degrading
undischarged secretory granules.

MATERIALS AND METHODS
Animals

Thirty-seven primiparous lactating rats, of the
Sprague-Dawley strain, were used in these experi-
ments. Animals were housed in individual cages in a
room maintained at 24°C and artificially illuminated
during the normal daylight hours. They were fed
Purina Lab Chow and water ad libitum. Shortly
after birth each litter was adjusted to 8 young.

Experiments

Two main experimental groups were established:
lactating and postlactating. The lactating group
consisted of 12 animals allowed to nurse their young
normally and sacrificed on the 3rd to 5th postpartum
day. The postlactating group consisted of 25 animals
isolated from their litters on the 3rd to 5th post-
partum day, and sacrificed at 12, 24, 48, 72, or 96 hr
thereafter.

1 The abbreviations used in this paper are: AcPase,
acid phosphatase; ER, endoplasmic reticulum; GP,
sodium B-glycerophosphate; IDP, inosine diphos-
phate; MT, mammotroph or mammotrophic hor-
mone-producing cell; MTH, mammotrophic or
lactogenic hormone; ST, somatotroph or growth
hormone-producing cell; GT, gonadotroph or
gonadotrophic hormone-producing cell; TT, thyro-
troph or thyrotrophic hormone-producing cell.
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The 3rd to 5th days of lactation were selected for
these experiments because the level of MTH secre-
tion is known to be high at this time (19, 20). The
total lactation period in the rat is about 28 days.

Techniques for Morphological Studies

FIXATION: Fixation of the pituitary gland was
initiated by injecting 5 cc of fixative into the cranial
cavity through a fine hypodermic needle inserted
into the foramen magnum. In most cases the fixative
utilized was 19, OsOy in phosphate buffer, pH 7.6
(21); a few glands were fixed in 1.5, glutaraldehyde
in 0.067 M cacodylate buffer, pH 7.4 (22) containing
19, sucrose. A few minutes after the injection, the
pituitary was exposed, freed from the dura, removed,
immersed in a drop of fixative, and cut into pieces of
1 mm? These were transferred to a vial containing
fresh fixative, and fixed at 4°C for a total of 2 hr in
OsOy, or 19 to 24 hr in glutaraldehyde. The glutaral-
dehyde stock solution was purified by distillation
prior to use, as described below.

DEHYDRATION, EMBEDDING, AND SECTION-
ING: After fixation most of the OsOy-fixed tissues
were dehydrated in ethanol and embedded in Aral-
dite (23). A few specimens were dehydrated in ace-
tone and stained for 5 to 10 min in 0.5% KMnOy in
absolute acetone (24) prior to embedding. Glutaral-
dehyde-fixed tissues were transferred directly to 1%
Os0Oy in acetate-Veronal buffer (pH 7.4) for 2 hr and
then dehydrated in ethanol; some blocks were stained
in buffered 0.5%, uranyl acetate in Michaelis buffer
(pH 5.3) prior to dehydration to enhance membrane
contrast (25).

Thin sections were cut with diamond knives on a
Porter-Blum MT-2 microtome, mounted on carbon-
coated grids, and stained with lead alone, prepared
according to Karnovsky (26) or Reynolds (27), or
doubly stained with uranyl acetate followed by lead.

Sections of 0.5 to 1 u were also cut from the
Araldite blocks, affixed to glass slides by moderate
heating, stained with azure II-methylene blue (28),
sprayed with Krylon to retard fading (29), and ex-
amined by light microscopy.

Techniques for Cytochemical Studies

FIXATION: Most glands were perfused (30) for
30 to 40 min with chilled 1.5% glutaraldehyde in
0.067 M cacodylate buffer containing 1%, sucrose, re-
moved, and immersed in fresh fixative for an addi-
tional 2 hr. In a few cases fixation was initiated by
injection of glutaraldehyde in situ as described for
morphological studies; the gland was subsequently
removed and cut into strips of 134 x 134 x 3 to 5mm,
which were placed in fresh fixative for an additional
4 hr. The most uniform preservation of cell structure
and enzyme activity was achieved in perfused speci-
mens, but perfusion was not optimal in all cases.
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The fixed whole glands or strips were washed and
stcred for varying periods (48 hr to 1 week) at 4°C in
0.1 M cacodylate buffer, containing 7%, sucrose.

PREPARATION OF NONFROZEN SECGTIONS:
Nonfrozen sections were cut at 10 or 40 p from the
whole glands or strips by a technique described in
detail elsewhere (31, 32). Sections were collected in
0.1 M cacodylate buffer (pH 7.4) containing 7%
sucrose and washed overnight (18 to 24 hr) at 4°C
to remove traces of fixative. AcPase activity remained
unaffected by storage up to 1 week in buffer but was
diminished in sections stored for longer periods.

In the initial phases of this work, frozen sections
were utilized for incubation, but considerable disrup-
tion of fine structure occurred which was attributable
to freezing and thawing during sectioning. In order
to avoid tissue damage, a new sectioning technique
was developed which avoids freezing. Nonfrozen
sections were originally prepared with a Mcllwain
Mechanical Tissue Chopper (32); more recently a
new instrument, capable of cutting sections as thin as
10 to 15 p (31), was utilized.

ACID PHOSPHATASE METHOD: Sections were
incubated for 20 min to 114 hr at pH 5.0 with -
glycerophosphate (Grade II, Sigma Chemical Co.,
St. Louis, Missouri) as a substrate in media freshly
prepared on the day of use. Both the Gomori medium
(33) and the modification suggested by Barka and
Anderson (34) were utilized. The former required
filtering prior to use. Incubations carried ocut in the
latter were generally more satisfactory, for there was
less nonspecific lead deposition, particularly in nu-
clei, and a more intense reaction for a given time
period.

After incubation some sections were rinsed briefly
in cold 2%, acetic acid, and then rinsed twice for 5
min in 0.05 M acetate-Veronal buffer (pH 7.2).

Controls consisted of incubations in which GP or
lead were omitted, or 0.01 M sodium fluoride, tartaric
acid, cr glutaric acid were added to the media. In
addition, some sections were incubated in the Barka-
Anderson medium at pH 7.0 and others were incu-
bated in similar media at pH 5.0 with IDP as sub-
strate (35).

PREPARATIVE PROCEDURES FOR LIGHT AND
ELECTRON MICROscOPY: For light microscopy,
incubated 10 or 40 u sections were treated with dilute
(NH4)2S and mounted in glycerogel.

For electron microscopy, 40 g incubated sections
were postfixed at 4°C for 45 min in 19, OsOy, buf-
fered at pH 7.4 with either phosphate or acetate-
Veronal. Some of the sections were treated for 30 to
45 min at room temperature with 0.5%, uranyl ace-
tate in acetate-Veronal buffer prior to dehydration.
In addition to acting as a membrane stain (25) this
technique also proved an effective substitute for the
acetic acid rinse, since it removed much of the diffuse,
presumably nonspecific lead precipitate (36). When
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this procedure was utilized, however, the over-all
reaction was fainter and the incubation time had to
be lengthened to achieve the same intensity of reac-
tion as in untreated sections. All specimens were
dehydrated in ethanol and embedded in Araldite.
Thin sections were prepared as described above.

Sections 0.5 to 1 u thick were also routinely cut
from the Araldite blocks, affixed to glass slides, and
treated for 30 min with 2% (NHy)2S. After a brief
rinse in distilled water, they were dipped for 5 to 10
sec in 19, crystal violet in a solution of 509, acetone
in absolute alcohol, air-dried, sprayed with Krylon
(29), and examined by phase-contrast microscopy.
Such sections were very useful in assessing the results
of the histochemical procedure and the general dis-
tribution of the reaction product.

