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Characterization of the effects of adenosine 5'-[3-thio]-
diphosphate in rat liver
'Stefaan Keppens, Ann Vandekerckhove & H. De Wulf

Afdeling Biochemie, Campus Gasthuisberg, Fakulteit Geneeskunde, Herestraat 49; B-3000 Leuven, Belgium

1 In rat liver cells micromolar concentrations of adenosine 5'-[P-thio]diphosphate (ADPPS), activate
glycogen phosphorylase by an adenosine 3': 5'-cyclic monophosphate (cyclic AMP)- independent
mechanism.
2 As with adenosine 5'-triphosphate (ATP), ADPPS also inhibits the rise in cyclic AMP after glucagon.
3 Cytosolic Ca2+ measured in single cells is rapidly increased with a pattern similar for ADPPS and for
ATP.
4 At variance with ATP, ADPPS hardly increases inositol 1,4,5-trisphosphate (1P3) levels.
5 Phorbol myristic acetate, which inhibits only slightly the glycogenolytic effect of ATP, almost
completely abolishes this effect of ADPPS.
6 With adenosine 5'-_[p[35S]thio]diphosphate (ADppV5S]) as radioligand, we detected specific purinocep-
tors on rat liver plasma membranes. Binding consists of a major binding component with KD = 0.7 yTM
and B. = 51 pmol mg' of protein, probably mediating the activation of glycogen phosphorylase, and
a minor high affinity, low capacity binding component with no obvious function.
7 It is concluded that the differences in biological effects between ATP and ADPPS may involve
different receptors and/or different transduction mechanisms and that ADPp[35S] can be used to detect
the specific binding sites for ADPPS.
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Introduction

In isolated hepatocytes of the rat, extracellular adenosine
5'-triphosphate (ATP) and adenosine 5'-diphosphate (ADP)
are able to activate glycogen phosphorylase, which is
associated with a rapid increase in inositol 1,4,5-trisphos-
phate (IP3) levels and intracellular Ca2+(Keppens & De Wulf,
1985; Charest et al., 1985; Sistare et al., 1985; Okajima et al.,
1987). The purinoceptor agonists ATP and ADP, like the
other Ca2'-dependent agonists (vasopressin, angiotensin II
and the al-adrenoceptor agonists) also inhibit the glucagon
(Keppens & De Wulf, 1985) and forskolin (Okajima et al.,
1987)-induced rise in adenosine 3':5'-cyclic monophosphate
(cyclic AMP) levels.
The rank order of potency of several ATP-analogues in

activating glycogen phosphorylase (Keppens & De Wulf,
1985) pointed to the presence of P2y-purinoceptors according
to the basic nomenclature of Burnstock & Kennedy (1985)
(ATP = ADP>af-methylene-ATP, P,y-methylene-ATP). Us-
ing adenosine 5'-[a-[35S]thio]triphosphate (ATNm[35S]) as a
radioligand, we have characterized the purinoceptors on rat
liver parenchymal cells and plasma membranes (Keppens &
De Wulf, 1986), in human liver plasma membranes (Keppens
et al., 1989) and in plasma membranes of rabbit and guinea-
pig liver (Keppens et al., 1990) and shown that the detected
binding site corresponds to a P2y-type of purinoceptor,
mediating the glycogenolytic effect. Extracellular UTP
induces glycogenolysis in rat hepatocytes in a manner very
similar if not identical to ATP, suggesting that both agonists
bind to the same receptor (Keppens et al., 1992). On the
other hand, important differences in biological effects
between 2-methylthio adenosine triphosphate (2MeSATP),
known to be the most potent P2y-agonist in several tissues,
and ATP have been demonstrated in rat liver cells (Keppens
& De Wulf, 1991). Although 2MeSATP is indeed more
potent in activating glycogen phosphorylase than is ATP,
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thereby fitting the P2Y-classification, the following results, at
variance with those obtained with ATP, suggest that
2MeSATP probably binds to another type of P2-purino-
ceptor: (a) IP3-levels are hardly increased; (b) no anti-
glucagon effect on cyclic AMP levels could be detected; (c)
addition of phorbol myristic acetate totally blocked the
activation of phosphorylase. Therefore rat liver, like other
cell types (O'Connor et al., 1991; O'Connor, 1992), may
contain a heterogeneous 'mixed' receptor population with the
following rank order of potency for glycogenolysis: 2Me-
SATP>ATP = ADP = UTP.

