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Summary. Autophagy is defined as any process whereby cellular macromolecules destined for degradation gain access
to the lysosomes. A review is presented on the physiological significance, mechanisms and regulation of autophagy in
hepatocytes, concentrating on the issue of regulation. The article ends by discussing techniques available for future

research.
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Introduction

Autophagy may be broadly defined as any process
whereby cellular macromolecules destined for degrada-
tion gain access to the interior of lysosomes. In the classi-
cal theory of autophagy, specialized membrane struc-
tures envelope intracellular components. The vacuoles
thus formed, called autophagosomes, contain few if any
hydrolytic enzymes. The autophagosomes subsequently
fuse with primary lysosomes giving rise to autoly-
sosomes, a type of secondary lysosome. Enzymes con-
tained in the lysosome facilitate the breakdown of inter-
nalized macromolecules into their subunits (e.g. proteins
to amino acids). The subunits escape back to the cytosol
where they may be reutilized.

As will become clear, macromolecules en route to degra-
dation may reach the lysosomes by other mechanisms as
well. Any vacuole containing macromolecules en route to
degradation will be referred to as autophagic vacuoles.
The term comprises autophagosomes and any secondary
lysosome carrying endogenous (i.e. cellular) macro-
molecules (excluding secondary lysosomes containing
exogenous macromolecules).

All nucleated cells are believed to have lysosomes, that is
specialized vacuoles serving the purpose of macro-
molecule degradation by carrying a variety of hydrolytic
enzymes. It seems reasonable to assume that autophagy
occurs in most eucaryotic cells, but in some cells (under
certain conditions) the process is much more dramatic
than in others.

Among mammalian tissues the liver is, for two reasons,
particularly well-suited for the investigation of auto-
phagy. First, the technique of collagenase perfusion facil-
itates the preparation of a large number of rather homo-
geneous liver parenchymal cells. Second, the liver has an
unusual ability to effect rapid and drastic variations in
the rate of autophagy.

Much work has recently been carried out to elucidate the
mechanism and regulation of autophagic processes in the
liver (most experiments being done with liver from rats,
either as a perfused organ or as isolated cells). This review
concentrates on rat liver, since autophagy is probably
best understood in this tissue. Where nothing else is indi-
cated, the data referred to have been obtained from liver
preparations, or the type of system employed is consid-
ered unimportant in the present context. Most biochem-
ical work on autophagy is related to proteolysis.

The references cited are not meant to be exhaustive, and
are chosen to provide convenient leads to current litera-
ture rather than to indicate priority. The following review
articles carry additional relevant information: on proteo-
lysis™ %% on lysosomes'"**% and on autophagy".

Physiological significance

Supplying substrates

The lysosomes are the only cellular compartment with
sufficient enzymes for the complete degradation of all
classes of macromolecules. The function of secluding
these enzymes inside a vacuole must be to regulate their
activity, and create favorable conditions for hydrolytic
reactions.

For many cell types, including liver cells, lysosomal activ-
ity depends very much on nutritional status®*-**, Un-
der ‘basal’ conditions, i.e. when the cells receive sufficient
nutrition, the degradation of proteins, and probably
other macromolecules as well, is maintained at a low rate
and occurs partly outside the lysosomes. If the cells are
transferred to ‘step-down’ conditions, either by removing
amino acids/serum from cells in culture, or by starving
the animal, an increase in the degradation is noted. This
activated degradation is lysosomal and is believed to be
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due to a rather indiscriminate sequestration of cyto-
plasm.

Supposedly, the purpose of this increase in lysosomal
activity s to secure that the cell or organism possesses a
mimimal amount of organic substrates (e.g. amino
acids).

The liver is involved in regulating the concentration of
nutrients in the blood. This may explain why hepatocytes
react particularly drastically to nutritional step-down;
the rate of proteolysis is reported to vary from nearly 0 to
up to 5%/h* 4% At the maximal rate at least 70 % of the
degradation occurs inside the lysosomes®.

Regulating the concentration of macromolecules.

