
Liver cells of the twenty-one day old rat embryo are isolated by a modified method and autophagy is
studied in them by electron microscopic morphology and morphometry. Immediately after isolation or
2.5 h incubation in nutrient-free medium, embryonic hepatocytes contain high amount of glycogen and
only very few autophagic vacuoles. In contrast, all glycogen is lost and 15% of the cytoplasmic volume
is occupied by late autophagic vacuoles in hepatocytes after 18 h in the same medium. Presence of 3-
methyladenine in the latter case inhibits both the loss of glycogen and the appearance of autophagic vac-
uoles while enlarging the multivesicular body compartment. Our findings reveal major differences
between isolated embryonic and adult hepatocytes concerning autophagy. Several types of autophagic
vacuoles are described in the cell types of the erythropoietic cell lineage. This means that autophagy is
an integral part of erythropoiesis not only in bone marrow, but also in embryonic liver that is investigat-
ed here for the first time from this point of view. The presence of unclosed isolation membranes and the
predominance of early autophagic vacuoles in reticulocytes indicates that the molecular machinery of
segregation is still active in this functionally and structurally highly reduced cell type.
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INTRODUCTION

Autophagy (also called macroautophagy) is an intracellular process whereby the
cells isolate and subsequently degrade portions of their own cytoplasm. The isolation
(segregation, sequestration) is carried out by a special membrane (segregation or iso-
lation membrane) and the resulting body is called autophagosome. After this so-
called prelysosomal stage of the process the autophagosome is transformed into an
autolysosome by fusing with primary or secondary lysosome. The breakdown of the
sequestered material into molecular components takes place in the second, lysosomal
phase (for reviews see: [2, 4, 14, 16, 22]). The common expression for autophago-

Acta Biologica Hungarica 52 (4), pp. 417�433 (2001)

0236-5383/2001/$ 5.00 © 2001 Akadémiai Kiadó, Budapest

AUTOPHAGY IN HEPATOCYTES AND
ERYTHROPOIETIC CELLS ISOLATED FROM THE

TWENTY-ONE DAY OLD RAT EMBRYO*

A. L. KOVÁCS,** A. ELDIB and ÁGNES TELBISZ

Department of General Zoology, Eötvös Loránd University,
P.O. Box 330, H-1445 Budapest, Hungary

(Received: January 10, 2001; accepted: March 2, 2001)

*Dedicated to Professor János Kovács on the occasion of his 70th birthday.
**Corresponding author; e-mail: alkova@cerberus.elte.hu



418 A. L. KOVÁCS et al.

Acta Biologica Hungarica 52, 2001

somes and autolysosomes is autophagic vacuoles (AVs). The lysosomal part of
autophagy is rather well known and researchers agree even in most details of it.
However, the prelysosomal part and its initial event, the autophagic segregation is
largely unexplored. Autophagy seems to be (at least potentially) present in most (per-
haps all) types of eucaryotic cells from yeasts to mammalian neurones. This persis-
tence in evolution points to a hitherto unrecognised general significance of
autophagy in the function of cells. The prelysosomal part of autophagy, the segrega-
tion, seems to involve a so far completely unknown machinery of membrane trans-
formation and/or (re)organisation [6, 12, 13, 16]. Only the most recent results with
mutant yeast cells have opened up the possibility to approach this problem with the
powerful new methods of molecular genetics (for review see: [11]).

In spite of the progress at the molecular level, much remains to be described by
traditional methods. The diversity of effects, chemicals or other variables that seem
to be related with autophagy is perplexing. Presence of autophagic vacuoles has been
described in a large number of pathological and physiological processes although
their significance have still remained largely obscure. In addition, autophagy has
been demonstrated in relation to functional changes of cells and to cell death during
ontogenesis [3] and recent studies have shown alterations of autophagic activity dur-
ing carcinogenesis [10, 19].