In turkey erythrocytes, adenosine 5'-[P-thio]diphosphate
(ADPps) activates a guanine nucleotide-sensitive phos-
pholipase C with a severalfold increase in inositol phosphates
(Boyer et al., 1989; Martin & Harden, 1989; Berrie et al.,
1989). Cooper et al. (1989) used adenosine 5'-_[p[3i]thio]-
diphosphate (ADPP[35SJ) as radioligand to study the P2y-
receptors present on turkey erythrocyte plasma membranes.

This study was undertaken to evaluate the use of ADPPS
and ADPp[35S] as suitable agonist and radioligand for the rat
liver P2y-purinoceptors.

Methods

We used male Wistar-strain albino rats (200-250 g body
weight) that were fed ad libitum.

Liver cells were isolated and incubated in a Krebs-
Henseleit bicarbonate buffer equilibrated with O2/CO2 (19:1,
v/v) as previously described (Vandenheede et al., 1976) but
without bacitracin. Liver plasma membranes were prepared
according to the method of Pilkis et al. (1974) with slight
modifications (Keppens & De Wulf, 1985). The plasma mem-
branes were kept at - 80C until use.

Glycogen phosphorylase activity was determined as des-
cribed by Vandeheede et al. (1976).

Cyclic AMP and IP3 were measured with a competitive
protein-binding technique, the former (Gilman, 1970) by
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using an assay kit from the Radiochemical Centre (Amer-
sham, Bucks, U.K.) and the latter as described by Bredt et
al. (1989) with slight modifications (Keppens et al., 1992).

Intracellular Ca2" was estimated by Fura-2 fluorescence.
Cells were loaded with the acetoxymethylester of Fura-2 by
incubation of hepatocytes, 0.5 to 1 x 106 cell ml-', in a solu-
tion containing (mM): NaCl 118, KCl 4.7, KH2PO4 1.2,
MgSO4 1.2, NaHCO3 25, glucose 10, glutamate 4.5, pyruvate
5, HEPES 20 and CaCl2 2 pH 7.4 and supplemented with 1%
bovine serum albumen (BSA), 0.05% pluronic acid, 10pM
Fura-2-AM and 0.5% dimethylsulphoxide at 30'C for about
20 to 30min. The cells were then extensively washed and
transferred into a Petri dish with a thin glass bottom, lightly
coated with polylysine. The dish was mounted on a micro-
scope (inverted Nikon Diaphot), equipped with a dual excita-
tion microspectrofluorimetric system (Newcastle Photometric
System). Fura-2 was alternately excited at 340 and 380 nm
and emission fluorescence was collected at 510 nm. Measure-
ments were performed at room temperature. [Ca2+], was
calculated from the ratio of fluorescence according to the
equation [Ca21] = KD*B*(R-mR,,,,,)/R,,,-R) (Grynkiewicz et
al., 1985), with KD = 224 nM, B the ratio of the fluorescence
signals obtained by illuminating the cells at 380 nM taken at
0 (EGTA) or saturating Ca
bromo A23187). R represent
R.a and R.,,,, are the rati(
calcium respectively. The a
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exceeded 12% of the total binding. Analysis of the binding
parameters was done with the computer programme
'Enzfitter' (Leatherbarrow, 1987) or with the fitting facilities
of the graphic package Fig.P, used for drawing the figures.

Materials

ADPPS (adenosine 5'-[P-thio]diphosphate) was from Boeh-
ringer, Mannheim (Germany), ADPP[35S] (adenosine 5'-[P-
[35S]thio]-diphosphate; specific activity 45.9 TBq mmol',
1240 Ci mmol') was purchased from New England Nuclear,
Du Pont-NEN Research products, Brussels (Belgium). ATP,
phorbol 12-myristic 13-acetate, ionomycin and collagenase
type 1 were from Signa Chemical Co., St. Louis, MO
(U.S.A.). Fura 2AM, pluronic acid and 4-bromo A23187
were from Molecular Probes Inc., Eugene, OR (U.S.A.).
[3H]-inositol-(1,4,5)-trisphosphate was from Amersham Inter-
national, Amersham, Bucks. (U.K.). The sources of other
chemicals have been given previously (Keppens et al., 1989).