Microscopy

Micrographs were taken at magnifications of 2300
to 30,000 on a Siemens Elmiskop I, operating at 80
kv, with a double condenser, and a 50 y molybdenum
aperture in the objective.

Purification of Glutaraldehyde

Glutaraldehyde was obtained as a 25% stock solu-
tion from Union Carbide Corporation, New York,
and stored at 4°C. Before being used for fixation, it
was purified by distillation at atmospheric pressure.
Distillate was collected between 100 and 101 °C2 in 50
cc aliquots. Those samples with a pH less than 3.4
were discarded, whereas those of pH 3.4 or greater
were pooled, rebottled, and stored at 4°C. The pH of
the distillate remained stable for 3 to 6 months.

The concentration of glutaraldehyde in the pooled
samples was estimated from osmolality readings.
Under these conditions of collection, the osmolality of
the distillate was between 800 and 1200 milliosmols,
indicating a glutaraldehyde concentration of 8 to
12%.

The purification procedure was undertaken be-
cause of variations in pH and osmolality and in the
quality of fixation encountered with different batches
of glutaraldehyde. (See also references 37 and 38.)
When a distilled stock solution was utilized, greater
uniformity of fixation was obtained, particularly in
regard to enzyme survival.

OBSERVATIONS

Basis of Identification of Cell Types in the
Anterior Pituitary

It is now usually agreed (39-41) that there are at
least four morphologically distinct functional cell

2 According to information provided by Union Car-
bide Chemical Corporation, the boiling point of a
259, aqueous solution of glutaraldehyde is 101°C.
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types in the anterior lobe of the rat pituitary:
somatotrophs, mammotrophs, gonadotrophs, and
thyrotrophs, so named to denote their association
with the production of growth, mammotrophic
(lactogenic), gonadotrophic, and thyrotrophic
hormones, respectively.? With the light microscope,
cell types are distinguished by differences in the
staining affinities of their secretory granules; with
the electron microscope, secretory granule size
is the most useful criterion for cell identification.
Previous studies from this laboratory (44-47) as
well as the work of others (39, 41) have established
that, in the rat pituitary, secretory granule size
is characteristic for a given cell type; approximate
maximal diameters are: ST = 350 mu; MT =
600-900 mp; GT = 200 mu; TT = 150 mu. In
this study we are concerned exclusively with MT.

3Recent evidence (39, 42, 43) suggests that there
may be an additional morphologically distinct cell
type responsible for the production of adrenocortico-
trophic hormone (ACTH).

With the light microscope, MT acidophils are
distinguished from ST acidophils by their affinity
for erythrosin (39). With the electron microscope,
MT are identified by their content of large secre-
tory granules which vary in shape from irregularly
spherical to polymorphous (39, 46, 47). It is well
known that MT hypertrophy during pregnancy
and are active during lactation (18, 39, 40).

Morphological Studies of Mammotrophs
GENERAL CHARACTERISTICS

In the pituitary of the normal, nonlactating
animal, MT are present in relatively small num-
bers; their level of secretory activity varies from
cell to cell and with the stage of the estrus cycle.
During lactation or estrogen treatment, however,
when the pituitary is producing increased amounts
of MTH, large numbers of MT with cytologic
features indicative of active secretion (i.e. en-
larged Golgi complex and highly developed rough-

Key to Symbols

ag, aggregating granule
c¢m, cell membrane

er, endoplasmic reticulum
g, globular residue

Ge, Golgi complex

7, “junction” elements

1b, lytic body

ic, inner Golgi cisterna

Iz, lipid inclusion

m, mitochondria

me, membranous residue

n, nucleus

oe, outer Golgi cisterna

7, ribosome

s, small immature secretory granule
sg, mature secretory granule

sv, smooth (“Iintermediary”) vesicles
ve, vesicle

va, vacuole
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Figure 1 MT cell from the anterior pituitary gland of a rat sacrificed on the 5th day of
lactation. These cells are rapidly synthesizing, concentrating, and discharging mam-
motrophic (lactogenic) hormone; they show abundant peripheral arrays of rough-surfaced
ER (er) parallel to the cell membrane (cm), a large juxtanuclear Golgi complex (Ge), many
profiles of forming granules (ag), and relatively few mature secretory granules (sg). Im-
mature secretory granules vary in size and shape and are concentrated in the core of cyto-
plasm circumscribed by the Golgi cisternae. Mature granules are rounded or ovoid, more
uniform in size (diameter, 600 my), and are found primarily between the Golgi complex
and ER or along the cell membrane (sg”). Numerous part rough- and part smooth-*junc-
tion” elements () of the ER (50) are seen between the peripheral ER arrays and the Golgi
complex. Clusters of smooth-surfaced vesicles (sv) are located in close proximity to the
outer cisternae of the latter. Typically, one or several lytic bodies occur in the Golgi region;
here a single vacuolated dense body (1b) is present. The inset depicts a polymorphous im-
mature granule, which appears to be formed by aggregation of several smaller granules
(See also Figs. 2 and 8).

Specimen fixed in 19, OsO; in phosphate buffer (pH 7.6) and embedded in Araldite.
Section doubly stained with uranyl and lead. Fig. 1 X 24,000; inset, X 40,000.
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surfaced ER) are present in the anterior lobe (46,
48,49). In the postlactating animal, after weaning
or withdrawal of suckling young, secretion of MTH
is suppressed (19), and MT gradually involute to
their state in the normal, nonlactating animal.

Lacraring ANIMALS

MT from lactating animals (Figs. 1 to 3) are
larger than those of the nonlactating. Their most
conspicuous features are their peripheral arrays of
rough-surfaced ER and large juxtanuclear Golgi
.complex, which occupies an area of cytoplasm
comparable in size to that of the nucleus and con-
tains many profiles of immature or forming secre-
tory granules. Relatively few mature granules are
present in the cytoplasm, suggesting that newly
synthesized secretory protein is packaged into
granules and rapidly discharged, rather than being
stored for any period of time.

ENDOPLASMIC RETICULUM: The ER is pre-
dominantly of the rough-surfaced variety and is
concentrated peripherally, where it occurs in
groups of 5 to 7 cisternae oriented parallel to the
cell membrane (Fig. 1). Between these peripheral
stacks and the Golgi complex are a number of ir-
regular profiles, some of which are part rough- and
part smooth-surfaced (Figs. 1 and 2), and thus

correspond to so called “junction elements” (50).
The extensive development and the preferred
orientation of the ER is similar to that found in
other protein secreting cells, particularly the
exocrine cells of the pancreas (50). Whorls of
rough-surfaced cisternae constituting Nebenkern
formations (44, 51) are also occasionally seen.

GoLGI coMPLEX: The large Golgi complex is
crescentic or S-shaped and consists of stacks of 5 to
8 slightly curved cisternae arranged in concentric
layers. Each stack has an inner, or concave, and an
outer, or convex surface. The outer cisternae have
a content of low density and are dilated or vacuo-
lar, but the cisternae become progressively more
flattened and their content more dense toward the
concave surface. Clusters of from 20 to as many as
50 smooth-surfaced vesicles are frequently seen
along the convex surface of the Golgi complex be-
tween the outer cisternae and the ER (Figs. | and
2). They resemble similar agglomerations of
smooth-surfaced vesicles found in exocrine cells of
the pancreas which apparently serve as ‘“shuttle
carriers” between the junction elements of the ER
and the Golgi complex (52, 53).