Only a few types of cells have been used as objects for systematic investigation of
autophagy. As different cell types have different morphology, physiology and devel-
opment, comparative studies may offer possibilities to find out specific and general
features of autophagy as well as new aspects of its mechanism, regulation, develop-
mental, physiological and pathological role. The best-studied cell type with regard to
autophagy is the adult hepatocyte. However, even in case of liver cells no compara-
tive studies of autophagy during ontogenesis have been carried out.

Adult hepatocytes react to the isolation procedure and the subsequent in vitro con-
ditions with enhanced autophagy [22]. A fundamental difference between the liver
cells of mammalian adults and embryos is that the latter ones are under the protec-
tion of the mother�s body which may modify their reaction to autophagic stimuli. To
achieve a reliable comparison we have developed a method of isolation and subse-
quent incubation of embryonic liver cells that is similar to those used for adult liv-
ers. As the embryonic liver carries out substantial hematopoietic functions, various
cell types of it can be handled together in vitro producing comparative data on their
autophagic reactivity under the same in vitro conditions. Autophagy in erythropoiet-
ic cells has so far been studied only in adult systems [7�9]. In this publication we
describe the technique of cell isolation and characterise autophagy using electron
microscopic morphology and morphometry in freshly isolated and in 18 h primary
culture of the liver cells of 21-day-old rat embryo including hepatocytes and cells of
the erythropoietic lineage.



MATERIALS AND METHODS

Timed pregnancies

The Long-Evans rat mothers used in our experiments were fed by a standard labora-
tory diet (LATI, Gödöllõ, Hungary) and had access to water ad libitum. For timed
pregnancies we put together one male rat with 4 females. We observed the result in
the next morning as described below. Usually, we got two positive results in four or
five days. If we wanted to be absolutely sure of positive result in one week we start-
ed with two groups. Mating is most likely to take place after the onset of darkness,
e.g., in late evening hours. The feasible time of observation is next morning.
Successful mating is counted next morning as the 12th hour of pregnancy. A wide-
spread method in the literature to decide the date of successful mating is the obser-
vation of copulation plug in the vagina of females. However, we found vaginal plug
in rare occasions and observed that it can fall out very easily making it an unreliable
indicator of mating. However, the inspection of the fluid after rinsing the vagina with
balanced salt solution (BSS) gave good results. In the lavage either complete sperm
cells, or separate spermheads+necks and tails could be readily seen in phase contrast
microscope; even normal light microscope can give satisfactory result, but the sperm
heads and tails are more difficult to identify with certainty.

Preparation of liver from the embryos

Pregnant rats at day 21 were anaesthetised with ether (special quality for narcosis,
Asid Bonz u. Sohn GmbH, Böblingen, Hoechst AG, Frankfurt am Main). In cases
when sterile samples were needed the procedure was the following. The abdomen
was carefully shaved by an electric shaver (Kuno Moser GmbH, Germany) and the
hair (which is the most dangerous source of contamination) simultaneously removed
by a vacuum cleaner. The shaved abdomen was swabbed with 70% ethyl alcohol and
the animal was taken into a laminar airflow box (horizontal air flow, BL900 type,
Debreceni Finommechanikai Vállalat, Hungary) for sterile operation. The uterus
containing the embryos was put into sterile physiological saline to wash out blood.
The embryos were released by cutting the uterine wall, the embryo was taken out and
the placenta removed.

