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INTRODUCTION

Numerous observations made over the last five
years have established the widespread occurrence
of cellular autophagy as well as its importance in
the processes whereby living cells achieve the
degradation of their own constituents (For a
review, see reference 5). In all the cases that have
been investigated in this respect, autophagic vacu-
oles have been found to stain positively for acid
phosphatase, suggesting strongly that lysosomal
enzymes are the main agents of the digestive
processes taking place within them. However, the
mechanism of the segregation phenomenon and
the manner in which hydrolases become associated
with the sequestered area are still far from being
understood. One theory, proposed by Novikoff
et al. (9), considers areas of endoplasmic retic-
ulum, assumed to be involved in the intracellular
transport of newly synthesized hydrolases, as pro-
viding both the surrounding membrane of auto-
phagic vacuoles and their enzymic complement.
According to this theory, cellular autophagy repre-
sents a mechanism, though not necessarily the only
one, whereby new lysosomes may arise in a living
cell. Other workers have expressed similar ideas
concerning the origin of lysosomes (1, 8). An
alternative hypothesis, put forward by de Duve
and Wattiaux (5), considers preexisting lysosomes
as the source of the enzymes that are found in
autophagic vacuoles, on the assumption, either

that the particles actually participate in the se-
questration phenomenon, or that they fuse with
initially hydrolase-less "autophagosomes" as they
are known to do with the "heterophagosomes"
formed by endocytosis.

In a recent investigation, Deter and de Duve
(7) have found that the injection of a large dose of
glucagon, a powerful inducer of autophagy in liver,
causes a transient, but manifest increase in the
mechanical and osmotic fragility and in the
median sedimentation coefficient of rat-liver lyso-
somes. These changes were tentatively attributed
to an enlargement of the lysosomes, possibly re-
flecting extensive participation of these particles
in the autophagic process. But in the absence of
morphological data, no firm conclusion could be
reached. The present communication reports the
first results of a quantitative morphological study
correlating the appearance of autophagic vacuoles
with a marked decrease in the number of recog-
nizable dense bodies present in particulate frac-
tions separated from hepatic homogenates 45 min
after glucagon injection.

METHODS

The biochemical part of the experiments was con-
ducted as described by Deter and de Duve (7). Male
rats, fasted overnight, were killed 45 min after an
intraperitoneal injection of 50 /zg of glucagon (Eli
Lilly Co., Indianapolis) per 100 g body weight, or
of solvent. Homogenization of the livers in 0.25 M
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sucrose was combined with fractionation into a
nuclear fraction and a cytoplasmic extract. The
extracts were further divided into a particulate
M + L fraction and a P + S supernatant by centri-
fugation at 250,000 g. min (2). Washing of the
sedimented particles was omitted for better pres-
ervation of the fragile lysosomes. The preparations
were assayed for free and total acid phosphatase
before and after exposure to 0.15 M sucrose.

Samples of the M + L fractions were fixed with
glutaraldehyde (approximately 3 hr after isolation),
filtered through a Millipore membrane of 0.01-u
pore size, and further processed for electron micros-
copy by the methods described by Baudhuin, Evrard,
and Berthet (4). A number of micrographs of each
preparation were scanned systematically and the
surface area of all profiles of recognizable dense
bodies and autophagic vacuoles was measured ac-
cording to Baudhuin and Berthet (3). The methods of
these authors, which are based on the principle of
Delesse (6) and on the work of Wicksell (10), were
used to evaluate: (a) the proportion of the total
pellicle volume occupied by the particles under
study; and (b) their size distribution. These data
were used to compute the mean volume of the
particles as well as their absolute number, and the
results were further related to the liver weight by
taking into account the volume of the pellicle and
the amount of M + L fraction included in it. Except
for the autophagic vacuoles in the control prepara-
tions, which were too rare, the scanning was con-
tinued until about 100 profiles of each type had been
measured in each preparation.

RESULTS

The biochemical results obtained on three pairs of
animals are summarized in Table I. As observed

before (7), glucagon injection does not alter
significantly the total acid phosphatase content of
the liver; it causes only minor changes in the
distribution of the enzyme, which is recovered to
the extent of 70-75% in the M + L fraction. The
enhanced fragility of the lysosomes following

glucagon treatment is evidenced by the increase in

free acid phosphatase activity of the cytoplasmic

extract and of the M + L fraction, and especially

by their greatly augmented sensitivity to osmotic

shock in these fractions. These observations are in

agreement with previous findings showing marked

biochemical alterations of the lysosomes between

45 and 75 min after injection of the hormone (7).
A somewhat higher free activity is also found in the
P + S fraction, but the small lysosomes present in
this fraction are essentially resistant to osmotic
shock, whether glucagon has been given or not.

Illustrative low-power micrographs of ultrathin
sections through M + L fractions from a treated
and untreated animal are shown in Fig. 1. The
results of the quantitative measurements are sum-
marized in Table I and represented graphically in
Fig. 2. Most conspicuous is the presence of nu-
merous autophagic vacuoles in the M L frac-
tions from glucagon-injected rats, as opposed to
their very infrequent occurrence in the control
preparations. These vacuoles were of several types.
Some contained mitochondria, often with small
amounts of other cytoplasmic components. Others
contained only membranous structures of both
the rough- and the smooth-surfaced variety. Some
were packed mostly with dense amorphous ma-
terial within which many ribosomes could be
recognized. Occasionally, a microbody was found
segregated within an autophagic vacuole. In
contrast with most of the free mitochondria, which
showed a somewhat condensed matrix with swollen
intracristal and intermembrane spaces, the se-
questered mitochondria generally had closely ap-
posed membranes. In some cases, their internal
structure looked essentially normal; in others, it
showed evidence of more or less advanced altera-
tions. The same was true of the other segregated
cytoplasmic constituents. The computed size dis-
tribution of autophagic vacuoles in preparations
from glucagon-treated rats is vely irregular (Fig.
2). This is not surprising in view of their heteroge-
neous nature. Profiles of autophagic vacuoles in
the control preparations were too rare to allow a
similar analysis.