Results

2+-concentrations (ionomycin, 4- We first compared some biological effects of ATP and
ts the ratio at any time whereas ADPPS in rat hepatocytes in order to check whether the
os obtained at saturating, zero latter behaves as a P2-purinceptor agonist.
tutofluorescence never exceeded Figure 1 shows the kinetics of ADPPS on the activation of
f a Fura-loaded cell and was glycogen phosphorylase and on the inhibition of the cyclic
uorescence. AMP rise after glucagon. Phosphorylase is already maximally
fied liver plasma membranes was activated after 30s and declines afterwards. The anti-
method described for ATPN[S] glucagon effect proceeds more slowly (maximum after about
1985). Briefly, ADPP[35S] was 2min) but lasts longer. This is identical to what has been
plasma membranes ( ± 0.6 mg of found for ATP (Keppens & De Wulf, 1985). The dose-
ibound ligand were separated by dependent activation of phosphorylase (Figure 2a), estimated
F/A filter. Non-specific binding 30s after the addition of increasing concentrations of
e of an excess of ADP and never ADPIS, reveals a Ka (half-maximal activation constant) value

of - 1 JAM as was also obtained earlier with ATP (Figure 2a,
dashed line, Keppens & De Wulf, 1985). The anti-glucagon
effect of ADPPS is also similar to that of ATP (Figure 2b)
with a Ki of about 20 tiM, indicating that higher concentra-
tions are needed to suppress the glucagon effect than to
activate phosphorylase. Like ATP, ADPPS on its own does
not influence cyclic AMP levels (not shown).

Since Ca2+ is proposed to be the main second messenger
used by the P2-purinoceptor agonists, we studied the rise in
cytosolic Ca2 . The experiments were performed on single
hepatocytes to avoid the possibility that differences might be
masked in whole cell suspensions. The cells were loaded with
Fura 2 and superfused with 2p1M ADPPS or 2 1AM ATP. A
typical result is illustrated in Figure 3. The overall pattern of
the Ca2"-mobilization after the addition of both agonists is
very similar. A rapid elevation in cytosolic Ca2+can be
detected, reaching a maximal value and then declining to a
plateau, which persists as long as ATP or ADPPS is present.
However, it should be noted that occasionally, some cells,
clearly responsive to ATP, did not mobilize Ca2+ when
superfused with ADPPS (not shown).

Next, we examined the generation of IP3 by either agonist
2 3 4 in the hepatocytes. Earlier studies (Charest et al., 1985; Kep-

Time (min) pens et al., 1992) revealed that higher concentrations of ATP
t of adenosine 5'-[B-thioJdiphosphate are needed to increase IP3 (KIP=40 iM) than to activate
hosphorylase and of its inhibition of phosphorylase and that the IP3-rise is very rapid (maximal
epatocytes were preincubated at 37C after 5 s) and transient. However, when using ADPPS, it was
For the activation of phosphorylase found that only very high concentrations could augment

cd. Enzyme activity was determined at IP3-levels. Figure 4 shows the levels of IP3, 5 s after 100 JAM
is expressed as percentage of effect. ATP or 100 gM ADPPS had been added. Clearly, ADPPS is
a (10 ± 4 mu mg-' of protein) were far less able to generate the second messenger. It was checked
f protein (100%) after 30 s. For the that for ADPPS, a maximal response was also reached within
crease (@), cells were first challenged 5 s. We checked that a 10 fold excess of ADPPS over ATP did

dratthe indiAtedPtmepoSiwntsedBasanl not inhibit the rise of IP3 normally observed after ATP (two
7pmolmg' protein) were increased independent experiments, data not shown).
100%) 2 mg after glucagon. Values To compare ATP and ADPPS further, we studied the effect
(n = 4). of phorbol myristic acetate (PMA). PMA is known to in-
I I
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crease the Ka value of phosphorylase activation after ATP
(Keppens & De Wulf, 1991 and Figure 5b) about 2-3 fold.
However, when used against ADPPS (Figure 5a), the activa-
tion of the enzyme was almost completely abolished.