Liver cell isolation, incubation and short-term primary culture

The following method of cell isolation from embryonic liver is based on the princi-
ples of the two-step collagenase perfusion method of Seglen [20] for isolating adult
rat liver cells. For liver cell isolation the embryos were collected in Ca++-free BSS of
Dulbecco or Hanks [1] in a Petri dish. Livers were separated and collected in an other
Petri dish, cut into small cubes (with approximately 2�4 µm3 dimensions) in Ca++-
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free BSS containing 1 mmol/l EDTA. The pieces were rinsed for three times and
incubated again in the same medium for 5 min at 37 °C in a Petri dish on a titling
platform (special construction in our own workshop). Thereafter Ca++ was added
back by rinsing first, and then incubating for 5 min at 37 °C in Ca++-containing sus-
pension buffer (SB) [20]. Removal of Ca++ serves the purpose of irreversible weak-
ening of Ca++ dependent cell adhesion devices. Readdition of Ca++ is necessary for
efficient action of collagenase in the following step of isolation because this enzyme
is dependent on the presence of Ca++. After the 5 min readdition of Ca++ the SB is
sucked off and 200 U/ml collagenase (Sigma Chemical Co.; Collagenase, Type IV
for hepatocyte isolation) solution in SB is added to the tissue pieces. An incubation
for 20 min at 37 °C follows then in the collagenase solution. After the 20 min incu-
bation period the released cells are sucked off as a supernatant together with the col-
lagenase solution. New, unused (or once used and renewed) collagenase solution is
added to the tissue pieces remaining in the Petri dish as sediment, and a new round
of 20 min incubation begins. Three or four rounds of this type of incubation in col-
lagenase buffer gave us complete dissociation of the embryonic liver tissue pieces.
The supernatant (containing the isolated cells) is filtered through a nylon filter of 250
µm pore size.

The cell content of the suspension was determined and adjusted to the required
value with the help of wet weight (w.w.) samples. Hundred µl cell suspension was
pipetted into preweighed 17 mm outer diameter (o.d.) glass test tubes (12 cm long).
After centrifugation (5 min 3000 rpm) in a Beckman Spinchron R type refrigerated
centrifuge, the supernatant was removed by water blast pump and the tube contain-
ing the sediment weighed again. The difference gave the w.w. Incubations of cell sus-
pensions for short-term studies were carried out in 17 mm o.d. glass test tubes in a
shaking water bath (Vibrotherm, Labor MIM, Hungary) at 37 °C, 210 rpm as 400 µl
suspension at around 100 mg/ml w.w. Short-term primary culturing was carried out
in 5 cm stationary Petri dishes at 37 °C in a bacteriological thermostate (Labor MIM,
Hungary) in SB as a medium, supplemented with antibiotic-antimycotic solution
(Sigma Chemical Co.) with a total amount of 15 mg cell (w.w.). The gas phase was
air. Either cell type was easily detached from the bottom of the dishes by shaking or
with the help of �pipette-jetting�.

Electron microscopy

For electron microscopy of control liver tissue, long thin prismatic pieces with 1�2
mm shorter dimensions were cut from intact livers. The fixative was SB containing
1% glutaraldehyde (GA, Reanal, Hungary). Fixation of tissue slices lasted for 1�2 h
at room temperature. Fixation of cell suspension was carried out by pipetting the
appropriate volume of freshly distilled 10% GA into the cell suspension to make 1%
final GA concentration. Other conditions were similar to the tissue slices.

After washing in 0.1 mol/l Na-cacodylate (pH 7.2, Loba Feinchemie, Austria) 3-
times (in case of the cell suspension this was carried out with the help of centrifuga-



tion for 3 min at 1500 rpm) embedding of isolated cells followed in 2% agar (Reanal,
Hungary, fermentation quality). Thin slices were cut from the embedded cell sus-
pension for further processing for electron microscopy. Postfixation was carried out
in 0.5% osmic tetroxide in 0.1 mol/l cacodylate buffer for 1 h and staining in 1%
uranyl acetate (Chemapol, Czech Republic) in water for 30 min. After dehydration
in graded series of ethanol (Reanal, Hungary) and propylene oxide (Merck,
Darmstadt, Germany) samples were embedded in Durcupan (Fluka, Basel,
Switzerland).

Ultrathin sections were made by an Om U2 or Ultracut E type ultramicrotome
(Reichert, Austria) using diamond or glass knife, contrasted with lead citrate [18] and
investigated in a Jeol JEM-100CX-II type electron microscope (Japan) operating at
60 kV accelerating voltage. Morphometric measurements were carried out according
to [25].

