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Summary

The question of cell death is accessible to study by histochemists and many questions remain to be
resolved. From a physiological point of view, the most important are the causal relationships. (1)
At what phase in cell death is the synthesis of RNA disrupted and at what phase is the rate of
degradation of RNA increased? (2) Does the disruption.of synthesis result from a direct genetic
command, or does it result indirectly from gradual deterioration of energy resources or optimal
ionic conditions? (3) What properties, presumably of the substrate organelles, marks them for
specific absorption into autophagic vacuoles? (4) What proteases and other hydrolases operate
currently undetected in the cytoplasm? How are they controlled and regulated? (5) Why does the
physiologically dying cell shrink and appear more dense? To what extent is a cell in this state able
to regulate any metabolic parameter? The advent of newer, more sensitive and quantitative
techniques, and greater attention to the controls and causes as opposed to the phenomena, should
help to resolve these questions.

0018-2214/81/040659-08%$02.80/0 © 1981 Chapman and Hall Lid.



660 LOCKSHIN and BEAULATON

Introduction

For the physiologist, histochemistry provides answers unattainable from in vivo studies
or biochemistry. In the study of cell death, for instance, cytologists and histochemists
have defined the autophagic vacuole and indicated its specificity (Locke & Collins, 1965;
Beaulaton, 1967; Locke & Sykes, 1975; Beaulaton & Lockshin, 1977); recognized the
phenomenon of apoptosis (Kerr, 1973) and helped us to understand the order of shut-
down of synthetic events (Pollak & Fallon, 1976; Fallon et al., 1980). Physiology, how-
ever, is a science of causes and controls, and the very precision of the histochemist’s
results raises new questions and reveals how much further we must carry our analyses.
Happily, several new techniques are now coming on line, most notably the use of
fluorescent substrates and computer-assisted monitoring and quantification of results,
and it is to be hoped that these techniques will lead to a higher level of understanding. It
will be gratifying, if ironic, to find that this precise science of the study of fixed tissues
will ultimately explain the mechanisms of control in the living tissue.

We now know that many types of cells die under physiological control (Lockshin,
1980, 1981; Wyllie, 1981; Hinchliffe, 1981; Levi-Montalcini & Aloe, 1981; Munck &
Crabtree, 1981; Bowen, 1981) and that the destruction of their cytoplasm is carried out
in autophagic vacuoles, the relative temporal and quantitative importance of these latter
depending on tissue, species and situation. Often in developmental situations impend-
ing cell death is presaged by the cell’s dropping out of the mitotic cycle (Fallon ef al.,
1980). We do not understand the intimate causes of these events, and here our his-
tochemical techniques are yet lacking. The problems can be illustrated by the fate of the
intersegmental muscles of silkmoths and Sphingid moths, and are summarized in
roughly the chronological order in which they appear. The intersegmental muscles are
destroyed during the first two days after the moth emerges from its pupal shell; the
synchronous death of the cells, as defined by pycnosis and collapse of the resting
potential, occurs 15-18 h after emergence (Lockshin & Beaulaton, 1979).

How does synthesis and breakdown of nucleic acids relate to cell death?

The death of the cell seems to result from a physiological demand with which the cell
cannot cope (Bidlack & Lockshin, 1976; Finn & Lockshin, 1980). It is not clear whether
the demand arises from intracellular or extracellular sources; nor is it clear whether the
demand-here hypothesized to be extertion in an hypoxic state-is unusual or the
response is inadequate. In many other systems, most notably the silk glands of Bombyx
mori, there appears to be an early failure of the synthesis of messenger and perhaps
other RNAs, and a rapid autophagic destruction of much of the RNA (Matsuura et al.,
1968; Okabe et al., 1975; Fournier, 1979). Thus arises the first question: Does the failure
of synthesis of RNA derive from a direct genic command, or does it result from a changed
cytoplasmic and nuclear milieu? In neither case do we have means of resolving these
questions by histochemical techniques. We obviously need far more knowledge of the
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histones and nucleic acids of involuting tissues. The synchronous involution of
metamorphosis and the isolation and cloning of specific genes will ultimately provide
enough material for the analysis of specific genes and gene products, but the histochem-
ist can explain the milieu of the nucleus in which these events occur. Electron probe
analysis can contribute a knowledge of the ionic milieu, and we await interpretations of
the localization and activity of specific genes during this period.

