
Summary. The effects of propranolol on the glycogen
autophagy in newborn rat hepatocytes were studied by
using biochemical determinations, electron microscopy
and morphometric analysis. Propranolol lowered the
liver cyclic AMP and cyclic AMP-dependent protein
kinase activity. It also decreased the formyl-methionyl-
leucyl-phenylalanine (FMLP)-inhibitable Ca2+-ATPase
activity including lysosomal calcium uptake pump. The
normal postnatal increase in the volume of autophagic
vacuoles and the activity of acid glycogen-hydrolyzing
alpha glucosidase were inhibited. Also, the degradation
of glycogen inside the autophagic vacuoles was
apparently inhibited. The activity of acid mannose 6-
phosphatase was increased. These findings indicate that
propranolol influences several steps in the sequence of
events leading to the breakdown of glycogen in the
autophagic vacuoles of newborn rat hepatocytes. This
supports our previous studies suggesting that cyclic
AMP regulates glycogen autophagy. 
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Introduction

Glycogen degradation in the autophagic vacuoles
appears to be a selective process under conditions of
demand for the production of glucose, such as in
newborn animals (Rosenfeld, 1964; Kotoulas and
Phillips, 1971; Glaumann et al., 1985; Kotoulas, 1986;
Kotoulas et al., 1991; Salehi et al., 1998; Kalamidas and
Kotoulas, 2000b). Our previous studies suggested that
cyclic AMP regulates the degradation of glycogen in
autophagic vacuoles of newborn rat hepatocytes through
changes in the activity of lysosomal glycogen-
hydrolyzing acid alpha 1,4 glucosidase. The

administration of cyclic AMP, glucagon, adrenalin or
caffeine which elevate the tissue levels of the nucleotide,
induces certain aspects of autophagy including increase
in the total volume of autophagic vacuoles, the activity
of acid alpha 1,4 glucosidase and the degradation of
glycogen inside autophagic vacuoles. This action may be
mediated by the cyclic AMP-dependent protein kinase. It
represents a beta-adrenergic function (Kotoulas and
Phillips, 1971; Shelburne et al., 1973; Kotoulas, 1986,
1988; Kotoulas et al., 1991; Kalamidas et al., 1994;
Holen et al., 1992, 1996; Wang et al., 2001). 

Calcium is known to mediate stimulus-response
coupling in cells. Cyclic AMP stimulates the activity of
membrane-bound calcium uptake pump which
compartmentalizes the cation within lysosomes.
Accumulation of calcium in the lysosomes promotes
autophagy and may induce glycogen degradation inside
the autophagic vacuoles (Jeffrey et al., 1970; Caroni and
Carafoli, 1981; Lagast et al., 1984; Klempner, 1985;
Gordon et al., 1993; Kim and Klionsky, 2000;
Kalamidas et al., 2002). Changes in activity of the
important lysosomal enzyme acid mannose 6-
phosphatase may also be associated with these
phenomena (Kalamidas and Kotoulas, 2000a,b;
Kalamidas et al., 2002). 

In this study, the effects of propranolol, a beta-
adrenergic blocking agent which antagonizes cyclic
AMP, were studied. Our results indicate that this agent
could influence several steps in the sequence of events
leading to glycogen autophagy and support our previous
studies suggesting that cyclic AMP regulates this process
in newborn rat hepatocytes. 
Materials and methods

Chemicals

Propranolol hydrochloride (Inderal), Lot PL29/5062
was from Imperial Chemical Industries. The reagents for
biochemistry and electron microscopy were obtained as
before (Kalamidas and Kotoulas, 2000b). For the
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immunogold labelling procedures, rabbit anti-cAMP-
dependent protein kinase regulatory subunit IIa (PKA
RIIa) affinity-purified antibody recognizing the subunit
IIa of this enzyme, was used. Due to the sequence of the
peptide selected, no cross-reactivity is seen with other
PKA receptor isoforms. Species reactivity is: human,
rhesus monkey, rat, mouse. This antibody, Cat. No. AB
1613, Lot No. 18110098, was obtained from Chemicon
International Inc. (Temecula, USA). Goat anti-rabbit
IgG-15 nm gold conjugate, Cat. No. RPN 422 BS; Lot
No.187688 was from Nycomed-Amersham (Cardiff,
UK). All other reagents used in the immunolabelling
process were supplied by Sigma (Poole, UK).
Experimental design

All procedures involving the handling, treatment and
sacrifice of animals followed the EEC Council Directive
86/609 on the approximation of laws, regulations and
administrative provisions of the Member States
regarding the protection of animals used for
experimental and other scientific purposes (1986) and
the Guide for the care and use of laboratory animals
(Institute of Laboratory Animal Resources,1996). 