Acid phosphatase cytochemistry with β-glycerophosphate (Sigma Chemical Co.)
as substrate and CeCl3 (Sigma Chemical Co.) as the trapping agent was carried out
as described by [24]. All other chemicals used in our experiments were from Sigma
Chemical Co.

RESULTS

Description of cell types

The embryonic liver is a more complex tissue than the adult one as it is one of the
sites of embryonic blood cell formation from the 9th day of pregnancy in the mouse
[5], a close relative of the rat. The 21-day-old rat embryo was chosen as the starting
point of a series of later investigations primarily because the liver at this stage is big
enough to allow the development of necessary modifications of the cell isolation and
incubation method used in in vitro studies of the adult liver cells. To create a firm
basis for the identification of cell types in the in vitro experiments we have carried
out the basic morphologic and morphometric characterisation of the major cell types
of the intact liver tissue of 21-day-old embryos. We distinguished three categories of
cells: hepatocytes, erythropoietic cells and the remaining non-identified cell types
(Fig. 1).

Hepatocytes in the 21-day-old embryo are cuboidal and their typical maximal
dimensions are 15�20 µm. More than 30% of their cytoplasmic volume is occupied
by glycogen mostly in large confluent areas (Figs 1, 7, Table 1) that can be used as
the easiest feature for their identification. In comparison, adult rat hepatocytes have
moderate amount (usually a few percent: 1.05% according to our measurement) of
rather scattered glycogen zones (the actual quantity depends on the feeding status of
the animal). The maximal length of cross-section of the adult cells is around 20�25
µm. It is worth noting that 5 µm difference in linear size gives an almost twofold dif-
ference in volume. This means that the embryonic hepatocytes are much smaller than
the adult ones.
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Major cell types of the erythropoietic lineage were identified according to the fea-
tures described by [9]. In early erythroblasts the nucleus is largely euchromatic, the
cytoplasm abounds polyribosomes, it contains some cisterns of rough surfaced endo-
plasmic reticulum (RER), rather large mitochondria and a moderately sized Golgi-
apparatus. According to our measurements the linear dimensions of these cells are

Fig. 1. Liver tissue of a 21-day-old embryo (×3560).
H: hepatocyte, E: early erythroblast, R: reticulocyte, GL: glycogen



close to 10 µm. Late erythroblasts are usually smaller, they have a rather condensed
nucleus that is overwhelmingly heterochromatic, their mitochondria and Golgi-appa-
ratus are also smaller. Reticulocytes have no nucleus, they contain only a few ribo-
somes, mitochondria and little endomembrane if any (Fig. 1). According to our mor-
phometric measurements hepatocytes in the 21-day-old rat embryo occupy 69.6% of
the total liver volume, early erythroblasts 1%, late erythroblasts 4.64%, reticulocytes
4.15%, mature blood cells 2.32%, non-identified cell types 3.28%, the remaining
15.0% is extracellular area. No autophagic vacuoles were encountered in hepato-
cytes, however, we were able to detect a few of them in late erythroblasts and retic-
ulocytes.

The isolation procedure does not change the main morphological features of the
above-described cell types which, therefore, can be easily recognised after isolation.
Most notable is the fact that isolated hepatocytes retain the high amount of glycogen
characteristic for the in vivo state (Table 1). The quantity and quality of the isolated
cells produced by our isolation method is totally satisfactory. From the embryos of
one pregnant rat we can routinely get several g w.w. of isolated cells (the actual quan-
tity depending on the number of embryos) with more than 95% viability as measured
by trypan blue test.