What activates lysosomes and determines their specificity?

During the early phases of involution, the function of lysosomes is evident but the
control is not. Two features are particularly striking: first, at any given time, lysosomes
may be observed to contain only one type of organelle (Locke & Sykes, 1975; Beaulaton
& Lockshin, 1977; Fig. 1). Second, in some insects, a pronounced but not lethal regres-
sion which accompanies larval molts manifests non-lysosomal destruction of organelles
(Locke & Sykes, 1975; Matsuura & Tashiro, 1976) while at metamorphosis the same
organelles may be swept away by waves of autophagic destruction. Non-lysosomal
destruction is also seen in the intersegmental muscle: during the early phases of lysis,
myofilaments are lost from intact, contractile cells, and none are seen in autophagic
vacuoles. Flagrant development of autophagic vacuoles is rare in muscles (Lockshin ef
al., 1980). In insects (Colon, 1980) and tadpoles (Chin, 1980) the accumulation of
intermediate degradation products of myosin indicates that proteolysis occurs in several
steps.

How much non-lysosomal digestion takes place?

These phenomena raise several questions: What non-lysosomal proteinases operate
within the cytoplasm? How are they activated and controlled? Do lysosomal enzymes
escape from the lysosome, and can they function in the cytoplasm? In tadpole tail, as in
mammalian muscle, calcium-activated protease requires unphysiologically high levels of
calcium, but cyclic adenosine monophosphate lowers the requirement ten-fold (Chin,
1980). Perhaps other co-factors also play a role. The use of the extraordinarily sensitive
fluorescent dye substrates, coupled to appropriate insoluble salts (Smith & van Frank,
1975; Dorsey, 1980) will help resolve these questions, as will the isolation of some of the
enzymes and the preparation of antibodies to them (Barrett, 1977). Although the recent
use of p-nitrophenyl phosphate as substrate has helped to re-open the question of the
distribution of lysosomal phosphatases (Bowen & Ryder, 1976; Bowen, 1981), ulti-
mately the localization of the enzymes will be best defined by antibodies. Enzymes may
also be found under appropriate circumstances by the use of marker substrates or
inhibitors to which they bind; such techniques have been used for the purification of
enzymes (Chua & Bushuk, 1969; Smith & Turk, 1974) and some histochemical
procedures.

From a logical standpoint, it would seem more reasonable to relate the specificity with
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which organelles are scavenged to a flaw in the organelle rather than specificity of the
autophagic membrane. Recent evidence has related phagocytosis of foreign particles to
the surface chemistry of the particle, particularly the presence of specific glyoproteins or
carbohydrate moieties (Bhmer et al., 1979) or as influenced by cyclic compounds
(Kielan & Cohn, 1980; Oates & Touster, 1980). It is theoretically possible that a dam-
aged organelle also develops an alteration of surface chemistry, perhaps in a protective
component of high turnover rate, so that, the damaged organelle not being able to
replace the component, its membrane automatically manifests a signal for destruction.
The histochemistry of surface proteins is a field urgently in need of more specific techni-
ques. Scanning electron microscopy has revealed many subtle alterations of the surfaces
of cells as they change activity; we need to know more about their chemistry.

Why do dying cells shrink?