In a further series of experiments, we examined the binding
of ADPp[35S] to liver plasma membranes. Figure 6 illustrates
the time-dependent association pattern for three different
concentrations of ADPp[35S] and the dissociation of bound
ligand induced by the addition of an excess of ADP. The
association, fitting a first order equation, is rapid and an
apparent equilibrium is reached in about 2 min. From the
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FIgure 2 Dose-dependent effects of adenosine 5'-[0-thio~diphosphate
(ADP0S) and ATP on the activation of glycogen phosphorylase and
of the inhibition of the cyclic AMP increase. Rat hepatocytes were

preincubated at 37'C for 25 min with 10 mm glucose. (a) They were
then treated with increasing concentrations of ADPPS (0; solid line)
for 30 s. The dashed line represents the theoretical curve for ATP
with Ka= 0.7 gM (Keppens & De Wulf, 1985). (b) The cells were

challenged for 2 min with glucagon (20 nM) and then for 2 min with
ADPPS (0; solid line). The dashed line represents the curve for ATP
with K = 15 JAM (Keppens et al., 1991). Results are expressed as
percentage effect and are means ± s.e.mean. (n = 4). Lines drawn for
the activation of phosphorylase are computer generated using the
fitting facilities of the FigP programme or hand drawn for the
inhibition of cyclic AMP increases.

Time (s)

Figure 3 Increase of intracellular Ca'+after adenosine 5'-[L-
thio]diphosphate (ADPPS) and ATP in single hepatocytes loaded
with Fura 2. A single hepatocyte was loaded with Fura 2 and
superfused with buffer containing 2 gM ATP (a) or 2 jAM ADPPS (b)
during the time period indicated by the horizontal bar. Calcium
concentrations were calculated as described in Methods.
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Figure 4 Effects of adenosine 5'-[0-thio]diphosphate (ADP0S) and
ATP on inositol-(1,4,5)-trisphosphate (1P3)-levels in hepatocytes.
Hepatocytes were preincubated for 20 min at 37C with 10 mM
glucose. They were then challenged with 0.1 mM ADPPS or 0.1 mM
ATP. Samples for IP3-assay were taken 5 s later. Data shown are the
means ± s.e.mean of three independent experiments, each done in
triplicate. For ADP3S, the t test of independent data gave a P value
of 0.05.

binding date, a k+I (association rate constant) of 7.5 1AM-'
min' has been calculated. The dissociation is also rapid with
a k- (dissociation rate constant) of 3.5 min'. The ratio of
both kinetic constants yields a dissociation constant KD of
about 0.5 lAM. However, the dissociation is not complete and
the reversibility of the binding but not the dissociation rate
decreases with time. For the direct determination of the
dissociation constant, different concentrations of the radio-
ligand were incubated with plasma membranes for 1 min. We
limited the incubation time to 1 min since at that time
equilibrium is nearly obtained and reversibility is still more
than 60% (Figure 6). Figure 7 shows the dose-dependent
binding of ADP[p35S] to liver plasma membranes and the
inset represents the Scatchard plot of the binding data. There
is one major binding component with a Bm. value of
51 pmol mg-' of protein and with a dissociation constant KD
of 0.7 AM, a value close to the one deduced from the kinetic
experiments. There is also a second but minor binding com-
ponent with a Bmix of 2.3 pmol mg-' of protein and a dis-
sociation constant in the nanomolar region (7 nM).

Discussion

ADPPS, the nonhydrolysable analogue of ADP, has been
shown to elicit a P2Y-purinoceptor-mediated response in
plasma membranes of turkey erythrocytes. The agonist is
even more powerful than ATP in stimulating inositol phos-
phate formation via a G-protein-dependent-phospholipase C
(Boyer et al., 1989; Berrie et al., 1989) and could be used as a
desensitizing agent for the enzyme (Martin & Harden, 1989).
Moreover, the radioactive compound ADPP[35S] radiolabelled
specifically the P2y-purinoceptor binding sites (Cooper et al.,
1989). It was therefore of interest to investigate the usefulness
of ADPPS and ADPP[5S] as, respectively, a P2y-purinoceptor
agent and radioligand for rat liver.