Small (100 to 200 mpu) ovoid masses of con-
densing secretory material frequently occur within
the inner, but not within the other Golgi cisternae

Ficures 2 and 3  Portions of the Golgi complex in actively secreting MT cells from lactat-
ing animals. In Fig. 2, a stack of 3 to 5 slightly curved Golgi cisternae occupies the center
of the field. To the left, the core of cytoplasm circumscribed by the cisternae is filled with
numerous immature granules (ag). To the right are seen junction elements (j) of the ER,
a single cluster of smooth-surfaced vesicles (s»), a few mitochondria (m), and a single im-
mature secretory granule (ag’). The outer cisternae (oc) along the convex surface of the
Golgi stack are dilated or vacuolar whereas the inner ones (i¢) along the convex Golgi
surface are more flattened. Two small, rounded (100 to 200 mu) masses (arrows) of con-
densing secretory material are present within the innermost Golgi cisterna. Other small
granules (s) are seen along the concave Golgi surface. The polymorphous granules of the
Golgi “core’” appear to be formed by fusion and aggregation of several of the smaller units
which bud from the inner cisterna. Fig. 3, a similar field at higher magnification, shows the
dilated, vacuolar outer Golgi cisternae (oc), the flatter inner cisternae (ic¢), and the presence
of condensing secretory material (arrow) within the latter. From fields such as this the
following sequence for formation of MT secretory granules is proposed: (a) small spherical
granules, 100 to 200 my in diameter, are formed by condensation of secretory protein
within the inner Golgi cisterna (arrows, Figs. 2 and 3); (&) these pinch off and are found
along the concave Golgi face (s); (¢) several small granules merge to form larger aggregates
(ag) of variable shape; (d) the polymorphous images subsequently round up to form the
ovoid or elliptical mature secretory granules shown in Fig. 1.

Specimen preparation for Fig. 2 is the same as for Fig. 1. Specimen in Fig. 3 fixed in
0s0, in phosphate buffer (pH 7.6), dehydrated inacetone, and stained in block in KMnO,.
Sections doubly stained with uranyl and lead. Fig. 2, X 86,000; Fig. 3, X 50,000.
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(Figs. 2 and 3). In addition, the central core of
cytoplasm circumscribed by the Golgi cisternae
contains a number of polymorphous secretory
granules (Figs. | to 3) which consist of aggregates
of the smaller 100 to 200 my granules. MT secre-
tory granules appear to be produced in several
steps: (a) small granules are formed by condensa-
tion of secretory material within the inner Golgi
cisterna; (b) these bud from the cisterna and
migrate into the Golgi core where (¢) several (3
to 5) aggregate to form a larger polymorphous
image; (d) the latter eventually rounds up and
condenses to become an ovoid or elliptical mature
granule. In the lactating animal, the core of cyto-
plasm circumscribed by the Golgi cisternae is
literally filled with aggregating secretory granules
(Figs. | and 2). It also contains scattered elements
of the rough-surfaced ER and vesicles of varying
sizes, some each of the rough-surfaced, smooth-
surfaced, and “coated” (54) varieties.
LYSOSOMES AND LYSOSOMAL DERIVATIVES:
Structures identified morphologically as lytic
bodies could be divided into three main types:
dense bodies, multivesicular bodies, and autophagic
vacuoles. Several dense bodies and occasional
multivesicular bodies are present in the Golgi zone
of most MT cells in the lactating animal, but auto-
phagic vacuoles are rarely seen. Dense bodies
vary somewhat in size, averaging 450 my in diame-
ter. Most of them have a finely particulate content
of high density, but a few contain a spherical
vacuole of low density and thus correspond to
“‘vacuolated bodies” (6) or ‘‘vacuolated dense
bodies” (55) described previously in cells of the
renal tubule and liver parenchyma, respectively.
These terms will be used throughout this paper;
however, from its density and uniformity it seems
likely that the “vacuole” of the dense body actually
represents a droplet of lipid. Multivesicular bodies
usually have an irregular outline and contain only
a few (2 to 5) vesicles in a matrix of low density. A
dense plate or plaque (56, 57) is frequently seen
along part of the cytoplasmic surface of its limiting
membrane. Occasionally, dense masses, presumed
to represent the content of secretory granules,
occur within the matrix of the multivesicular body,
but this is not as frequent a finding as in the early
postlactating animal to be described.

PoSTLACTATING INTERVALS

After removal of the suckling young, there is
first a lag of about 12 hr during which secretory
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granules accumulate, followed by progressive
involution of the ER and Golgi complex, a gradual
decrease in the numbers of both mature and im-
mature secretion granules, and an increase in the
number of lytic bodies. Involutionary events are
not entirely synchronous, proceeding at differing
rates in individual cells; hence, although the
majority of cells show the findings described as
typical for each organelle at a given time interval,
considerable variation is encountered from cell to
cell.

12 hr: No differences are discernible between
MT at this interval and those from the lactating
animal except for the accumulation of mature
secretory granules, primarily at the cell periphery.

24 hr: The rough-surfaced ER is less elaborate
in most cells: the peripheral stacks are not so ex-
tensive, many having lost their preferential orien-
tation along the cell membrane; large vesicular
profiles occur more frequently; and Nebenkern
formations are not seen. The Golgi complex is
reduced in size; the length and average number of
the cisternae comprising the stacks are decreased.
Small masses of condensing secretory material are
still commonly seen within the inner cisterna as are
polymorphous (aggregating) granules in the Golgi
core.

Increased numbers of lytic bodies are present
owing primarily to an increase in the number of
multivesicular bodies (Fig. 8) and elements
morphologically intermediate between multi-
vesicular and dense bodies (Figs. 10, 12, and 27).
All these bodies are concentrated in the Golgi
region (Fig. 6) and frequently contain material
which, on the basis of its characteristic morphol-
ogy, can be identified as secretory granules. The
secretory material found within multivesicular
bodies is commonly multilobulated (Figs. 4 and 9),
resembling the content of aggregating granules,
whereas that inside dense bodies and iniermediate
forms is usually rounded or elliptical (Figs. 4, 7,
and 13), like mature secretory granules. These
findings suggest that the content of aggregating
granules finds its way preferentially to multivesicu-
lar bodies, whereas that of the mature granules is
sequestered into dense bodies. In both cases the in-
corporated material usually lacks a limiting mem-
brane. Images were encountered occasionally
which suggested that incorporation of secretory
granules into dense bodies occurs by mergence of
the corresponding structures and fusion of their
membranes (Fig. 11). No such images were seen in

TrE JourNaL oF CELr Brovogy - VoLuME 31, 1966



Fioures 4and 5 Lytic bodies (Ib1 to Ibs) in MT cells from lactating rats sacrificed 24 hr after separation
from their suckling young. Several morphological types are seen: multivesicular bodies (Ib1 and Ib3),
one large (Ib2) and one small ({bs) dense body, and an autophagic vacuole ({b5). Both multivesicular bodies
and one of the dense bodies (lbs) contain dense material which appears identical with the content of
secretory granules. The multivesicular body shown in Fig. 4 has a lighter background matrix than that
shown in Fig. 5, and the secretory material it contains is multilobulated, like the content of aggregating
secretory granules. The dense body (lbs) has a moderately dense matrix and, in addition to its content of
secretory material, shows faint vesicular residues, suggesting its derivation from a multivesictlar body.
The autophagic vacuole (Ib5) contains ribosomal aggregates (r) and remnants of rough-surfaced ER.
Note that several small vesicles (ve) with a finely granular content are seen near the dense body in’Fig. 4.

Specimens fixed in glutaraldehyde in cacodylate buffer (pH 7.4) and postfixed in OsO4 in phosphate buffer

(pH 17.6). Sections doubly stained with uranyl and lead. Fig. 4, X 56,000; Fig. 5, X 63,000,

the case of multivesicular bodies. It is of interest
that, as in the case of granule discharge into the
perivascular spaces (47, 58), the dense granule
content retains its discrete form for a time after in-
corporation into the lytic body before undergoing
dissolution.