It is believed that some degradation occurs in the lyso-
somes even under conditions where the cells are sup-
posedly receiving sufficient external nutrition®. Appa-
rently lysosomes are involved in the down-regulation of
greater than optimal concentrations of macromolecules
and organelles'”*,

Although much of the selective degradation of proteins
may take place outside the lysosomes™® ¥, there are
probably mechanisms whereby macromolecules are se-
lectively brought into the lysosomes, e.g. protein may
interact with the sequestering membrane™'>". There is
also evidence indicating that whole organelles can be
sequestered discriminately*® 2.

Other functions

Lysosomes are possibly involved in regulating the secre-
tion of macromolecules. In a process termed crinophagy,
secretory vesicles fuse with lysosomes, resulting in the
degradation of their contents’. The process may be con-
sidered as a form of autophagy.

For cells to divide and tissue to grow, a positive balance
between macromolecule synthesis and degradation is re-
quired, implying that the rate of degradation influences
tissue development. Preneoplastic hepatocytes have a re-
duced lysosomal proteolysis, indicating that their higher
than normal growth rate is connected with a change in
the regulation of autophagy™.

Mechanisms

Origin of the sequestering membrane

Membranes involved in the engulfing of cytoplasm must
necessarily have special properties, most probably medi-
ated by specific membrane proteins. From where these
membranes originate is a question which has been
debated. Areas of the endoplasmatic reticulum or the
Golgi region could be directly involved, or the seques-
tering membranes may be vacuoles budded off from ei-
ther of these organelles'.

Lysosomal enzymes are synthesized on the rough endo-
plasmatic reticulum, and subsequently transported to the
smooth endoplasmatic reticulum, and most probably fur-
ther to the Golgi region before they undergo the final
processing and are packed into lysosomes®. Autophago-
somes derived from these structures may carry some
hydrolytic enzymes. It is assumed, however, that for
optimal conditions of degradation to occur, autophago-
somes need to fuse with lysosomes.
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For individual autophagic vacuoles to expand and later
to diminish again, it is necessary to envision a traffic of
membrane material. A hypothesis by Dean'is that mem-
brane components are transported as tiny vesicles.

The internalization of macromolecules

In ‘classical’ autophagy, the engulfment of cytoplasm
gives rise to autophagosomes; vacuoles, supposedly with
lysosomal enzymes, that are easily recognized in the elec-
tron microscope.

Lysosomes are probably involved in the small-scale
engulfment of cytosol, a process referred to as microauto-
phagy'’. Mortimore et al.® have implicated dense bodies
(presumably a form of primary lysosomes) in the process
of microautophagy. It should be mentioned that both
primary and secondary lysosomes may participate in
large-scale sequestration as well (lysosomal autophagy).
Macromolecules belonging to the plasma membrane can
reach the lysosomes by the invagination of this mem-
brane to form endosomes, vacuoles that subsequently
fuse with lysosomes. This process is normally connected
with endocytosis, and does not necessarily imply the de-
gradation of plasma membrane components, since many
components are known to be recycled”. Studies on the
turnover of proteins belonging to the plasma membrane
suggest, however, that the formation of endosomes is a
major mechanism for the turnover of these proteins™.
Conceivably some endosomes could be formed, not for
the purpose of endocytosis, but for the purpose of plasma
membrane turnover.

Similarly, while crinophagy has been connected with the
regulation of secretion, the fusion of vesicles deriving
from the Golgi or endoplasmatic reticulum with lyso-
somes could play a role in the turnover of proteins
belonging to these structures.

Whichever the pathway, uptake is most probably the
rate-limiting step in the lysosomal degradation of macro-
molecules. The short half-life of autophagic vacuoles,
approximately 10 min**®, and the close correlation be-
tween changes in proteolysis and the number of autopha-
gic vacuoles™ * are indications for this.