Autophagy in hepatocytes

Autophagic vacuoles can be rarely seen in freshly isolated hepatocytes of the 21-day-
old rat embryo although these cells are pre-incubated for over 30 min under condi-
tions which induce the formation of autophagic vacuoles and an increase of lysoso-
mal protein degradation in isolated adult hepatocytes. Incubation for an additional
2.5 h under similar deprivation conditions in amino acid free SB does not seem to
increase the amount of autophagic vacuoles to a significant extent. The rare AVs are
rather small and show the usual morphologic appearance (not shown).
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Table 1
Some morphometric parameters of the hepatocytes of 21-day-old rat embryos

Vv
VvVv total cytoplasm Vv

functionalnucleus (glycogen+functional glycogen
cytoplasmcytoplasm)

Hepatocytes in vivoa 0.1069 0.8931 0.3104 0.6896
Freshly isolated
hepatocytesb 1.0000 0.3012 0.6988

Vv values (expressed as µm3/µm3) for the nucleus and cytoplasm are related to the total cellular volume;
Vv values of glycogen and functional cytoplasm are related to their sum, i.e. the total cytoplasmic vol-
ume. Pictures for morphometry were taken: a from the samples of intact liver tissue of embryos and a total
of 14 088 µm2 tissue area was evaluated; b from the samples of isolated liver cells and a total of 1519 µm2

cytoplasmic area was evaluated.
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To further expand our knowledge on the responsiveness of isolated embryonic
hepatocytes to deprivation conditions, we put the cells into primary culture for 18 h
in nutrient free BSS (SB). Electron microscopic observations show that hepatocytes
under these conditions loose almost all of their glycogen content, furthermore, they
contain a very large amount of AVs. We could not observe early AVs in these cells.
These AVs are predominantly the late type with a lot of partially degraded material
in them (Fig. 2A). They look surprisingly uniform morphologically, giving the
impression that their age is similar. According to our morphometric measurement
15% of the cytoplasmic volume can be found in the autophagic compartment in hepa-
tocytes of these 18 h primary cultures.

Hepatocytes in 18 h primary cultures with 10 mmol/dm3 3-methyladenine (3MA;
the specific inhibitor of autophagic sequestration [23]) in the medium, show a rather
different picture. A lot of glycogen seems to be retained in them and, in parallel, no

Fig. 2. Isolated hepatocytes after 18 h primary culture in nutrient-free medium (×10 190). A: accu-
mulated autophagic vacuoles (large arrowheads) in a cell without addition to the medium; B: preser-
vation of glycogen (Gl), numerous multivesicular bodies (small arrowheads) and lack of autophagic

vacuoles in a cell with 10�2 mol/l 3-methyladenine in the medium



typical AVs can be observed in their cytoplasm. There are, however, vacuolar ele-
ments in these cells which in some of the cases contain myelinated material but as a
rule show the appearance of the so-called multivesicular bodies (Fig. 2B).

Autophagy in erythropoietic cells

As mentioned earlier we were able to see AVs in vivo in the cells of the erythropoi-
etic lineage. Their quantity, however, remained rather low even under in vitro condi-
tions. As this is the first time that autophagy is studied in erythropoietic cells of
embryonic liver we find it necessary to point out that our observations in vitro show
certain morphological features, especially in reticulocytes, that have not been ade-
quately described before in the adult systems [7�9].

Like in other cell types AVs in the erythropoietic lineage are identified as mem-
brane bordered intracytoplasmic bodies that contain recognisable or otherwise iden-
tifiable cytoplasmic elements inside them. AVs can be found in early and late ery-
throblasts (Fig. 3) as well as in reticulocytes (Figs 4�6). The isolation membrane is
of the smooth type that is a pair of single membranes separated by an empty-looking
narrow space (Figs 4, 5), but occasionally remains attached together and appears as
a pentalaminar structure (Fig. 5B). Such membranes can be seen not only encircling
cytoplasmic areas completely, but in a few cases also with open ends as if they were
in the process of engulfing cytoplasmic portions (Figs 4A, 4C and 5B). It is also nec-
essary to point out that according to serial sections the encircled areas (apart from a
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Fig. 3. Freshly isolated early (E) and late (L) erythroblast with early (arrows) and late (arrowheads)
autophagic vacuoles in them (×10 700)
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few exceptions of unclosed isolation membranes mentioned above) are indeed real
autophagosomes completely covered in space by the isolation membrane. Sometimes
two double membranes surround the same area (Fig. 4E). The size of encircled areas
and the content of the vacuoles may vary to a great extent. Sometimes only a single
mitochondrion is covered closely or a small amount of additional cytoplasm is also
included (Fig. 4D). In many cases only ground cytoplasm is separated (Figs 4E, 4F,
5A, 6B). In erythroblasts, fragments of ER or small vesicles may also be seen in AVs
(not shown). In several occasions big areas of cytoplasm with several mitochondria
are engulfed (Figs 4B, 6A). Our observations on the AVs with clearly identifiable
content reveal that, with a few exceptions, the isolated material derives from the
same stage of development that the cell is in. AVs apparently in the process of exo-
cytosis can be observed both in late erythroblasts and in reticulocytes. The exocy-
tosed material can be both the degraded and the undegraded type (Fig. 6).