Newborn Wistar rats were obtained from six
pregnant females. Five newborn animals were killed at
birth. Treated animals were injected intraperitoneally
with propranolol at birth and 2 hours after birth (a dose
of 16.7 mg/kg each time). Normal animals were used as
controls. Injected animals and controls were killed at the
age of 6 hours. Parenteral glucose was administered as
before. Injected animals and controls were killed at the
age of 12 hours (Kalamidas and Kotoulas, 1999, 2000b). 
Biochemical methods

The enzyme activities of glycogen-hydrolyzing acid
alpha 1,4 glucosidase, acid mannose 6-phosphatase,
cyclic AMP-dependent protein kinase and formyl-
methionyl-leucyl-phenylalanine (FMLP)-inhibitable
Ca2+-ATPase were assayed in liver homogenates as
before (Kalamidas and Kotoulas, 2000b). For the
determination of acid mannose 6-phosphatase, tissue
homogenates were pretreated for 1 hour in 0.1M sodium
acetate buffer at pH 5.2 and 37 °C before incubation
with the substrate. Mannose 6-phosphate (20 mM) was
used as substrate. For the determination of glucose 6-
phosphate-hydrolyzing activity at pH 5.2 (acid glucose
6-phoshatase activity), tissue homogenates were
pretreated in the same way before incubation with the
substrate (Arion and Nordlie, 1964; Ockerman, 1965;
Hugon et al., 1970). Glucose 6-phosphate (20 mM) was
used as substrate. Incubation was carried out for 60 min
in 0.1 M sodium acetate buffer with 0.05% Triton X-100
at pH 5.2 and 37 °C. The reaction was stopped by 10%
ice-cold trichloroacetic acid. Released phosphate was
determined according to Fiske and Subbarow (1925).
Activity was expressed as micromoles of inorganic
phosphorus produced per hour per mg of protein (Zakim

and Vessey, 1973; VandeWerve, 1989; Ajzannay and
Mithieux, 1996; Kalamidas and Kotoulas, 2000b). Liver
cyclic AMP and glycogen were determined as before
(Kalamidas et al., 1994; Kalamidas and Kotoulas,
2000a). The results were statistically evaluated
according to Hill (1967).
Electron microscopy

Electron microscopy and morphometric analysis
were performed as described before (Kalamidas and
Kotoulas, 2000a). Immunogold particles on lysosomal
membranes were counted on micrographs enlarged to a
final magnification of 40000. Particles were counted per
µm of lysosomal membrane profile. Since the sections of
tissue were not very thin as compared with the
dimensions of particles, no attempt was made to estimate
other parameters (Weibel and Gomez, 1962; Weibel,
1969; Kotoulas et al., 1991). 
Immunogold labelling procedures

Ultrathin sections 90 nm thick, cut from Epon- or
Epon-Araldite-embedded liver tissue, were mounted on
pioloform-coated nickel grids and etched for 5 minutes
in 2% aqueous periodic acid. To remove excess osmium,
the grids were incubated for 10 minutes in saturated
aqueous sodium metaperiodate. The sections were
blocked for 60 minutes with 5% normal goat serum in
20mM Tris-buffered saline (TBS), pH 7.2, containing
0.2% bovine serum albumin (BSA). The grids
containing sections were then incubated overnight at 
4 °C in 1:500 dilution of rabbit anti-cAMP-dependent
protein kinase regulatory subunit RIIa and washed with
six changes of 20 mM TBS+0.5% BSA, pH 8.0, for 10
minutes each. The sections were incubated for 1 hour at
room temperature in goat anti-rabbit IgG-15 nm gold
conjugate diluted 1:25 in the same washing buffer
(TBS+0.5% BSA). After a good rinse with TBS
followed by double-distilled water, the grids were
counterstained in uranyl acetate and lead citrate.
Immunolabelling controls consisted of: 1) sections that
were incubated in TBS without rabbit anti-cAMP-
dependent protein kinase regulatory subunit and then in
goat anti-rabbit IgG-15nm gold conjugate; 2) sections
that were incubated in pre-absorbed rabbit anti-cAMP-
dependent protein kinase regulatory subunit followed by
goat anti-rabbit IgG-conjugated gold; and 3) sections
that were incubated in rabbit anti-cAMP-dependent
protein kinase regulatory subunit (which was pre-
absorbed overnight in goat anti-rabbit IgG) and then in
goat anti-rabbit-conjugated gold.
Antibody specificity

Rat liver extracts were separated using SDS-PAGE
on 8% gels. The gels were treated according to the
methods described by Mednieks et al. (1989) before
being transferred to a strip of nitrocellulose paper. The
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Table 1. Liver cyclic AMP concentration, cyclic AMP-dependent protein kinase and FMLP-inhibitable Ca2+-ATPase activities after propranolol treatment
of newborn rats, 6 hours after birth. 