Factors required

The most obvious requirement for degradation is the
presence of Aydrolytic enzymes. The role of these enzymes
can be studied with inhibitors. More or less specific inhib-
itors of the main lysosomal proteinases have been devel-
oped, some of them acting selectively on lysosomal pro-
teolysis™ 7, some apparently on both lysosomal and
nonlysosomal proteolysis®. Inhibitors of thiol protein-
ases are particularly effective in blocking lysosomal pro-
teolysis.

Most lysosomal enzymes are optimally active under
acidic conditions®. The elevated H*-concentration inside
the lysosomes is sustained partly by a Donnan equili-
brium, i.e. a high concentration of negatively-charged
macromolecules inside the lysosomes causes a retention
of positive ions'’. An ATP-driven proton pump in the
lysosomal membrane most probably decreases the pH
beyond the Donnan equilibrium, down to about pH 5°'.
Experiments with lysosomotropic weak bases™, and
ionophores that cause the breakdown of pH-gradients®,
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indicate that a low pH is indeed necessary for degrada-
tion to take place in the lysosomes.

Lysosomal degradation requires energy, presumably in
the form of ATP*®. Energy is probably utilized in two
processes: the sustaining of a low pH%, and the mecha-
nisms leading to the internalization of cytoplasm into
lysosomes®. Once inside the lysosomes, protein seems to
be degraded without the expenditure of further ATP",
It has been debated to what extent autophagy requires an
on-going protein synthesis®. Inhibitors of protein syn-
thesis such as cycloheximide tend to diminish lysosomal
activity relatively rapidly*. As amino acids are known to
inhibit lysosomal degradation®, a likely explanation of
the short-term effect of cycloheximide is that a block in
protein synthesis causes an accumulation of amino acids.
Itis reasonable to assume that lysosomal activity in hepa-
tocytes may be sustained for some time without requiring
newly-synthesized protein. Upon the removal of amino
acids a maximal autophagic response is observed within
20-30 min***. Such a short lag-period further indicates
that the cells contain reserves of the macromolecules nec-
essary for autophagy to occur.

Autophagy can hardly be envisioned as going on without
organizing filaments. Three types of cytoskeletal proteins
have been suggested to be involved in the formation of
autophagic vacuoles:

Microtubuli are probably required for the processing of
autophagosomes, i.e. their fusion with lysosomes, with-
out being involved in the formation of autophago-
somes®,

Microfilaments are investigated using the inhibitor cyto-
chalasin B. In some types of cells this drug seems to
influence autophagy, in others not>*'. Cytochalasin did
not appreciably decrease the degradation of endogenous
protein in hepatocytes (Grinde, unpublished data), but it
did inhibit the degradation of endocytosed protein®,
Intermediate filaments are represented in the hepatocytes
as keratins, and are, by the process of elimination, possi-
ble candidates for organizing filaments responsible for
autophagic sequestration. However, a lack of suitable
inhibitors makes the evaluation of their involvement dif-
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ficult. Vanadate has been reported to interfere with inter-
mediate filaments in baby hamster kidney cells*®, which
could help to explain vanadate’s strong inhibition of lyso-
somal proteolysis in hepatocytes, although other expla-
nations for its effect have been suggested® *,

Autophagy probably requires a minimal concentration
of cytosolic Ca?* *, but this does not imply that Ca*" is
involved in the regulation of autophagy. In muscle cells
an elevation of cytosolic Ca®" is believed to induce prosta-
glandin synthesis, which again stimulates lysosomal pro-
teolysis®. Prostaglandins E, and F,,, however, have no
appreciable effect on proteolysis in hepatocytes (Grinde,
unpublished data).

The various mechanisms of autophagy and possible fac-
tors required are outlined in figure 1.

Regulation

What is written about the physiological significance and
mechanism of autophagy in the liver, is to a great extent
relevant for other types of cells as well. When it comes to
the regulation of autophagy, the data indicate more
variation.