The morphology of autophagy in erythropoietic cells in 18 h primary culture
together with the hepatocytes does not show any conspicuous change. We can see

Fig. 4. Autophagy in reticulocytes. A: open isolation membrane (arrowhead) apparently engulfing
a large area of cytoplasm (×27 270). B: large early autophagic vacuole with a lot of ground cyto-
plasm and several mitochondria inside (×26 350). C: open isolated membrane (arrowhead) around
a mitochondrion (×54 000). D: autophagic vacuole containing mitochondrion (×43 200). E:
autophagic vacuole bordered by two double isolation membranes (arrowheads) and containing
ground cytoplasm (×75 000). F: ground cytoplasm in relatively large autophagic vacuole (×27 910).
G: autophagic vacuole with highly destructed content probably isolated in an earlier developmental

phase (×26 110)



dividing erythroblasts in these cultures indicating that the erythropoietic process still
goes on. It is, however, quite remarkable that in contrast with hepatocytes we can
find early autophagic vacuoles and even unclosed isolation membranes in reticulo-
cytes of 18 h primary culture treated with 3-MA (Fig. 5).

Enzyme cytochemical reaction for acid phosphatase in isolated cells of livers of
21-days-old embryos demonstrate the presence of this enzyme in freshly isolated
hepatocytes in vacuolar elements as well as in the Golgi-apparatus (Fig. 7A). It is
noteworthy, however, that several vacuolar-type elements are apparently devoid of
enzyme activity.

Cells of the erythropoietic lineage only rarely show acid phosphatase activity
(Figs 7B, 7C). The early erythroblast in Fig. 7C shows no sign of enzyme activity
either in the Golgi-region or in an early AV, however, there is a positive reaction in a
vacuolar element. Vacuolar elements in reticulocytes were, as a rule, devoid of
enzyme reaction product (Fig. 7D).
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Fig. 5. Autophagy in reticulocyte in an 18 h culture treated with 3-methyladenine. A: early
autophagic vacuoles with double isolation membrane (arrowheads) and a late one with single iso-
lation membrane (arrow) (×107 140); B: open isolation membrane with pentalaminar structure

(arrowhead) (×107 140)
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DISCUSSION

The isolation procedure and the experimental system

In this study we investigate autophagy in isolated liver cells of the 21-day-old rat
embryo for the first time. The prerequisite of this work was the development of an
isolation method for producing appropriate suspension of embryonic liver cells. By
applying the principles of the two-step perfusion technique of Seglen (based on Ca++

removal and collagenase treatment) [20] for the isolation of adult hepatocytes we
developed a non-perfusion method. As a result of our modifications we were able to
produce sufficiently high quantity of cell suspension from 21-day-old rat embryos
with 95�100% viability as measured by the trypan blue exclusion test.