A few autophagic vacuoles are seen at this time
interval. Most of these structures are rather small
(400 to 500 my) and contain ribosomal aggregates
and rough-surfaced ER (Fig. 5); secretory granules
(Fig. 14) or mitochondria (Fig. 15) are only
occasionally included. When secretory granules are
present, they are usually membrane-limited (Fig.
14), suggesting that they were included within
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the autophagic vacuole at the time of its forma-
tion, presumably by walling off a bit of cytoplasm
by a smooth-surfaced membrane (59).

48 hr: There is a further diminution in the
amount and complexity of the rough-surfaced ER
and in the size of the Golgi complex; condensing
secretory material is rarely seen within the latter,
but aggregating granules are still evident (Fig. 6).
Among lytic bodies, dense bodies and forms inter-
mediate between dense and multivesicular bodies
predominate (Figs. 10 to 12, and 27). The increased
number of intermediate forms, the corresponding
decrease in the number of typical multivesicular
bodies, together with the frequent finding of secre-
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Ficures 6 and 7 Golgi region of an MT cell from a lactating rat which had been separated from its
suckling young 48 hr prior to sacrifice. The Golgi cisternae (Gc) appear partly collapsed and no condensing
secretory material is seen within them, but a number of immature granules are present nearby; several
small granules (s5) and a number of polymorphous aggregating granules (ag) are concentrated in the core
of cytoplasm circumseribed by the Golgi cisternae. Numerous lytic bodies of several types are also present
in the same location: a dense body with heterogeneous content ({b1), a vacuolated dense body (Ibs), a multi-
vesicular body (lbs), and three autophagic vacuoles (lbs-Ibg). The multivesicular body (lb3) contains a
spherical mass of secretory material identical to the content of the small granules. Fig. 7 shows, at higher
magnification, another dense body containing two secretory granules which are devoid of limiting mem-
branes.
Specimen preparation as for Fig. 1. Fig. 6, X 35,000; Fig. 7, X 65,000.
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Ficures 8 to 13 Lytic bodies from MT cells of lactating animals sacrificed 24 hr (Figs. 8 and 10) or
48 hr (Figs. 9, and 11 to 13) after removal of suckling young.

Fig. 8 shows a multivesicular body with its content of small vesicles, light background matrix, ir-
regular contours, and plaques (p) of dense material along the outer surface of its limiting membrane. This
form is typical of that of “embryonal” multivesicular bodies prior to the incorporation of secretory
granules.

Fig. 9 depicts a multivesicular body, similar to that in Fig. 8, which contains a polymorphous mass
of secretory material, presumed to represent the content of an aggregating granule. Note that this body
is surrounded by a constellation of small vesicles (ve).

Figs. 10 to 12 show lytic bodies which are intermediate in appearance between typical multivesicular
(Fig. 8) and dense bodies (Fig. 13). All contain vesicular profiles but are more rounded and have a denser
matrix than typical multivesicular bodies. These probably represent forms of the latter which have
incorporated and partially degraded secretory material and are in the process of being transformed into
dense bodies. The body in Fig. 11 appears to have just fused with a secretory granule (arrow).

Fig. 13 shows a typical dense body with a dense, finely particulate matrix, containing a small lipid
globule (g), dense particles, and an ingested secretory granule which lacks a limiting membrane.

Specimen preparation for Figs. 8 to 10 and 18 is the same as for Fig. 1; that for Figs. 11 and 12 is the
same as for Fig. 4. Figs. 8, 12, and 13, X 75,000; Figs. 9 to 11, X 65,000.
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Ficures 14 to 17 Lytic bodies in MT cells from lactating animals separated for 48 hr (Figs. 14 and 15)
and 96 hr (Figs. 16 and 17) from their suckling young.

Fig. 14 shows an autophagic vacuole containing ribosomal aggregates (r), membrane remnants derived
presumably from rough-surfaced ER (see Fig. 5), and two secretory granules (sg). Note that, in contrast
to those within dense bodies, illustrated previously, a limiting membrane (me) can be recognized around
the granules.

Fig. 15 shows a bipolar dense body with a secretory granule (sg) at one pole and ribosomes (#} and a mito-
chondrion (m) at the other. Such images suggest that dense bodies and autophagic vacuoles can merge.
Note the small vesicles (ve) with a finely granular content of moderate density located in close proximity
to the body.

Figs. 16 and 17 Dense bodies with heterogenous content including vesicular (ve) and membranous
(me) residues, presumably derived from degradation of ingested secretory granules and eytoplasmic
membranes. In Fig. 17 some of the residues form membranous whorls or myelin figures (mf).

Specimen preparation for Fig. 14 as for Fig. 1; that for Figs. 15 to 17 as for Fig. 4. Fig. 14, X 68,000;
Fig. 15, X 76,000; Figs. 16 and 17, X 60,000.
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tory granules within multivesicular bodies at this
(Figs. 6 and 9) and earlier periods, suggest that
multivesicular bodies develop into dense bodies
after incorporation and solubilization of secretory
granules, At this time, the content of dense bodies
is more heterogeneous; in addition to recognizable
secretory granules they frequently contain other
types of residues, i.e. vesicles, small dense par-
ticles (Fig. 13), larger globules (Fig. 13), and
spherical vacuoles of low of density (Fig. 6), all of
which are presumed to represent residues derived
primarily from the digestion of secretory granules.
After this interval one or two autophagic vacu-
oles are also usually seen per cell profile (Fig. 6).
Occasionally, structures with a mixed content-
partly that of a dense body and partly that of an
autophagic vacuole—are encountered (Fig. 15),
indicating that these two types of bodies merge.
Rarely, one or more large autophagic vacuoles with
a heterogeneous content consisting of several secre-
tory granules and conspicuous membranous resi-
dues are seen, but this is not a frequent finding.
7210 96 hr: The ER and Golgi complex in most
cells (Fig. 18) is further reduced in size and com-
plexity. The ER occurs primarily in the form o
vesicles or short cisternae, the elongated periph-
eral arrays having virtually disappeared. The
Golgi cisternae are collapsed and only 2 to 3
comprise the stacks; condensing secretory material
is not usually seen within the cisternae and aggre-
gating granule forms are less frequent. Lytic bodies
are numerous and most of those present have a
dense matrix and heterogeneous content consisting
of membranous or vacuolar residues (Figs. 16 and
17), and thus correspond to lamellated or vacuo-
lated bodies (6). By far the most common form,
however, is the vacuolated body (Figs. 19, 20, and
33), in which the number and size of the cor-
responding vacuoles varies considerably. Some-
times 2 to 3 small vacuoles are evident. In other
instances a single large vacuole is seen to occupy
the body almost completely, leaving only a thin
peripheral dense rim (Fig. 18), or partially pro-
trudes from it (Fig. 20). Occasionally, also, such
a vacuole appears to be located “free” in the
cytoplasm (Figs, 21 and 22), and a crescentic
dense body is present nearby, suggesting that the
lipid vacuole may separate from its dense rim and
be released into the cytoplasm. In addition, larger,
more irregularly shaped lipid droplets of low den-
sity are seen in the cytoplasm (Figs. 18 and 23).
These are often located in close proximity to
elements of the rough-surfaced ER (Fig. 23).

R. E. SmiteH AND M. G. FARQUHAR

By 96 hr some cells can be found in most glands
in which the ER is more elaborate (i.e. arranged
peripherally in short cisternal stacks), and there is
evidence of secretory granule condensation within
the Golgi complex, suggesting the reinitiation of
MTH synthesis in connection with a new estrus
cycle.

Acvd Phosphatase Localization
i Mammotrophs

Sites of reaction were the same in tissue incu-
bated in the regular Gomori or modified (Barka-
Anderson) media except as noted.