Another phenomenon of interest is the shrinkage of the cell. Traumatically injured cells
swell and lyse, as one might expect from the hypothesis of an accumulation of acid
intermediates of anaerobic glycolysis, but physiological death is characterized by shrink-
age necrosis or apoptosis, in which the cell condenses (Wyllie, 1981). The mechanism
of this shrinkage is not understood. Although some of the apparent density at light and
electron levels may be an artifact owing to increased exposure of binding sites for stains
at acid pH, there appears to be a very real contraction of cell size (Lockshin, 1980, 1981;
Trump et al., 1981; Fig. 2). Many authors consider the cell to be capable of exerting
some control at this time, in which case one might hypothesize contraction of the
cytoskeleton or precipitation at acid isoelectric points of major proteins. Otherwise a
passive loss of water would imply a previous hypotonic state, which is difficult to
explain. Increasing acidity would permit exodus of K" from the cell and, although
several assumptions would be necessary relating to the movement of anions, it would
be possible to derive the loss of water from this process. In insect muscle, this phase
does not develop until the cell depolarizes (Lockshin & Beaulaton, 1979). Other authors

Figs. 1 and 2. Electron micrographs of ititersegmental muscles from the silkmoth Antheraea
polyphemus fixed according to the procedure of Peracchia & Mittler (1972).

Fig. 1. Longitudinal section of a muscle fibre 7 h after emergence showing an autophagic vacuole
(AV) with a mitochondrion entirely sequestered. The figure illustrates the osmiophilic aspect of
isolation membranes and the beginning of disorganization in the contractile material. Note the
electron-lucent glycogen (G) in the interfibrillar sarcoplasm. This configuration is the most com-
mon form of autophagic vacuole between 7 and 10 h.

Figs. 2. Low magnification photograph illustrating the contraction of fibre size 22h after
emergence. At this phase of degeneration the contractile material has entirely disappeared and the
residual sarcoplasm contains numerous autophagic vacuoles (AV) sequestering ribosomes. Note
the sarcoplasmic delamination (SD). Such a cell would also have a pycnotic nucleus. Similar
condensed cells are seen in many forms of physiological or programmed cell death.
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feel that pycnosis occurs in cells which have lesions of sufficient size that tracers such as
ethidium bromide (Bank & Mazur, 1972) or lanthanum (Humbert, 1978) can penetrate.
Such lesions are envisaged as being smaller than that required to swamp the cell
immediately, but slightly larger than that with which the cell can cope. Thus, over a
period ranging from hours to days, the cell gradually loses the battle, and finally suc-
cumbs (Bank & Mazur, 1972; Humbert, 1978; Ross et al., 1981). Since this argument is
theoretically quite different from that forming the basis of the concept of apoptosis, it
would be very useful for more histochemists to examine pycnosis as the starting point of
a query, rather than a manifestation of an event which has occurred.

To what extent are histochemical results quantifiable?

Finally, although the advent of newer substrates is gradually making the point moot, it
would be helpful if more histochemists allied themselves more closely to physical chem-
ists. It is perturbing, for instance, to find lead salt techniques so poorly understood.
Most techniques for identifying acid phosphatase, modifications of the Miller—Palade
technique, involve addition of lead nitrate to a solution of sodium g-glycerophosphate,
whereupon the mixture is heated and filtered. The precipitate removed is lead phos-
phate, formed from the degradation of the organic phosphate during storage of the stock
solution. If sodium fluoride is added to the incubation medium rather than to the tissue
section separately, a further precipitate of lead fluoride may form. Assuming no loss of
lead at the first step and calculating from solubility products, a presumed control would
in fact contain as little as one-third of the lead that the experimental solution contains.
Although admittedly under the conditions of preparation the experimenter must be
working with a solution near the saturation point of lead phosphate, the variability in
the actual concentration of lead would change the concentration of phosphate necessary
to precipitate the lead by a factor equal to [Pb*']¥% or 6-7 times as much phosphate
would be necessary. In the absence of fluoride, free contaminant phosphate ranging in
concentration from 1uM to 1mM would leave residual lead at concentrations of
250-25 M respectively, and these levels of lead would require 1 and 20 uM phosphate
for precipitation. It would be much more satisfying to work with well-understood
conditions and concentrations.

These several reflections represent some of the questions perceived by a physiologist
and a cytochemist. Undoubtedly others will be on the minds of other scientists, and
undoubtedly the naivety of some of these questions reflect our ignorance of the field.
Even so, in this period of a surfeit of information, perhaps these remarks will serve to
maintain the dialogue.
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