In confirmation of preliminary observations
made on intact tissue sections and referred to
briefly previously (5), glucagon injection was
found to cause a considerable reduction in the
number of dense bodies. As shown clearly in Fig. 2,
this reduction appears to be caused by a net loss,
affecting preferentially the smaller members of the
population. Consequently, the mean volume of the
remaining dense bodies is increased and their total
volume decreased (Table I).

It is interesting that the control preparation
No. 2 contained distinctly more autophagic vacu-
oles than the other two controls. It also contained
fewer dense bodies and showed a somewhat higher
osmotic sensitivity of the lysosomes, suggesting
that the changes produced by glucagon may also
take place when autophagy occurs spontaneously.
For an unknown reason, glycogen particles oc-
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FmIGlE 1 Sections through pellicles from M + L fractions from control (a) and glucagon-injected
animal (b). Both preparations are similar with respect to the appearance of the mitochondria, which show
a condensed matrix and dilated internembrane spaces, and to their relatively high content of endo-
plasmic reticulum and amorphous material (denatured proteins?), which is due to the lack of washing.
Numerous profiles of dense bodies are seen in control preparation (arrows). Three types of autophagie
vacuoles are recognized in preparation from glucagon-treated animal: one containing a mitocllondrion
and dense material (1), two containing membranous elements (2), one containing dense material, ribo-
somes, and some membrane remnants (3). X 13,000.
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FIGURE 2 Size distribution of dense bodies and autophagic vacuoles in M + L fractions from control
and glucagon-injected animals. Pooled results obtained on three animals in each group (Table I).

curred in abnormally high amounts in this
preparation.

DISCUSSION

As a result of glucagon injection, more than half
the dense bodies recoverable in the M + L
fraction, which are the main form of lysosome in

normal rat liver (2), disappear in 45 min or less.

Since the smaller members of the population are
lost preferentially, the reduction in total dense

body volume is smaller, but still quite marked, of

the order of 30%. However, hardly any acid

phosphatase is lost concomitantly from the M +
L fraction and it follows, therefore, that, unless the

smaller dense bodies are devoid of this enzyme,

some 30% of it must have been transferred to
another particulate component. We can exclude

the possibility that small dense bodies contain no

acid phosphatase. Staining experiments do not
support it, and the biochemical changes produced
by glucagon demonstrate clearly that acid phos-

phatase-containing particles are indeed affected to

a considerable extent by injection of the hormone.

Consequently, enzymic activity must have been
lost together with the smaller dense bodies.
Theoretically, it could have been transferred either
to even smaller bodies of the same type, whose
profiles would largely escape recognition in the
sections (3), or to particles of a different morpho-
logical appearance. Although an increase in slowly
sedimenting particles containing acid phosphatase
has been noted after glucagon (7), this change
cannot provide the sole explanation of our results
since it would be reflected mostly in a shift of
activity from the M + L to the P + S fraction,
and it is unlikely to account for the increased
fragility of the lysosomes. Furthermore, autophagic
vacuoles, which appear in large number after
glucagon injection, are known to stain positively
for acid phosphatase. The conclusion seems ines-
capable that preexisting lysosomes or dense bodies,
and preferentially the smaller ones, participate
extensively in cellular autophagy, at least in the
liver of glucagon-treated rats. These particles must
be the main source of the enzymes that carry out
the degradation of the segregated material.
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It cannot yet be decided whether the lysosomes

are involved in the actual segregation process,

either directly, or indirectly through the existence

of continuities with the endoplasmic reticulum

(Novikoff, personal communication), or fuse sec-

ondarily with autophagic vacuoles formed by other

membrane-bounded structures. As pointed out

elsewhere (5), the existence of permanent con-

nections between lysosomes and endoplasmic retic-

ulum is not supported by the observations made on

livers containing highly swollen lysosomes, filled

for instance with Triton WR-1339, dextran, or

sucrose. One image suggesting fusion between a

lysosome and an autophagic vacuole has been

published by de Duve and Wattiaux (5). Studies

similar to those reported here, but carried out

before the onset of the biochemical changes, which

occur fairly suddenly about 30 min after glucagon

injection (7), may help to settle this point.

According to our estimates, about 2.5 dense

bodies seem to disappear for every autophagic

vacuole formed. The true ratio could be smaller,

since part of the autophagic vacuoles present in

the liver are likely to be destroyed in the course of

isolation. It is interesting that the volume occupied

by the dense bodies and autophagic vacuoles

together is increased by glucagon treatment by as

much as 50%, or 0.14 cm3 per 100 g liver. This

presumably represents the volume occupied by

the segregated material. Taking into account the

probable loss of autophagic vacuoles by homoge-

nization and fractionation, their apparently high

density, and the fact that autophagy may affect

only the cytoplasm of parenchymal cells, we may

estimate that 0.5% of the parenchymal cytoplasm

may suffer digestion as a result of a single injection

of a large dose of glucagon.
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