Firstly, the biological effects of ADPPS were compared
with those of ATP. The results lead to distinct conclusions.
The kinetics and dose-dependencies of the activation of
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Figure 5 Effect of phorbol treatment of hepatocytes on the activa-
tion of glycogen phosphorylase by adenosine 5'-[P-thio]diphosphate
(ADP0S) or ATP. Hepatocytes were first preincubated for 20 min at
37°C with 10mm glucose and for another 10min with either 1%
dimethyl-sulphoxide (0) or phorbol myristic acetate (1.6 LM) dis-
solved in DMSO (c). Afterwards, increasing concentrations of
ADPPS (a) or ATP (b) were added. Control values of phosphorylase
were 9.64 ± 1.59 mu mg- I of protein. Results shown are the mean of
three independent experiments. Lines drawn are computer generated,
using the fitting facilities of the FigP programme.

glycogen phosphorylase (Figure 1 and Figure 2a) and of the
inhibition of the increase in cyclic AMP levels after glucagon
(Figure 1 and Figure 2b) as well as the increase in cytosolic
Ca2l (Figure 3) are almost identical for both agonists. These
data could be interpreted to mean that binding occurs at the
same P2Y-type of purinoceptor. This conclusion is however

10 4
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indicates that ADPPS interacts with poor affinity to the site
linked to the activation of phospholipase C, or, alternatively,
does interact with this site but produces only a partial effect.
In both cases, a small increase (possibly sufficient for full
activation of phosphorylase) is observed. In the latter case,
and assuming that the affinity of ADPPS is about 0.7 gM (see
later), one would expect ADPPS to inhibit the rise of IP3
normally observed after ATP. We did not observe such an

0o \ Ad inhibition, suggesting that ADPPS, as also proposed for
2MeSATP (Keppens & De Wulf, 1991) binds to other P2-
purinoceptors, different from the classical P2y-receptor. It is

O0 Ye however very unlikely that ADPPS and 2MeSATP activate
the same binding site: indeed, in contrast to ADPPS (Figure
lb,2b), 2MeSATP is not able to suppress the cyclic AMP-rise
after glucagon (Keppens & De Wulf, 1991).

I& Xv AdThe overall conclusion from our results with ADPPiS is
A I/that this agonist may bind to a third type of P2-receptor in

rat liver parenchymal cells. This is in contrast with the
situation in turkey erythrocytes in which ADPPS, like
2MeSATP, is a very powerful P2y-purinoceptor agonist
(Boyer et al., 1989; Berrie et al., 1989; Martin & Harden,
1989). Apparently, the liver plasma membrane contains a

l complex mixture of P2-purinoceptors with different affinities
0.0 0.5 1 1.5 2 2.5 3 for different analogues. Alternatively, other transducing

Time (min) mechanisms could be triggered.
Okajima et al. (1987) demonstrated that for a series of

Association-dissociation pattern for the binding of purinoceptor agents, all activating phosphorylase and in-
:5'-_[[35S]thio]diphosphate (ADPp[35S]) to rat liver plasma hibiting the cyclic AMP-rise after forskolin treatment, two

es. Plasma membranes (0.6 mg of protein ml-') were groups of agonists could be distinguished. One group, includ-
with 130 nM (0), 65 nM (*) or 32 nM (A) ADPp[35S]. An ing GTP and ADP, exhibits similar abilities to that of ATP
ADP (0.1 mM) was then added at the indicated times i * l
Specific binding is plotted as a function of time. Values incrasing inositolphosphate levels, whereas a second roup
e means (n = 3 for the association and n = 2 for the dis- including a,-methylene-ATP and ~,-methylene-ATP affectse means (n 3 for the association and n 2 for the dis-

only slightly inositol lipid metabolism. According to this
classification, ADPPS would then belong to the second group
of agonists.
The technique of recording Ca2"-concentrations in single

cells allows detection of differences at the cellular level. The
fact that some cells, although sensitive to ATP, did not
respond to ADPPS, could indicate that not all hepatocytes
possess ADPPS-binding sites. Dixon et al. (1990) found
differences between ATP and ADP in mobilizing intracellular
Ca2" in single cells. These authors obtained oscillations with
clearly different frequencies for ATP and ADP and suggested20 the presence of two Ca2'-mobilizing purinoceptors.