LACTATING ANIMALS

In the lactating mammotroph (Figs. 24 and 25)
lead phosphate reaction product was found (a)
within lytic bodies (i.e. dense bodies and multi-
vesicular bodies), (6) within the innermost Golgi
cisterna, (¢) within smooth-surfaced vesicles closely
associated with the inner cisterna, (d) around the
polymorphous aggregating granules of the Golgi
region and (e) around some of the mature secretion
granules. The dense bodies present in the Golgi
region typically contained heavy lead phosphate
deposits (Fig. 25). In the vacuolated dense bodies
reaction product was limited to the dense portion
of the content and was not found within the
vacuole (Figs. 27 and 33). Relatively few of the
multivesicular bodies contained reaction product.
Inthose that were reactive, deposits appeared to be
localized in the matrix rather than in the contained
vesicles (Fig. 28). Only the innermost Golgi cis-
terna was consistently reactive, but small, patchy
deposits of lead phosphate were occasionally seen in
one or two adjacent cisternae of specimens incu-
bated in Barka-Anderson media. In specimens
incubated for longer periods (60 to 90 min), the
inner Golgi cisterna was completely filled with
reaction product. In specimens incubated for
shorter periods (30 min) in which the membranes
had been well stained by uranyl treatment, the
lead phosphate deposits appeared to be distributed
throughout the content of the cisternae rather than
being associated with their membranes (Fig. 26).
It is of interest that AcPase activity is present in the
same cisterna in which secretory granules are con-
densed; frequently, one or several forming granules
could be recognized within the heavily reactive
cisternae (Figs. 24 and 25). The number of vesicles
containing reaction product varied considerably
from cell to cell; one or more were commonly seen
near the ends of the reactive cisternae (Fig. 26).
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Most (Figs. 24 and 25) but not all (Fig. 29) of the
aggregating granules of the Golgi region contained
considerable reaction product, concentrated in the
space between their limiting membrane and dense
content. Occasional mature secretion granules
were also rimmed with smaller deposits of reaction
product (Fig. 24, inset, and Fig. 25), but the
deposition was typically patchy, and the number of
labeled granules varied greatly from cell to cell.

PostrAcTATING INTERVALS

In the postlactating animal, the frequency of
labeling and the intensity of the aforementioned
AcPase-reactive sites varied with the period of
elapsed time after removal of suckling young.
Initially (up to 12 hr), no definite change in the
distribution of reaction product could be recog-
nized. After this lag period, however, there was a
progressive decrease in the amount of reaction
product found in the inner Golgi cisterna and

associated vesicles, and an increase in AcPase
activity in lytic bodies.

12 hr: The distribution of AcPase reaction
product and the intensity of reactive sites appeared
the same as in the lactating animal.

24 hr: By this time the number of cells which
showed AcPase reaction product in the inner Golgi
cisterna and associated vesicles was definitely de-
creased, and reaction product was concentrated in
lytic bodies. Virtually all the dense bodies were
reactive, although some variation in intensity was
encountered from one to another (Fig. 29). On the
other hand, only about half the multivesicular
bodies and intermediate forms contained lead
phosphate deposits (Figs. 27 and 28), and the re-
action was usually much lighter. Sparsely reactive
or unreactive multivesicular bodies could fre-
quently be seen alongside heavily labeled dense
bodies (Fig. 27).

Often secretory granules could be recognized
within the reactive dense and multivesicular bodies
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Ficures 18 and 19 MT cell from a postlactating (72 hr) animal. The Golgi complex
(Gc) appears small and inactive: no condensing secretory material is seen within its
cisternae and no aggregating granules are associated with it. Only a few mature secretory
granules (sg) are present, most of which are found along the cell membrane (cm). Several
are in continuity with the plasma membrane (arrows), indicating that granule discharge
is still taking place. In the cytoplasm are several vacuolated dense bodies (Ib; and 152)
and a large lipid inclusion ([). The latter is closely associated with cisternae of the rough-
surfaced ER (er). One of the lytic bodies (Ib1) is almost completely occupied by a large
lipid vacuole surrounded by only a thin, dense rim. Another vacuolated body containing
two such vacuoles and a smaller and denser, globular residue (g) is shown in Fig. 19. The
presence of a stack of cisternae of the rough-surfaced ER (¢7') may signal the reinitiation
of secretory activity or may be connected with the breakdown of lipid residues (see text).
Specimen preparation as for Fig. 1. Fig. 18, X 15,000; Fig. 19, X 50,000,

Fioures 20 to 22 Small fields from MT cells at 96 hr postlactation. These three figures
show (from left to right) possible stages in the discharge of lipid residues from dense bodies
into the cytoplasm.

Fig. 20 shows a dense body containing two vacuoles, one of which partially protrudes
from the body but is surrounded by its membrane (me).

Fig. 21 shows a vacuole which does not appear to be surrounded by a membrane, but
is in contact with one dense body (Ib1) to the right (arrow) and is located in close prox-
imity to two others (Ibe and 1b3).

Fig. 22 includes two lipid droplets (li) and a crescent-shaped dense body ({b) which may
represent the vacuoles and peripheral dense rim, respectively, of a vacuolated dense body.
A unit membrane {me) is present around the dense body, but none is visible around either
lipid droplet.

Specimen preparation for Figs. 20 and 21 as for Fig. 1; that for Fig. 22 is the same as
for Fig. 8. Fig. 20, X 50,000; Figs. 21 and 22, X 40,000.
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Ficure 28 Lipid inclusion in an MT cell at 72 hr
postlactation. Stacks of rough-surfaced ER (er) sur-
round the inclusion and a few cisternae closely ap-
proach it in a number of places (arrows). Specimen
preparation as for Fig. 1. X 50,000.

(Figs. 28 to 32). The reaction around the immature
and aggregating granules of the Golgi region and
the mature granules was the same as encountered
in the lactating animal.

48hr: The amount and frequency of lead phos-
phate deposits in the Golgi complex were further
decreased. The Golgi cisternae of most cells were
unreactive with only small patches of lead phos-
phate being seen within the inner cisternae of a few
cells. Virtually every cell contained muliiple
AcPase-positive lytic bodies (Fig. 29). As in the
case of previous time intervals, virtually all dense
bodies were reactive. The majority of the forms
intermediate between multivesicular and dense
bodies were reactive at this stage, suggesting that,
as multivesicular bodies are transformed into dense
bodies, their AcPase reaction becomes more regu-
lar and intense.

7210 96 hr. Reaction product was concentrated
virtually exclusively in lytic bodies most of which
are of the vacuolated type at this stage (Figs. 32

and 33). Lead phosphate was deposited primarily
within the dense part of the content, and was not
usually seen within the vacuolar (Figs. 27 and 33)
and membranous (Fig. 31) residues or the con-
tained secretory granules (Figs. 29 to 32). Some-
times a circular, empty-appearing area formed
part of the content of the lytic body (Fig. 32).
These areas probably correspond to lipid droplets
which had been partially or completely extracted
during the preparative procedures. By 96 hr, the
amount of AcPase reaction product found in
individual cells was the lowest of any postlactation
period, with only the dense peripheral rim of the
vacuolated dense bodies reactive.

ConNTROL EXPERIMENTS

No activity was seen when substrate was omitted
from the incubation medium or when the reaction
was run at pH 7.0 with GP as substrate or at pH
5.0 with IDP as substrate. Activity in all sites
mentioned was completely inhibited by 0.01 M
NaF or tartaric acid. With 0.01 M glutaric acid in
the medium, the reaction in Golgi components and
around secretory granules was virtually abolished,
but that in lytic bodies was only partially inhibited.
Since glutaric acid is a common contaminant of
glutaraldehyde solutions, its presence in differing
amounts could provide an explanation for the
variation encountered in preservation of enzyme
activity with different batches of stock (undistilled)
glutaraldehyde. (See Materials and Methods.)