TREATMENT cAMP cAMP-DEPENDENT PROTEIN KINASE FMLP-INHIBITABLE Ca2+-ATPase
(pmoles/g wet wt) (µmoles Pi/hr/mg protein) (µmoles Pi/hr/mg protein)

Control 80.8±19.6 56.3±18.4 0.83±0.28  
Propranolol 49.3±14.5 23.1±7.9 0.45±0.18 
p <0.05 <0.05 <0.05

Results are means±standard deviations. Each value includes 3 observations.

paper was then blocked overnight in 0.5% BSA in 50
mM TBS, pH 7.6 and incubated for 6 hours in a 1:50
dilution of rabbit anti-cAMP-dependent protein kinase
RIIa subunit. Following a thorough washing in TBS, the
paper was stained in Coomassie Blue dye. The
immunoreactions were compared with standard proteins
of known molecular weights (bovine serum albumin,
67KD; ovalbumin, 43KD). The immunoreaction band
was positioned between 43KD and 67KD. Its relative
mobility was found to be 52KD, based on the molecular
weights of the standard proteins.
Results

Biochemical results

The administration of propranolol in newborn rats
resulted in decreased liver cyclic AMP concentration,
cyclic AMP-dependent protein kinase and FMLP-
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Table 2. Liver glycogen concentration, acid glucosidase and acid mannose 6-phosphatase activities after propranolol treatment of newborn rats, 6
hours after birth.

TREATMENT GLYCOGEN ACID GLUCOSIDASE ACID MANNOSE 6-PHOSPHATASE
(mg/mg protein) (µmoles glucose/hr/mg protein) (µmoles Pi/hr/mg protein)

Control 0.173±0.082 0.185±0.064 8.9±1.5
(at birth, 0.800±0.260) (at birth, 0.105±0.050)

Propranolol 0.210±0.095 0.132±0.050 10.9±1.6
P >0.05 <0.05 <0.05

Results are means±standard deviations. Each value includes 5 observations. 

Table 3. Comparison of the fractional volumes of autophagic vacuoles and lysosomal glycogen in the hepatocytes from control and propranolol-treated
newborn rats, 6 hours after birth.

VOLUME OF AUTOPHAGIC VOLUME OF LYSOSOMAL % VOLUME OF AUTOPHAGIC VACUOLES
VACUOLES GLYCOGEN OCCUPIED BY LYSOSOMAL GLYCOGEN

Control 0.90±0.16 0.21±0.08 23
(at birth, 0.38±0.08) (at birth, 0.14±0.04) (at birth, 37)

Propranolol 0.56±0.09 0.19±0.06 34
P < 0.05 > 0.05

Volumes are expressed as µm3/100 µm3 of cytoplasm. Values are mean±standard errors. Results computed from a total of 30 micrographs and a
cytoplasmic area of 1780 µm2 at birth,1850 µm2 for control and 1800 µm2 for propranolol.

inhibitable Ca2+-ATPase activities (Table 1). In the
propranolol-treated newborns, the activity of liver
glycogen-hydrolyzing acid glucosidase decreased
whereas that of acid mannose 6-phosphatase increased.
Liver glycogen in propranolol–treated animals showed
no significant change as compared to the controls (Table
2). 

Glucose 6-phosphate-hydrolyzing activity at pH 5.2
(acid glucose 6-phosphatase activity) was found
increased in both the propranolol-treated animals
(controls, 7.5±1.4 µmoles Pi/hr/mg protein; propranolol-
treated, 8.9±1.6 µmoles Pi/hr/mg protein, n=3, p<0.05)
and the parenteral glucose-treated animals (controls,
13.3±3.2 µmoles Pi/hr/mg protein; glucose-treated,
16.8±4.6 µmoles Pi/hr/mg protein, n=3, p<0.05). This
enzyme activity was also determined in the presence or
absence of the chelator EGTA (20 mM) in the reaction
mixture. The activity was significantly higher (p<0.05)
in the presence (9.4±1.4 µmoles Pi/hr/mg protein) than



in the absence (8.2±1.2 µmoles Pi/hr/mg protein) of
EGTA (Kalamidas et al., 2002).
Electron microscopic results