There are at least three possible ways whereby cells can
influence which and how many macromolecules are to be
degraded in the lysosomes:

One, cytosolic modifications of proteins, including
limited proteolysis, may regulate their chance of being
sequestered’'®. Very little is known about such processes
and to what extent they influence autophagy. It is possi-
ble to recover the activity of certain cytosolic enzymes in
lysosomes isolated from celis given inhibitors of lyso-
somal proteinases®™*', indicating that these enzymes have
not been drastically changed prior to sequestration.
Two, coarse modulation of lysosomal activity may be
brought about by changing the concentrations of compo-
nents necessary for the autophagic machinery (e.g. hy-
drolytic enzymes, relevant membrane proteins and con-
tractile elements)* **. This would be a relatively slow regu-
lation.

CLASSICAL LYSOSOMAL MICRO- CRINO- PLASMA
AUTOPHAGY AUTOPHAGRY AUTOPHAGY PHAGY MEMBRANE
AUTOPHAGY
bulk selective bulk selective selective
‘ Q) ) PLASMA
\J > GOLGI MEMBRANE
) o
I I l I Sec: I tor
ATP == MEMBRANE PROTEINS === KERATIN? ==— CALCIUM visiile ¥ Endosome
Primary Primary
lysosome lysosone

Figure 1. Mechanisms of autophagy
and required factors. Autophagy is
in this article defined as any mecha-
nism whereby cellular macro-
molecules destined for degradation
reach the interior of lysosomes. Pos-
tulated mechanisms and factors in-
volved in liver autophagy are de-
picted schematically. x indicates
hydrolytic enzymes.

MICROTUBULI
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|
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Three, supposedly independent of the previous two
mechanisms, the hepatocytes are capable of rapid and
drastic variations in bulk autophagic sequestration® ¥,
The regulation of this rapid change will be discussed in
more detail.

Hormones

Various hormones, depending on cell type, have been
implicated in adjusting the level of autophagy®**, In the
liver, glucagon causes a stimulation and insulin an inhibi-
tion***. However, glucagon enhances the metabolic utili-
zation of some amino acids®, and insulin stimulates the
uptake of some amino acids®. This indicates that both
hormones influence autophagy by changing the intracel-
lular amino acid pools.

The in vivo stimulation or inhibition of liver autophagy
observed when the animal is starved or refed could be due
either to these hormones or to changes in the blood levels
of amino acids. In a recent report Mortimore et al.”
indicate that macroautophagy is more readily turned on
or off than microautophagy.

Glucocorticoids have been reported to stimulate hepatic
proteolysis, but it is suggested that this effect is due to an
increase in protein synthesis, ¢.g. in the synthesis of mem-
brane proteins required for autophagy®. Similarly, thy-
roxine-induced protein degradation in liver may be due
to an increase in the concentration of lysosomal en-
zymes',

Amino acids

A mixture of amino acids rapidly blocks most of the
lysosomal degradation of endogenous proteins, without
affecting the (lysosomal) degradation of a protein (asialo-
fetuin) taken up by endocytosis*®”°, Morphometric exam-
inations of electron micrographs reveal a concomitant
reduction in the number and volume of autophagic
vacuoles®®, Amino acids are assumed to be physio-
logical regulators, which implies a feed-back mechanism:
amino acids released by the lysosomes decrease lyso-
somal activity. It should be noted that the amino acid
concentrations employed in these investigations (on in
vitro systems) tend to be much higher than normal
plasma concentrations.

Maximal inhibition is achieved with a complete mixture,
but certain amino acids have an appreciable effect alone,
notably: leucine, tryptophan, histidine, asparagine, glu-
tamine, phenylalanine, tyrosine and
nine* %31 The effect of phenylalanine is probably
due to its conversion to tyrosine®.

Recently a technique has been developed for measuring
the sequestration process biochemically'®. Sucrose does
not penetrate biological membranes and this molecule,
labeled with “C, is therefore employed as a fluid-phase
marker. It is introduced into the cytosol by electroshock
‘injection’; i.e. by subjecting the cells to intense electric
fields of brief duration, it is possible to create either
reversible or permanent holes in the plasma mem-
brane'®*. The subsequent transfer of sucrose to sedi-
mentable intracellular vesicles is taken as an estimate of
sequestration.