DISCUSSION
Main Findings

The main result of our study is the demonstra-
tion that in cells of the anterior pituitary gland
lysosomes incorporate and degrade secretory
granules. It has been traditionally assumed that
the hormones produced by anterior pituitary cells
are stored in the cytoplasm as granules for a varia-
ble period of time and are ultimately released into
the circulation as needed. Our results demonstrate
that an alternative pathway—an intracellular
disposal mechanism—exists for the turnover of
secretory protein. Considerable secretory material
appears to follow the lysosomal pathway when
secretion is suppressed, for the number of
Iytic bodies (i.e. multivesicular bodies and dense
bodies) present and the frequency of finding
secretory granules within them were increased
in the MTH-producing cells of lactating animals
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separated for more than 12 hr from their suck-
ling young, a situation well known to inhibit
production and discharge of MTH. Similar find-
ings have also been obtained in other cell types
when their secretory activity had been suppressed
experimentally, e.g., ST acidophils of thyroidec-
tomized (16) or adrenalectomized (60) animals.
Since lytic bodies occur in smaller, though sub-
stantial numbers in all the generally accepted cell
types (ST, GT, TT, and MT) in the anterior lobe
of normal animals, and since granules can be oc-
casionally found within them, we assume that
secretory products are more or less continually
funneled into the lysosomal system, presumably
according to fluctuations in secretory activity.
Hence we conclude that in anterior pituitary cells
lysosomes operate at the catabolic end of protein
turnover and constitute a regulatory mechanism to
take care of overproduction of secretory products.
This particular regulatory mechanism is unique in
that it operates very late in the secretory process on
secretory products that are already concentrated
into granules.

The Secretory Process in MT Cells

SYNTHETIC PATHwWAY: Current concepts of
the events that occur during the secretory process
in protein secreting cells are based largely on the
combined biochemical, morphologic, cell frac-
tionation, and radioautographic studies carried
out by Palade and coworkers (50, 52, 53) on the
exocrine cells of the pancreas. According to the
scheme suggested by their results, secretory pro-
teins are synthesized on ribosomes, transferred
into the cavities of the rough-surfaced ER, ferried
(via intermediary vesicles) to the smooth-surfaced
vacuoles of the Golgi region where they are con-
densed into zymogen granules, and finally dis-
charged following coalescence of the granule’s limit-
ing membrane with the apical cell membrane.

The same general pathway of intracellular
Ppassage is probably followed by secreted protein in
MT cells. Although no direct evidence is available
on the ribosomal and ER-associated events,
morphologic parameters suggest that they are
similar. The Golgi origin of the granules and their
discharge into perivascular spaces by membrane
fusion can be directly visualized and were previ-
ously described (47, 58). The present findings
indicate that the condensation step is somewhat
modified; it begins with condensation of small
packets of secretory material within Golgi cisternae

R. E. Smita aAND M. G. FARQUHAR

(rather than in condensing vacuoles), and the
mature secretory granule is formed by aggregation
of several of these small Golgi-derived packets (cf.
Fig. 34). A basically similar aggregation process
seems to occur during formation of azurophil
granules in rabbit polymorphonuclear leuko-
cytes (61).

DEGRADATIVE PATHWAY: The present
findings indicate that when the secretory activity of
MT is suppressed, many of the stored mature
secretory granules, instead of coalescing with the
cell membrane, fuse with dense bodies and become
part of their content (Fig. 35). A slightly different
pathway appears to be followed by the immature
or aggregating granules in the Golgi region: these
are segregated into multivesicular bodies (Fig. 35),
but their exact mode of incorporation is unknown.
However, the fate of the incorporated granules is
similar, i.e., degradation within 24 to 72 hr to lipid
residues, and multivesicular bodies eventually be-
come dense bodies.

Since AcPase tests clearly indicate that both
multivesicular and dense bodies belong to the
lysosomal system, it can be assumed that lysosomes
represent the protein degrading apparatus in MT
cells. This alternative degradative pathway is de-
picted schematically in Fig. 34.

SECRETORY PATHWAYS IN MT CELLS FROM
LACTATING AND POSTLACTATING ANIMAILS:
During normal lactation large quantities of MTH
are continually synthesized and discharged. This
high secretory level is reflected structurally in the
abundant ribosomes, extensively developed rough-
surfaced ER and Golgi complex, numerous im-
mature (aggregating) granules, and frequent
images of granules fusing with the cell membrane
(48). If, however, the animals are separated from
their suckling young, hormone discharge is sup-
pressed, and there occurs initially a lag period of
10 to 12 hr during which synthesis continues and
the MTH content of the gland rises (19). These
events are reflected structurally in the lack of
modification of the protein synthetic apparatus
(ER and Golgi complex), the persistence of granule
condensation and aggregation images, and the ac-
cumulation of mature granules. After 12 hr, syn-
thesis of the hormone is suppressed and glandular
hormone content diminishes (19, 20). The mor-
phologic picture agrees with these physiologic
events: there is a rapid involution of organelles
associated with protein synthesis, and fewer
granule condensation, aggregation, and discharge
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images are seen. At the same time, there is an aug-
mentation of the protein degradative apparatus:
lytic bodies increase in number and secretory
granules are frequently found within them.

That the protein synthetic apparatus (cyto-
plasmic basophilia) increases in MT during lacta-
tion and involutes after weaning has long been
known from light microscope studies (62, 63).
As already indicated, the existence of a protein
degradative apparatus has not been appreciated
heretofore, and the suggested relationship between
lysosomes and secretory protein turnover in MT
represents a new concept.

Lysosomes in Secretory Cells

Previous morphologic and cytochemical studies
of lysosomes have emphasized their role in dispos-
ing of (a) exogenous protein taken up by pino-
cytosis or phagocytosis and segregated into diges-
tive vacuoles (1, 3-6, 13, 14, 64), or (b) areas of
cytoplasm sequestered into autophagic vacuoles
(1, 64, 65). The present study represents one of
the first in which the segregation and degradation
of endogenous secretory products could be clearly
followed. In this work we have taken advantage
of the nature of MT secretory granules, which
retain their characteristic form, size, and density
for a time after fusion with lytic bodies. In
many other situations secretory material may be
too fluid or not dense enough to serve as an ade-

Fraure 26 Stack of Golgi cisternae from an MT cell
at 12 hr postlactation. Deposits of AcPase reaction
product are seen within the innermost cisterna (ic) along
the concave surface of the curved stack, within small
quate tracer. It should be mentioned, however, yegicles (ve) closely associated with the same cisterna,
that Palay (66) described the occurrence of dense  and with a multivesicular body ({b). Specimen prepara-
masses morphologically identical with neurosecre-  tion as for Fig. 25. X 35,000,

Fioures 24 and 25  Golgi regions of two MT cells from lactating animals; preparations
incubated for AcPase. Dense deposits of lead phosphate reaction product fill the inner
Golgi cisternae (ic), but none are seen in the remaining cisternae. In both figures con-
densing secretory material (arrows) and AcPase can be identified in the same (innermost)
Golgi cisternae. Heavy deposits of reaction preduct are also seen in a lytic body (b)) and
around the aggregating small granules (ag) in the Golgi cytoplasmic core. Smaller deposits
are present around some of the mature secretory granules (sg); one such granule showing
lead phosphate deposits between the membrane and the dense content is enlarged in the
inset to Fig. 24. Note that in Fig. 25 there is considerably less nonspeeific reaction product,
and the membranes stand out more sharply in the tissue than in Fig. 24, owing to the
treatment with uranyl acetate prior to embedding.