The term lysosomes refers to lysosomes and related
particles including autophagic vacuoles unless otherwise
specified (DeDuve and Wattiaux, 1966; Dunn, 1990a,b;

Kornfeld, 1992). At birth, abundant hyaloplasmic
glycogen stores were present in the hepatocytes. The
fractional volume of hyaloplasmic glycogen was very
large (Kotoulas and Phillips, 1971; Maintas et al., 1993).
Autophagic vacuoles were rare, small and round. Their
fractional volume was small. Lysosomal glycogen
occuppied a large part of this volume (Table 3). At 6
hours, part of the hyaloplasmic glycogen was mobilized.
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Fig. 2. a. Immunogold labelling for PKA RIIa subunits of a control rat hepatocyte at the age of 6 hours. Two lysosomes (arrows) with immunogold
particles (arrowheads) are seen. One of the particles is associated with the delimiting membrane of lysosome: another is in close vicinity to this
membrane. Bar: 0.5µm. b. Immunogold labelling for PKA RIIa subunits of a propranolol-treated rat hepatocyte at the age of 6 hours. A lysosome
(arrow) with one immunogold particle (arrowhead) is seen. No particle is seen on the delimiting membrane of lysosome. Bar: 0.5 µm. 

Fig. 1. a. Portion of a control rat hepatocyte at the age of 6 hours. Several autophagic vacuoles (arrows) usually containing negligible quantities of
undigested glycogen, are seen. Bar: 0.5 µm. b. Portions of two propranolol-treated rat hepatocytes at the age of 6 hours. An autophagic vacuole
(arrow) containing a moderate quantity of undigested glycogen, is seen. Bar: 0.5 µm.

1a 1b

2a 2b



The fractional volume of hyaloplasmic glycogen was
reduced (Kotoulas and Phillips, 1971; Maintas et al.,
1993). Numerous large, oval or irregular, autophagic
vacuoles often exceeding 1 µm in diameter, appeared.
Their fractional volume was increased. They were
usually located at the margins of hyaloplasmic glycogen
areas and contained small or moderate quantities of
undigested glycogen. Lysosomal glycogen occuppied a
small part of their volume (Kotoulas and Phillips, 1971;
Table 3 and Fig. 1a).

The administration of propranolol produced no
significant change in the hyaloplasmic glycogen at the
age of 6 hours. The normal postnatal lysosomal changes
were largely inhibited. Autophagic vacuoles were fewer
and smaller than in the controls and often appeared less
than 1 µm in diameter. Their fractional volume was
decreased. They were round, oval or irregular. A larger
fraction of the volume of autophagic vacuoles was
occupied by undigested glycogen, as compared to the
controls (Table 3, Fig. 1b). Preliminary experiments with
immunogold labelling for the RIIa subunits of cyclic
AMP-dependent protein kinase (PKA), showed gold
particles over various cell constituents such as
lysosomes, peroxisomes, endoplasmic reticulum and
hyaloplasm. Gold particles in contiguity with the
delimiting membrane of lysosomes, were counted. The
staining intensity of RIIa subunits was reduced in the
delimiting membrane of lysosomes of the propranolol-
treated animals (controls, 1.20±0.23 particles per µm of
membrane profile, propranolol-treated, 0.83±0.18
particles per µm of membrane profile, n=15, p<0.05).
Immunogold particles in the vicinity to the delimiting
membrane, were not counted. However, such particles
may also belong to oblique sections of this membrane
(Fig. 2a,b). 
Discussion

Mammalian liver glycogen is accumulated at the end
of gestation. Vast reserves of the polysaccharide are
present in the hyaloplasm of hepatocytes at birth. They
are progressively mobilized during the first 12 hours
after birth. This is due to glucagon secretion and tissue
cyclic AMP elevation (Kotoulas and Phillips, 1971;
Maintas et al., 1993). Cyclic AMP also promotes the
sequestrational step of hepatocytic autophagy and
increases the lysosomal glycogen-hydrolyzing (but not
the maltose-hydrolyzing) activity of acid glucosidase
(Kotoulas, 1986; Kotoulas et al., 1991; Kalamidas et al.,
1994; Holen et al., 1996). Autophagic vacuoles are few
and small at birth and a large part of their volume (37%)
is occupied by glycogen. They increase in number and
size during this period of postnatal glycogen
mobilization. Lysosomal glycogen-hydrolyzing activity
of acid glucosidase is low at birth but increases
thereafter (Kotoulas and Phillips, 1971; Kotoulas et al.,
1971; Kotoulas, 1981; Kalamidas et al., 1994).