Additional information can be achieved by injecting lac-
tose instead of sucrose. Lactose is hydrolyzed by lyso-

methio- .
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somal enzymes, and the monosaccharides thus formed
escape from the lysosomes. Agents that block the fusion
of autophagosomes with lysosomes will cause the accu-
mulation of sedimentable lactose; agents that block the
process of sequestration will decrease the accumulation
of sedimentable sucrose. Some caution is needed when
considering results obtained by this method. The rate of
sequestration found is two to three times as high as the
calculated rate of lysosomal proteolysis™, and half of the
sequestered sucrose appears in the mitochondria, not in
autophagic vacuoles”.

The method has been employed to study the effect of
amino acids® 7. A complete mixture causes a 50 % inhibi-
tion of sucrose sequestration, while among the individual
amino acids tested, histidine is most active.

Leucine may play a special role among the amino acids.
Alone, its inhibition of proteolysis and sucrose seques-
tration is not so substantial, in the range 15-25%, but in
both cases it seems to be the one amino acid most indis-
pensable for a maximal effect™ ™.

Recently Poseg and Mortimore® have demonstrated the
involvement of alanine. This amino acid is not inhibitory
alone; however, when it is removed from a complete
amino acid mixture at physiological concentrations, the
effect of the mixture is drastically reduced. Alanine may
act as a coregulator, possibly as a component of a regula-
tory link between energy demands and protein degrada-
tion.

At least some lysosomal proteolysis is probably not regu-
lated by amino acids*>*. Seglen et al.” have suggested a
lysosomal pathway for the degradation of short-lived
proteins; a pathway that is not inhibited by an amino
acid mixture, while it is sensitive to high concentrations
of asparagine.

It seems reasonable to assume that amino acids influence
lysosomal activity via several mechanisms. Knowledge of
these mechanisms is still sparse.

Beyond amino acids

It is a reasonable hypothesis that amino acids act by
influencing the concentration of other regulatory factors
in the cell. This could help to explain why the effect of
amino acids tends to vary considerably between experi-
ments, and why relatively high concentrations are re-
quired to achieve optimal inhibition.

One possibility is that regulation involves metabolites of
the amino acids. In muscle tissues only the branched
chain amino acids, particularly leucine, are active in de-
creasing proteolysis, and apparently leucine acts via its
transamination product 2-oxoisocaproate®.

Most amino acids tend to be metabolized by way of
transamination. The transamination inhibitor amino-
oxyacetate does not, however, influence the effect of
amino acids on hepatic proteolysis®, and it seems clear
that leucine does not act via 2-oxoisocaproate in hepa-
tocytes? .

While transamination products are probably not in-
volved in the regulation of liver autophagy, the trypto-
phan metabolite kynurenine might be”. This substance
selectively inhibits the lysosomal degradation of cellular
protein by approximately 40%. An electron microscopic
examination of kynurenine-treated cells revealed a dras-
tic reduction in secondary lysosomes, but only an insig-
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nificant decrease in autophagosomes. An effect on the
processing of autophagosomes could be envisaged. How-
ever, secondary lysosomes may be formed by lysosomal
autophagy as well as via classical autophagy. The action
of kynurenine might be explained by a selective inhibition
of the lysosomal type of sequestration.

The cells possibly contain one or several ultimate regula-
tors of autophagy; substances which interact specifically
with the involved membranes or contractile elements,
and either stimulate or block the process. Conceivably,
such effectors could be similar in many cell types,
whereas stimuli leading to their production or destruc-
tion would be more tissue-specific.