> ( zv16 In the first part of this study, we have tentatively con-
cluded that there are specific binding site(s) for ADPPS on

/I 12-
rat hepatocytes. The question then arose whether ADPp[35S]

' 8- * could be used for further characterization of these site(s).
m 4 * From Figure 6 it is clear that although the binding is not

[ S **. fully reversible, the radioligand rapidly and specifically
06 1o0 304 05 0 interacts with the liver plasma membrane receptor(s). A dis-

Bound sociation constant of about 0.7 laM could be derived from the
, kinetic experiments as well as from the equilibrium binding1.0 0.5 1.0 1.5 2.0 2.5 data (Figure 7). This binding component exhibits a KD-value

Free (gM) very close to the half-maximal activation of phosphorylase

Dose-dependency of specific adenosine 5'-_[-[35S]thio]- (Ka= 1 AM) by ADPIIS and may therefore mediate the
ate (ADPp(35S]) binding to rat liver plasma membranes. Rat glycogenolytic effect of the agonist. The role for the minor
ma membranes (0.6mg of protein ml-') were incubated binding component with a KD of 7 nM, derived from the
indicated concentrations of APDP[35S]. Specific binding was equilibrium binding study and representing about 5% of the
L after 1 min; the values are given as means ± s.e.mean total binding, is not obvious since no biological effect of
rhe inset shows the Scatchard plot of the binding data. ADPPS is observed at or below that concentration.

ADPP[35S] thus seems to be a suitable radioligand for
detecting the binding sites mediating the biological effects of
ADPPS in rat liver cells, bearing in mind that these sites

;istent with other results. Indeed, in contrast to ATP differ from those used by ATP as well as by 2MeSATP.
but similar to 2MeSATP (Keppens & De Wulf, 1991; see also
Introduction), which is also a powerful glycogenolytic agent,
we found that ADPPS generated IP3 only very moderately,
even at very high concentrations, and that PMA almost
completely counteracted its glycogenolytic effect. This either

This work was supported by the Belgian F.G.W.O. We thank G.
Cumps for skillful technical assistance and M. Coppens for
secretarial help.

7.2

4-EC0
_l 5.4

E
EXL 3.6
'a
c

0

m 1.8

Figure 6
adenosine
membrane
incubated
excess of
(arrows).
shown ar(
sociation)

50-

a)40-
0
a.

I- 30-6
E
.5

E 20-
CL

o 10-

0-

0

Figure 7
diphosph;
liver plas
with the i
measured
(n = 5). 1

not cons

9.0



668 S. KEPPENS et al.

References

BERRIE, C.P., HAWKINS, P.T., STEPHENS, L.R., HARDEN, T.K. &
DOWNES, C.P. (1989). Phosphatidylinositol 4,5-bisphosphate
hydrolysis in turkey erythrocytes is regulated by P2y-purino-
ceptors. Mol. Pharmacol., 35, 526-532.

BOYER, J.L., DOWNES, C.P. & HARDEN, T.K. (1989). Kinetics of
activation of phospholipase C by P2y purinergic receptor agonists
and guanine nucleotides. J. Biol. Chem., 264, 884-890.

BREDT, D.S., MOUREY, R.J. & SNYDER, S.H. (1989). A simple,
sensitive and specific radioreceptor assay for inositol 1,4,5-
trisphosphate in biological tissues. Biochem. Biophys. Res. Com-
mun., 159, 976-982.

BURNSTOCK, G. & KENNEDY, C. (1985). Is there a basis for distin-
guishing two types of P2-purinoceptor? Gen. Pharmacol., 16,
433-440.

CHAREST, R., BLACKMORE, P.F. & EXTON, J.H. (1985). Charac-
terization of responses of isolated hepatocytes to ATP and ADP.
J. Biol. Chem., 260, 15789-15794.