Autophagic vacuoles can selectively degrade
glycogen in cases where there is a demand for the

massive liberation of glucose, as in this postnatal period
(Rosenfeld, 1964; Kotoulas and Phillips, 1971; Pfeifer,
1971; Kalamidas and Kotoulas 2000b). Formation of
autophagic vacuoles is spatially and biochemically
related to the breakdown of glycogen in newborn
hepatocytes. These organelles are not distributed
randomly throughout the cell but are predominantly
found at the junction of glycogen areas with glycogen-
free areas (Kotoulas and Phillips, 1971; Kalamidas and
Kotoulas, 2000b). 

At the age of 6 hours, the autophagic vacuoles
became large and numerous. Despite the fact that their
volume was markedly increased as compared to the
birth, the volume of lysosomal glycogen in the cell was
not proportionally increased. This was apparently due to
the concomitant lysosomal glycogen degradation. Only a
small part (23%) of the volume of autophagic vacuoles
was occupied by undegraded glycogen. Lysosomal
glycogen-hydrolyzing activity of acid glucosidase was
increased as compared to the birth. 

Glycogen breakdown in lysosomes could be
inhibited by the inhibition of formation of autophagic
vacuoles or/and by the inhibition of degradation of
polysaccharide inside these organelles. Autophagic
vacuoles in the propranolol-treated animals, at the age of
6 hours, did not reach their normal number and size.
Despite the fact that the volume of these organelles was
reduced, the volume of lysosomal glycogen in the cell
was not reduced. This was apparently due to the
inhibition of lysosomal glycogen degradation. A large
part (34%) of the volume of autophagic vacuoles was
occupied by undegraded glycogen. Moreover, lysosomal
glycogen-hydrolyzing activity of acid glucosidase was
decreased. Autophagic vacuoles in the treated animals
were to some extent, morphologically and biochemically
similar to those at birth (Kotoulas and Phillips, 1971;
Kotoulas, 1981; Kalamidas et al., 1994; Kalamidas and
Kotoulas, 2000b). These results with propranolol, a beta
adrenergic antagonist which lowers tissue cyclic AMP,
support our previous studies suggesting that the
nucleotide regulates glycogen autophagy (Kotoulas,
1986; Kalamidas et al., 1994).

The decreased levels of liver cyclic AMP and cyclic
AMP-dependent protein kinase activity, produced by the
administration of propranolol, were apparently due to the
well known effects of this agent on the adenylate cyclase
and cyclic AMP accumulation in the liver (Hoffman and
Lefkowitz, 1996). Cyclic AMP-dependent protein kinase
is the major intracellular receptor for cyclic AMP.
Following propranolol administration, cyclic AMP
stimulus is removed and the dissociation of catalytic and
regulatory subunits of this kinase and their intracellular
translocation, are inhibited. 

The association of regulatory subunit RII with the
membranes of lysosomes and related structures, has been
previously reported (DeCamilli et al., 1986; Jungmann et
al., 1986; Griffiths et al., 1990). The functional
significance of RIIa subunit reduction on the delimiting
membrane of lysosomes, is obscure. The distribution of
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RII subunit may reflect, to a large extent, the distribution
of the type II holoenzyme. However, translocation
mechanisms for the RII and other subunits in a
nonstoichiometric relationship incompatible with the
transfer of holoenzyme, have also been proposed.
Dissociation of the RIIa subunit from membrane-
anchoring proteins may occur. Cyclic AMP dependent
protein kinase II (PKA II) is targeted to certain
subcellular compartments through binding to A kinase
anchoring proteins (AKAPs). Disruption of the RII
binding to the AKAP, may impair PKA II-dependent
effects on the lysosomal membrane. Changes in the
cyclic AMP-induced regulation of RIIa gene and
inhibition of the synthesis of RIIa protein due to the
decreased cyclic AMP tissue levels or changes resulting
from the altered degradation of PKA subunits due to the
persistently modified cyclic AMP levels, may also take
place. The propranolol-induced change in RIIa subunits
may reflect a modification in the signal transducing
mechanism influencing the lysosomal membrane
functions including calcium pump (Jungmann et al.,
1986; Griffiths et al., 1990; Spaulding, 1993; Skalhegg
and Tasken, 1997; Dell’Acqua and Scott, 1997;
Kalamidas et al., 2002). 