3-Methyladenine blocks most lysosomal proteolysis, de-
creases the level of autophagic vacuoles even more than
amino acids, and causes an 80% inhibition of sucrose
sequestration67 7 {.e. it acts as a very powerful seques-
tration inhib1t0r. It was originally reported not to influ-
ence the degradation of asialo-fetuin®; Winkler and
Segal, however, report an effect on the degradation of
another endocytosed protein, presumably due to an inhi-
bition of the fusion of endosomes with lysosomes®.
Benzyl alcohol, which is known as a membrane-perturb-
ing agent, has similar effects to 3-methyladenine®" 7. Both
these substances probably interact, more or less specifi-
cally, with the membranes involved in autophagy. The
substances are most probably not physiological effectors,
but the real regulators could have structural similarities.
The suggested regulators of autophagy are indicated
schematically in figure 2.

Research on autophagy

Compared to processes that are susceptible to biochemi-
cal analysis in completely defined cell-free systems, auto-
phagy is very poorly understood. The difficulty of estab-
lishing good assays for autophagy has been one of the
problems in this field of research. Some possible assays
do, however, exist. One is measuring the increased pro-
teolysis after transferring various cell cultures to condi-
tions of nutritional ‘step-down™”. Another is measuring
the lysosomotropic weak base-sensitive proteolysis in
hepatocytes®. In both cases the lysosomal activity may be
underestimated.

"°°—O

The possibility of relating biochemical data to morpho-
logical changes is an advantage in this field of research.
The probable existence of autophagic vacuoles too small
to be recognized should, however, be borne in mind.
Another difficulty in interpreting morphological data is
to distinguish between effects on the formation, vs on the
processing of autophagic vacuoles.

More recently some new and more refined biochemical
techniques have been developed. The microinjection of
labeled proteins is a promising approach for investigating
the selectivity of autophagy' %3 At least in some
cases the microinjected proteins are degraded lysoso-
mally. The injection of fluid-phase markers such as dex-
tran or sucrose provides information about bulk auto-
phagy™?.

All peroxisomal enzymes have similar half-lives, indicat-
ing that this organelle is degraded exclusively via auto-
phagy™. 1t is possible to induce peroxisomes to a high
level®. The subsequent descrease in the activity of peroxi-
somal enzymes might be convenient assay for an organ-
elle type of autophagy.

A good assay is probably not sufficient to investigate the
postulated ultimate regulatory factors. Such factors
would be expected to exhibit a rapid turnover as auto-
phagy in hepatocytes can be started or stopped within
20-30 min by removing or adding amino acids®. The
factors would, furthermore, not be expected to penetrate
the plasma membrane.

A possible way of addressing the question of ultimate
regulators is to incubate cells with an open plasma mem-
brane, but intact internal structures. A number of feasible
means for achieving such a system exist, electroshock®
being a particularly promising method. Electroshock has
been employed with some success in a comparable in-
vestigation of secretion in adrenal meduliary cells®.
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‘Waldsterben’: Our Dying Forests — Part 111

Forest dieback: Extent of damages and control strategies

by W. Bach
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Summary. This paper starts from the generally accepted premise that forest dieback is a complex phenomenon caused
by multiple stresses that are exerted by a host of contributing factors. It is argued that the rapidly proceeding forest
dieback, as documented in the damage inventories, is in itself enough reason to warrant action. Therefore, at this late
stage, this paper emphasizes the pressing need to introduce active control measures which will reduce pollution
emission through more efficient use of fossil fuels, through abatement techniques at the source, and through
substitution with less polluting sources.
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source substitution.

Can we prove the causes of forest dieback?

At first glance the argument that control measures can-
not be taken before the causes of forest dieback have been
clarified beyond doubt seems enticing. Before this can be
achieved, so the reasoning goes, more research will be
required to establish a clear linear cause and effect rela-
tionship between forest dieback and its likely causes. Ata
second glance this line of argumentation becomes invalid,

since, in principle, such an unequivocal cause and effect
relation is not possible in complex and multi-dimensional
systems, such as a forest ecosystem. Forest dieback is not
the result of a mono-causal but rather of a complex
disease caused by multiple stresses®®. The extent to
which in each case a specific stress may contribute to
damaging a certain tree species at a specified site, could
only be verified with sufficient scientific exactitude, if it
were possible to carry out, under controlled (laboratory)