COOPER, C.L., MORRIS, A.J. & HARDEN, T.K. (1989). Guanine
nucleotide-sensitive interaction of a radiolabeled agonist with a
phospholipase C-linked P2y-purinergic receptor. J. Biol. Chem.,
264, 6202-6206.

DIXON, C.J., WOODS, N.M., CUTHBERTSON, K.S.R. & COBBOLD,
P.H. (1990). Evidence for two Ca2+-mobilizing purinoceptors on
rat hepatocytes. Biochem. J., 269, 499-502.

GILMAN, A.G. (1970). A protein binding assay for adenosine 3':5'-
cyclic monophosphate. Proc. Natl. Acad. Sci. U.S.A., 67,
305-312.

GRYNKIEWICZ, G., POENIE, M. & TSIEN, R.Y. (1985). A new genera-
tion of Ca2+ indicators with greatly improved fluorescence pro-
perties. J. Biol. Chem., 260, 3440-3450.

KEPPENS, S. & DE WULF, H. (1985). P2-purinergic control of the liver
glycogenolysis. Biochem. J., 231, 797-799.

KEPPENS, S. & DE WULF, H. (1986). Characterization of the liver
P2-purinoceptor involved in the activation of glycogen phos-
phorylase. Biochem. J., 240, 367-371.

KEPPENS, S. & DE WULF, H. (1991). Characterization of the
biological effects of 2-methylthio-ATP on rat hepatocytes: clear-
cut differences with ATP. Br. J. Pharmacol., 104, 301-304.

KEPPENS, S., VANDEKERCKHOVE, A. & DE WULF, H. (1989). Char-
acterization of purinoceptors present on human liver plasma
membranes. FEBS Lett., 248, 137-140.

KEPPENS, S., VANDEKERCKHOVE, A. & DE WULF, H. (1990). Char-
acterization of the purinoceptors present in rabbit and guinea pig
liver. Eur. J. Pharmacol., 182, 149-153.

KEPPENS, S., VANDEKERCKHOVE, A. & DE WULF, H. (1992). Extra-
cellular ATP and UTP exert similar effects on rat isolated
hepatocytes. Br. J. Pharmacol., 105, 475-479.

LEATHERBARROW, R.J. (1987). Enzfitter, a Non Linear Regression
Data Analysis Program for the IBM PC. Amsterdam, The
Netherlands: Elsevier Science Publications BV.

MARTIN, M.W. & HARDEN, T.K. (1989). Agonist-induced desensitiza-
tion of a P2y-purinergic receptor-regulated phospholipase C. J.
Biol. Chem., 264, 19535-19539.

O'CONNOR, S.E., DAINTY, I.A. & LEFF, P. (1991). Further subc-
lassification of ATP receptors based on agonist studies. Trends
Pharmacol. Sci., 12, 137-141.

O'CONNOR, S.E. (1992). Recent developments in the classification
and functional significance of receptors for ATP and UTP,
evidence for nucleotide receptors. Life Sci., 50, 1657-1664.

OKAJIMA, F., TOKOMITSU, Y., KONDO, Y. & UI, M. (1987). P2-
purinergic receptors are coupled to two signal transduction
systems leading to inhibition of cyclic AMP generation and to
production of inositol trisphosphate in rat hepatocytes. J. Biol.
Chem., 262, 13483-13490.

PILKIS, S.J., EXTON, J.H., JOHNSON, R.A. & PARK, C.R. (1974).
Effects of glucagon on cyclic AMP and carbohydrate metabolism
in livers from diabetic rats. Biochim. Biophys. Acta, 343,
250-267.

SISTARE, F.D., PICKING, R.A. & HAYNES, R.C. Jr. (1985). Sensitivity
of the response of cytosolic calcium in Quin-2-loaded rat
hepatocytes to glucagon, adenine nucleosides and adenine
nucleotides. J. Biol. Chem., 20, 12744-12747.

VANDENHEEDE, J.R., KEPPENS, S. & DE WULF, H. (1976). The
activation of phosphorylase b kinase by glucagon. FEBS Lett.,
61, 213-217.

(Received July 15, 1992
Revised October 16, 1992

Accepted October 22, 1992)