We used two types of in vitro experimental systems to study autophagy in the iso-
lated cells. The short-term experiments were carried out in centrifuge tubes in a 37
°C shaking water bath (see Materials and methods). At the routinely applied 100

Fig. 6. Exocytosis of autophagic vacuoles. A: early autophagic vacuole in late erythroblast
(×38 570); B: early autophagic vacuole in reticulocyte (×42 670); C: early and late autophagic vac-

uoles in reticulocyte (×38 630)



mg/ml w.w. density of the suspension there was no significant change in the viabili-
ty of cells during an experimental time of 2.5 h. However, the rapid shaking exerts
mechanical force on the cells and longer treatments cannot be made in this system.
For longer experiments, primary cultures of 5 cm Petri dishes with 10�15 mg w.w.
cell samples in them were used. In the primary cultures we saw some 15�20% cell
loss of hepatocytes due to necrotic cell death during 18 h culture. This probably was
the consequence of the starvation medium rather than other factors. Due to the use of
HEPES based BSS there was no need for special CO2 thermostate and the cells seem
to survive very well with oxygenation by air.
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Fig. 7. Acid phosphatase cytochemistry in isolated cells of embryonic liver. A: large area of glyco-
gen (GL) and acid phosphatase positive structures (arrowheads) include both Golgi- and lysosomal-
elements in a freshly isolated hepatocyte (×8660); B: acid phosphatase positive autophagic vacuole
in a late erythroblast (×30 770); C: early erythroblast with no sign of acid phosphatase activity in
the Golgi-region (GO) and in an early autophagic vacuole (arrow), activity is shown in a vacuolar
element (arrowhead) (×8630); D: late autophagic vacuole in a reticulocyte with no sign of acid 

phosphatase reaction (×19 200)
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Our results show the applicability of the isolation technique and the experimental
systems for the kinds of studies we have performed. However, further work is need-
ed for more exact characterisation of the conditions if time curves of autophagy are
to be studied especially during erythropoiesis.

Autophagy in isolated hepatocytes

The autophagic activity in hepatocytes in vivo has been shown to depend on the
rhythm of food intake [17]. It has been suggested that in case of fasting a main func-
tion of autophagy in liver may be the production of amino acids primarily for export-
ing them into the blood to satisfy the needs of other organs of the body [15]. The ini-
tial lack of AVs in freshly isolated embryonic hepatocytes in our work is in contrast
with the behaviour of adult isolated hepatocytes where autophagy and protein degra-
dation is operating at full capacity already after 30 min incubation following isola-
tion [21]. Even 2.5 h incubation in nutrient free BSS was not enough to activate the
autophagic segregation mechanism significantly in these cells. The mammalian
embryo develops inside the mother�s body in a well-protected environment. Varia-
tions in nutrient supply of the embryonic liver are very likely to be much reduced by
the mother�s homeostatic mechanisms. Our observation that embryonic hepatocytes
in vivo are devoid of AVs can be explained by these conditions.

Our enzyme cytochemical reactions show the presence of acid phosphatase (AP-
ase) reactions in the Golgi-apparatus and AP-ase positive vacuoles in freshly isolat-
ed embryonic liver cells. This is an indication that, although autophagic segregation
is depressed, the lysosomal system of these cells is active and prepared for the diges-
tion of prospective substrates.

In contrast, hepatocytes in 18 h culture in SB showed a very high proportion of
AVs in their cytoplasm. Glycogen content in these cells was practically reduced to
zero. Almost all AVs in these cells contained highly electron dense remnants of pre-
viously autophagocytosed material that looked morphologically destroyed, but
remained largely undigested. However, there were no early AVs with clearly recog-
nisable morphologically unchanged material.

The above observations show that isolated embryonic hepatocytes have the poten-
tial to perform autophagic sequestration at a high level but this capability needs
longer time to be activated as compared to adult cells. We suggest that in isolated
embryonic hepatocytes a large wave of autophagy takes place parallel with or con-
comitant to the utilisation of glycogen. The lack of early AVs in the 18 h samples sug-
gests that the hepatocytes seem to be able to shut down this autophagic segregation
process at a certain point in time and continue their life with a lot of structurally dete-
riorated, but biochemically undegraded material in their vacuolar compartment. As
the autolysosomes are apparently saturated by the previously sequestered endoge-
nous substrate the speed of degradation at this stage must be limited by the avail-
ability of lysosomal enzymes. Downregulation of autophagic sequestration under
these conditions may serve two purposes: to save energy as sequestration is an ener-



gy consuming process, and to preserve the remaining functional cytoplasm to ensure
long-term survival. In line with this interpretation we wish to point out that even in
the cells of multicellulars autophagy may serve as a survival mechanism not only as
a suicidal one emphasised in many earlier reports (see [3] for review).