Specimen in Fig. 24 fixed in glutaraldehyde in cacodylate buffer (pH 7.4). Nonfrozen
section incubated for 80 min in Barka-Anderson medium, postfixed in 1% OsQ, in phos-
phate buffer (pH 7.6) and embedded in Araldite. Thin section doubly stained with uranyl
and lead. Specimen preparation for Fig. 25 is the same as for Fig. 24, except that post-
fixation was carried out in 1% OsO, in acetate-Veronal buffer (pH 7.4), and the reacted
40 u section was stained in block in uranyl acetate prior to embedding. Thin section
stained in lead alone. X 80,000; inset, X 60,000.
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tory material within multivesicular bodies of
secretory neurons in the Goldfish hypothalamus.
Novikoff and his coworkers (12, 13, 64, 67) have
called attention to the close association between
lysosomes and the Golgi apparatus in many types
of secretory cells. They did not associate lysosomes
with degradation of secretory protein but instead
focused attention on the AcPase activity around
forming secretory granules, which they considered
to be lysosomes, and concluded that lysosomal
enzymes were involved in condensation of secre-
tory material. This subject will be discussed at
greater length in a section to follow. Findings com-
parable to ours have not yet been reported in other
tissues; however, from other work on the pancre-
atic islets (68—70) and secretory neurons (66, 71), it
can be predicted that a comparable role in regulat-
ing the secretory process by incorporating and
degrading undischarged secretory granules is
played by lysosomes in other tissues, particularly
endocrine glands.

Morphological and Functional Forms
of Lysosomes

deDuve and Wattiaux (72) have recently pro-
posed a new, more elaborate functional classifica-
tion for lysosomes. As in the case of previous
systematizations (1, 2), they divide lysosomes into
two main groups: primary lysosomes, or those
which have not yet been involved in digestive
events, and secondary lysosomes, which are or have
been sites of digestive activity. The main feature of

their new classification is the separation of second-
ary lysosomes into two separate lines—hetero-
phagic and autophagic—based on the origin
(exogenous or endogenous) of the material under-
going digestion. Each line is then further sub-
divided into prelysosomal, lysosomal, and post-
lysosomal forms. In this scheme the lytic events
which we have followed in MT of postlacting
animals are autophagic in nature, since the ma-
terials undergoing digestion are of endogenous
origin; furthermore, the lytic bodies involved
correspond to secondary lysosomes or,
precisely, autolysosomes. It should ke men-
tioned, however, that all previously recognized
examples of digestion of endogenous material
within lysosomes have involved bulk segregation
of cytoplasmic components (72), and the term
“autophagy” is generally understood to mean
envelopment of portions of cytoplasm by a smooth-
surfaced membrane to form ‘“‘autophagic vacu-
oles.” In MT of the postlactating rat two converg-
ing, yet distinctive lytic processes take place: (a)
ER and ribosomes are sequestered and digested
within typical autophagic vacuoles, and (5)
secretory granules are incorporated into and
degraded within multivesicular and dense bodies.
This last process probably involves membrane
coalescence rather than engulfment. It seems
reasonable to assume that normally the turnover of
secretory protein within lysosomes is the pre-

more

dominant process, and autophagic vacuole forma-
tion operates primarily when there is pronounced

Figure 27 Small field from an MT cell at 24 hr postlactation. Specimen incubated for
AcPase. Four lytic bodies are shown: a multivesicular body (/6:) ,a dense body (Ibs), a
vacuolated dense body (Ibs), and a form intermediate between a typical multivesicular and
a dense body (Ib,). Heavy deposits of AcPase reaction product fill entirely the content of
the dense bodies except for that portion of b, occupied by the lipid vacuole. No deposits
are seen in the multivesicular body or the intermediate form, but reaction product is
present within a vesicle (arrow) adjacent to lb;. Specimen preparation as for Fig. 24.

X 72,000.

Fioure 28 Another multivesicular body from an MT cell at 24 br postlactation. In con-
trast to that shown in Fig. 27, it contains a few deposits of AcPase reaction product and
secretory material. Specimen preparation as for Fig. 25, except that incubation was carried
out for 1 hr in Barka-Andersen media. X 85,000.

Ficure 29 MT cell at 48 hr postlactation. AcPase reaction product is present in four
dense bodies (Ib; to Ib) one of which (Ib1) contains a secretory granule. Lead phosphate
crystals are also present in a small vesicle (arrow) located near lbs. The aggregating granule
(ag) shown on the upper left is not reactive in this preparation, Specimen preparation as

for Fig. 28. X 63,000.
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Fiaures 30 to 38 Lytic bodies in MT cells at 48 hr (Fig, 30) and 72 hr (Figs. 31 to 88) postlactation.

Figs. 30 to 32 show dense bodies containing recognizable secretory granules along with heavy deposits
of AcPase reaction product. The body in Fig. 31 contains a membranous (me) residue and that in Fig. 32
a vacuolar (za) residue.

Fig. 83 shows two vacuolated dense bodies, one (Ib1) with heavy deposits, and the other (b)) with
light deposits of reaction product over the dense part of their content. The vacuolar portion is free of such
deposits.

Specimen for Fig. 80 fixed in glutaraldehyde in cacodylate buffer (pH 7.4). Nonfrozen sections incubated
in Gomori medium for 30 min, postfixed in 19, 0sO; in acetate-Veronal buffer (pH 7.6), and embedded in
Araldite. Thin section doubly stained with uranyl] and lead. Specimen preparation for Figs. 31 and 83 as
for Fig. 28; that for Fig. 32 is the same as for Fig. 25. Figs. 30 and 32, X 75,000; Figs. 31 and 33, X
60,000,
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Ficure 84 Diagrammatic representation of proposed
events in the secretory process of MT cells in the
anterior pituitary gland. Like zymogen in the exocrine
pancreas (see reference 50), mammotrophic hormone is
probably synthesized on ribosomes (1), segregated and
transported by the rough-surfaced ER (2), and con-
centrated into granules by the Golgi complex. Small
granules arising within the inner Golgi cisterna (8) ag-
gregate (4) to comprise the mature secretory granule
(5). During active secretion, the latter fuse with the
cell membrane (6) and are discharged into the peri-
vascular spaces. When secretory activity is suppressed
and the cell must dispose of excess stored hormone,
some granules fuse with lysosomes (6’) and are de-
graded as depicted in Fig. 85.

cellular involution (see below). Our findings
demonstrate, therefore, that bulk segregation of
cell organelles is not the only facet, or necessarily
even the most important facet of cellular
autophagy.

A further problem in integrating morphologic
and functional lysosome concepts concerns the
identification of primary lysosomes. The morpho-
logical counterpart of the primary lysosome in
MT is not known, but the best candidates at the
moment, as in other tissues (64, 67), are the small
“Golgi” vesicles which in this case are derived
presumably from the inner Golgi cisterna (see
Fig. 35). At least AcPase is seen within the inner
cisterna and within vesicles closely associated
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with it. Although it is not known in which direction
the vesicles are moving, some of them may trans-
port AcPase and possibly other lysosomal enzymes
to lytic bodies. Such a hypothesis is supported by
the fact that small AcPase-positive vesicles are
frequencly seen in the vicinity of dense bodies and
multivesicular bodies.