Cyclic AMP-dependent protein kinase stimulates the
activity of lysosomal calcium uptake pump and
promotes the accumulation of calcium into the
lysosomes (Lagast et al., 1984; Klempner, 1985). Hence,
the decreased activity of FMLP-inhibitable Ca2+-ATPase
including lysosomal calcium pump, observed in our
propranolol-treated animals, could be explained on the
basis of the cyclic AMP-antagonizing action of
propranolol. This agent may also exert a direct inhibitory
effect on this calcium pump (Griffiths et al., 1990;
Mackrill, 1999; Jan et al., 2000; Dash et al., 2001;
Almotrefi et al., 2001).

Accumulation of calcium in the lysosomes
influences lysosomal functions including glycogen
autophagy (Jeffrey et al., 1970; Kim and Klionsky, 2000;
Kalamidas et al., 2002; Inbal et al., 2002). Since cyclic
AMP promotes the normal postnatal development of
autophagic vacuoles, activity of glycogen-hydrolyzing
acid alpha 1,4 glucosidase and degradation of lysosomal
glycogen (Kotoulas, 1986; Kalamidas et al., 1994; Wang
et al., 2001), the antagonizing action of propranolol on
cyclic AMP, cyclic AMP-dependent protein kinase and
lysosomal calcium pump, could explain the inhibitory
effect of the drug on these lysosomal phenomena.
Parenteral glucose which prevents the postnatal
glucagon secretion and cyclic AMP tissue elevation or
insulin which opposes the action of glucagon, produces
similar results (Kotoulas, 1981; Maintas et al., 1993;
Kalamidas and Kotoulas, 2000b; Cheng et al., 2002). 

Propranolol-treated animals showed increased
activity of the important lysosomal enzyme acid
mannose 6-phosphatase. This could result from
decreased intralysosomal accumulation of calcium and a
modified extent of the formation of an endogenous
chelate. Parenteral glucose-treated animals also
exhibited increased acid mannose 6-phosphatase activity

(Arion and Nordlie, 1964; VandeWerve, 1989; Mithieux
et al., 1990; Kalamidas and Kotoulas, 2000b; Kalamidas
et al., 2002). 

Lysosomes exist in a dephosphorylation-competent
and dephosphorylation–incompetent state, depending on
the level of their acid mannose 6-phosphatase activity.
Cyclic AMP-induced autophagic vacuoles may belong to
a class of lysosomal organelles which contain decreased
levels of this activity. There are different functional
systems for targeting of acid hydrolases to cellular
organelles (Kornfeld, 1986, 1992; Griffiths et al., 1988;
Gonzalez-Noriega et al., 1989, 1993; Gonzalez-Noriega
and Michalak, 2001). Following the administration of
propranolol, acid hydrolases may predominantly be
delivered to classes of organelles containing increased
levels of acid mannose 6-phosphatase activity (Hugon et
al., 1970; Fischer et al., 1980; Sly, 1985; Einstein and
Gabel, 1991; Ma et al 1992; Bresciani and VonFigura,
1996; Kalamidas and Kotoulas, 2000a,b). 

Mannose 6-phosphate-hydrolyzing activity is very
similar in many respects to glucose 6-phosphate-
hydrolyzing activity. The latter activity is also present in
the lysosomes and autophagic vacuoles. These activities
may be due to one, common enzyme catalyzing
reversible transphosphorylation between mannose (6-
phosphate) and glucose (6-phosphate) (Arion and
Nordlie, 1964; Ockerman, 1965; Ericsson, 1969; Hugon
et al., 1970; Sakai et al., 1989). They are modulated by
calcium and the amplitude of calcium effect on each
activity may depend on the concentrations of this cation,
mannose 6-phosphate or glucose 6-phosphate
(VandeWerve, 1989; Ajzannay et al., 1993; Ajzannay
and Mithieux, 1996; Kalamidas et al., 2002). Changes in
these activities could modify the intralysosomal
composition in nonphosphorylated and phosphorylated
sugars, influence the transport of sugars through the
lysosomal membrane and participate in a transducing
mechanism in the regulation of lysosomal function
including lysosomal glycogen degradation (Wells et al.,
1981; Warren, 1989; Jonas et al., 1990; St-Denis et al.,
1995; Salehi et al., 1998; Michalak et al., 1999). 
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