The lack of macroautophagic vacuoles in 3-MA-treated primary cultures of hepa-
tocytes indicates a long-lasting and complete inhibition of autophagic segregation by
this drug. Alternatively, 3-MA might have lost its effectivity earlier during the 18 h
and inhibited only the earlier wave of autophagy. If the latter case is true, it supports
the view that the lack of early AVs in the cells means that they themselves have shut
down their autophagic segregation pathway. To differentiate between these possibil-
ities further work is needed. The effect of 3-MA on the preservation of glycogen is a
new observation for which we cannot offer any explanation yet. The presence of mul-
tivesicular body-like vacuoles in the 3-MA-treated cells raises the question if these
vacuoles can be microautophagic bodies. It can be envisaged that as the macro-
autophagic pathway is shut down by 3-MA, the cell tries to compensate the lack of
it by a hyperfunction of microautophagy which is a rather interesting possibility for
future investigations.

Erythropoietic cells

According to our observations AVs can be observed in early and late erythroblasts as
well as in reticulocytes of the embryonic liver. As pointed out in the Results section
the content of early AVs clearly show that sequestration takes place in all stages of
erythrocyte development. The most remarkable conclusion from this observation is
that even the highly reduced reticulocytes retain the presumably quite complicated
sequestration apparatus and can perform the process. As these cells are very much
reduced in their morphology as well as in their biochemical activity it is of consid-
erable interest to characterise the sequestration and autophagy in them because we
may find several features of these processes unhindered by the complexity of the cel-
lular machinery.

Reticulocytes have no extensive intracellular membrane compartments. They are
practically devoid of typical RER which is the membrane type considered by sever-
al authors to be the source of the autophagic isolation membrane (see [16] for
review). The fact that isolation membranes still emerge in these cells support the
argument of those who suggest that the isolation membrane may arise de novo and
not by direct transformation from other preformed membranes [13]. The presence of
unclosed isolation membranes and early AVs in 3-MA treated reticulocytes as
opposed to their absence in hepatocytes in 18 h primary culture raises the intriguing
possibility that segregation in reticulocytes is insensitive to this drug, although the
alternative explanation mentioned above for hepatocytes also has to be taken into
consideration.

Our enzyme cytochemical reactions indicate a low occurrence of AP-ase activity
in the erythropoietic cell types. AVs in reticulocytes in particular seem to be highly
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reduced or even devoid of AP-ase reaction product. The low AP-ase reactivity is in
good accordance with the high frequency of early AVs containing morphologically
unchanged segregated material. We see in our material and know from the literature
[7] that exocytosis of the autophagically sequestered material occurs in reticulocytes
rather frequently. We suggest that the developing erythrocytes compensate for the
reduction of lysosomal enzymes with the exocytotic activity as a means of getting rid
of the autophagically sequestered material.

In the literature the attention has been focused mainly on the selective elimination
of mitochondria in reticulocytes [8]. Our observations show that in many cases mito-
chondria indeed seem to be the only content of autophagic vacuoles. There are, how-
ever, also many occasions where only ground cytoplasm is separated, therefore, elim-
ination of mitochondria cannot be the only purpose of autophagy in reticulocytes.

Erythropoiesis is well characterised in many respects, and the new, modified iso-
lation method published here make both erythropoietic cells and hepatocytes easily
available from the rat embryo. Our results show that both cell types show interesting
new features that make them promising objects for extending our knowledge on the
process of autophagy.
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