MULTIVESICULAR BODIES: The present find-
ings clearly indicate that multivesicular bodies can
take up and digest proteins and are transformed in
the process into dense bodies. This is in accord with
previous work on the renal glomerulus (73), nerve
cells (57), and cultured cells (74, 75), among
others, where segregation of specific proteins by
multivesicular bodies has been traced. However,
the previous work cited was concerned entirely
with segregation of exogenous protein incorporated
into the cell by pinocytosis, and the present work
represents the first clear evidence for a connection
between multivesicular bodies and disposal of
endogenous protein. (See, however, the work of
Palay (66) whose findings are suggestive of such a
relationship.) The available evidence therefore
supports the suggestion (76) that multivesicular
bodies represent common digestive vacuoles for
exogenous and endogenous materials. Since they
do not always contain demonstrable AcPase activ-
ity, the possibility exists that multivesicular bodies
correspond to prelysosomes or, in our case, “auto-
phagosomes” in deDuve and Wattiaux’s classifica-
tion. If so, it follows that the interconnection
between heterophagic and autophagic lines can oc-
cur at a prelysosomal as well as at a lysosomal level.
This problem will probably not be resolved, how-
ever, until the mode of formation of multivesicular
bodies is understood, and the nature and origin of
the contained vesicles is clearly established.*
Although a few

autophagic vacuoles were seen at all postlactation

AUTOPHAGIC VACUOLES:

intervals, they seldom contained secretory granules
and were typically comprised of rough-surfaced
ER and ribosomes. Autophagic vacuole formation
therefore appears to serve primarily as a means of
disposing of superfluous cellular organelles, and, as
in the case of other tissues (65, 77, 78), it occurs
more frequently when there is pronounced cellular

4 Although the mode of formation of multivesicular
bodies has not been clearly established, a number of
hypotheses have been put forth (see references 72,
76), and a close relationship to the Golgi complex is
usually recognized.
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Ficure 85 Diagram to illustrate morphologic types of lysosomes encountered in MT cells of the anterior
pituitary gland and proposed pathways for intracellular digestion. Mature secretory granules are in-
corporated into dense bodies (arrow 1) and immature or aggregating granules into multivesicular bodies
(arrow 2). Rough-surfaced ER and ribosomes are sequestered in autophagic vacuoles which can merge
with dense bodies (arrow 8). This last pathway is shown with an interrupted arrow to indicate that
autophagic vacuole formation is not obligatory but takes place primarily when there is pronounced
cellular involution. In subsequent steps the material entering the lysosomal system through all three
pathways is progressively degraded to yield a common residual body, the vacuolated dense body. Below,
the “vacuole” of the latter is shown successively protruding from, and eventually separating from the
peripheral dense rim, leaving a free lipid droplet and a dense body. The Golgi complex is depicted on
the left to indicate that AcPase reaction product and condensing secretory protein occur within the same
cisterna, and that AcPase activity may be carried to multivesicular and dense bodies via small “Golgi”’
vesicles derived from the inner cisterna.

Autophagic
Vacuole

involution, (e.g., ST acidophils after thyroidec-
tomy (16) or adrenalectomy (60)).

DENSE BODIES: Inaccord with previous work
(75), dense bodies with homogeneous content
represent the common end stage in the complete
digestion of lysosomal residues, regardless of the
initial morphologic type of lytic body. Heter-
ogeneity of the dense body’s content appears to
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reflect incomplete digestion of residues, and the
nature of the content changes characteristically as
digestion proceeds.

Fate of Lysosomal Residues

At early intervals after lactation, secretory
granules frequently form part of the content of
Iytic bodies; at intermediate periods, various
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membranous and globular residues are more com-
mon,; at later stages, one or more pale lipid vacuoles
characteristically form part of their content; and
finally, at the latest intervals studied (96 hr), small
dense bodies with homogenous content predomi-
nate. The changes in the nature of the dense body’s
content reflect the progressive digestion of the in-
corporated granules along with the ER and ribo-
somes that enter the system through fusion with
autophagic vacuoles. Incorporated protein can
undoubtedly be digested readily by the numerous
proteases and nucleases present in lysosomes. The
frequency of vacuolated dense bodies with lipid
droplets after longer postlactation intervals indi-
cates that considerable lipid also accumulates as a
by-product of the digestive process. It is not known
whether the lipid residues constitute part of the
granule content or are derived entirely from the
phospholipids of granule and cytoplasmic mem-
branes (41). Disposal of lipid may constitute more
of a problem, for lysosomal fractions, except for
those from polymorphonuclear leukocytes (72), are
known to be poor in lipases and phospholipases
(79). While the fate of the lysosomal lipid droplets
is not entirely clear, certain images we have seen
suggest that they may separate from the dense part
of the body as depicted in the diagram of Fig. 35,
and aggregate to form larger cytoplasmic lipid
droplets. Release of lipid residues into the cyto-
plasmic matrix may be necessary to bring them
into contact with appropriate lipid-splitting en-
zymes. The frequent association noted between
large lipid droplets and rough-surfaced ER sug-
gests involvement of the latter in the metabolism
of lipid residues. In this connection it should be
mentioned that rat pituitary homogenates have
been demonstrated to contain several enzymatic
activities capable of hydrolyzing both short and
long chain fatty acid esters (80), but nothing is
known about their subcellular location.

Acid Phosphatase Reactive Sttes

Besides its association with lysosomes, AcPase
activity was localized in other sites which are not
usually considered to be lytic in nature, and there-
fore are deserving of special comment. In the
lactating animal, AcPase activity was regularly
found in the innermost Golgi cisterna, around
some of the mature granules, and around most
of the immature granules in the Golgi region, as
well as in lytic bodies of MT. In MT of the post-
lactating animal, AcPase activity was restricted
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largely or exclusively to lysosomes. Our findings
thus confirm the association already made by
Sobel (10, 11), and Schreiber and his associates
(see reference 81) utilizing light microscope histo-
chemistry, between high levels of AcPase and
secretion in anterior pituitary cells, and demon-
strate the sites of this activity more precisely than
could be done by light microscopy. They are also
in accord with the findings of Novikoff and his
coworkers (12-14), who demonstrated AcPase
activity around immature as well as occasional
mature secretory granules in a number of tissues
(e.g., hepatomas, Paneth cells, pancreatic islets).
They do not, however, provide a satisfactory
explanation for the occurrence of high levels
of AcPase during secretion. It has been sug-
gested that AcPase may be involved in secretory
granule condensation (12), or that it may be
“carried over” as membrane-bounded sites of
activity on the membrane of the secretory granule
(71). If AcPase is considered exclusively lysosomal,
and if, like secretory protein, it is formed on the
rough-surfaced ER and concentrated by the Golgi
complex (72), we must conclude from our results
that the cell can make and concentrate secretory
protein and AcPase not only at the same time, but
also in the same Golgi cisterna. The occurrence of
AcPase activity around forming and, to a less ex-
tent, around mature secretory granules is perplex-
ing since there is no biochemical evidence to
indicate that this group of enzymes functions in
condensation or transport. It could be explained if,
in the process of forming simultaneously secretory
granules and primary lysosomes, occasional hybrid
granules were made which then end up as lyso-
somes; however, this does not seem very likely, in
view of the fact the majority of the forming gran-
ules are heavily labeled with AcPase reaction
product. The activity around secretory granules
could represent the acid “tail” of another en-
zyme-—a phosphatase of broad specificity—which
is involved in transport. With this in mind we ran
tests with IDP since we had previously demon-
strated (83) IDPase activity around maturing

5 A similar association between AcPase levels and
secretion has been claimed on the basis of biochemi-
cal measurements of AcPase activity in pituitary
homogenates (10, 81, 82), However, the results of
such studies are difficult to interpret in view of the
number of cell types present in the anterior pituitary
gland, and the fact that the experimental procedures
utilized (e.g. thyroidectomy, castration, adrenalec-
tomy) affect more than one cell type.
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granules of anterior pituitary cells. Results with this
substrate at pH 5.0 were negative, but other phos-
phates should be tried. Finally, it is possible that a
certain amount of AcPase is packaged with each
secretory granule in an inactive form which be-
comes active if the granules are destined for de-
struction rather than discharge. Activation of
AcPase could constitute a mechanism for control-
ling and triggering the destruction of secretory
material, as appears to be the case for yolk platelets
of amphibian eggs (72, 84).
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