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Frequency and amplitude enhancement of calcium transients by
cyclic AMP in hepatocytes
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Interactions between signalling pathways such as the cyclic AMP and the Ca2+/phosphatidylinositol pathway may occur
and be of major relevance in the regulation of cell function. We demonstrate here that cyclic-AMP-dependent mechanisms
cause a marked increase in frequency and peak free Ca2+ of al-receptor-induced Ca2+ transients in single hepatocytes and
lower the threshold for al-receptor agonists. Adrenaline at low physiological concentrations generates al-receptor-
induced Ca2+ transients, which requires activation of the fi2-receptor signalling pathway. We conclude that an interaction
between the al-receptor signalling pathway and cyclic-AMP-dependent mechanisms activated by fl2-receptor occupation
is crucial to elicit a complete adrenergic response to adrenaline at physiological concentrations in rat hepatocytes.

INTRODUCTION

In many cell types two major systems to transduce signals
across the cell membrane, the cyclic AMP and the Ca2l/
phosphatidylinositol pathway, co-exist [1]. Cells under physio-
logical conditions are exposed to a variety ofhormones activating
different signalling pathways at the same time. Interactions
between these pathways are therefore of major importance in the
regulation of cell function. In the liver the release of glucose is
stimulated by both cyclic AMP and Ca2+ [2]. Catecholamines
such as adrenaline and noradrenaline act on two different
adrenoceptors, the a,-receptor and the ,82-receptor, to stimulate
glucose release from the liver [2]. The a1-receptor activates the
phosphatidylinositol pathway, thereby causing repetitive Ca2+
transients in single liver cells [3], whereas the fl2-receptor stimu-
lates cyclic AMP formation. Adrenaline, and to a lesser degree
noradrenaline, activate both adrenoceptor types. Interactions
between the signalling pathways may occur and may be important
in the adrenergic regulation of liver glucose production. Results
from previous reports using cell populations suggest a synergistic
effect of cyclic-AMP-mediated mechanisms on hepatic Ca2+
mobilization [4-7].

MATERIALS AND METHODS

Single hepatocytes were isolated and injected with the photo-
protein aequorin as previously [3,8], and the free-Ca2+ changes
were recorded by photomultiplier measurements of aequorin
luminescence. The experimental medium was Williams' Medium
E (Flow Laboratories) gassed with C02/air (1:19) at 37 'C. All
substances used were added to this medium. Adrenaline, phenyl-
ephrine, phentolamine, propranolol and dibutyryl cyclic AMP
were from Sigma, Poole, Dorset, U.K., and forskolin was from
Calbiochem, Nottingham, U.K.

RESULTS

As shown in Figs. 1 and 2, the a1-agonist phenylephrine
induced repetitive Ca2+ transients, as reported previously [3,8].
Dibutyryl cyclic AMP, a cell-permeant analogue of cyclic AMP,
at concentrations of 1-100 #M increased frequency and peak free

Ca2+ of the transients generated by phenylephrine in 9 out of 9
cells (Fig. 1). The concentrations of dibutyryl cyclic AMP
required to induce a maximum response varied from cell to cell,
and like all lipophilic substances dibutyryl cyclic AMP could be
expected to accumulate in single cells during the perfusion.
Therefore no dose-response curve was obtained. The frequency
of the free-Ca2+ oscillations induced by concentrations of phenyl-
ephrine that were just above threshold were increased by di-
butyryl cyclic AMP (1-100 /M) to the maximum stable frequency
induced by az-adrenergic stimulation (approx. 2 min-1). Typically
3-4-fold increases in frequency were obtained. Dibutyryl cyclic
AMP increased the average peak free calcium by up to 50% (e.g.
from 780 to 1220 nM; P = 0.0003). Subtle (approx. 40%) but
statistically highly significant (P < 0.00001) increases in spike
length (defined here as residence time of Ca2+ above 300 nM) were

induced by dibutyryl cyclic AMP [e.g. from 5.0 + 0.6 s (n = 29) to
7.2 + 1.6 s (n = 17)]. The combined effect of increased transient
amplitude and duration was a 2-3-fold increase in aequorin
counts per spike, which indicates the likely scale of the relative
increase per transient in the activation of native Ca2+-effector
proteins resulting from maximal activation of protein kinase A.
Dibutyryl cyclic AMP (100 #M) given alone had no effect on the
cytosolic free Ca2+ (results not shown).
To test whether intracellularly formed cyclic AMP had the

same effect, the action of forskolin, which directly activates
adenylate cyclase, on phenylephrine-induced Ca2+ transients was
examined. As shown in Figs. 2(a) and 2(b), forskolin, like
dibutyryl cyclic AMP, increased frequency and peak free Ca2+
of the transients. This was observed at concentrations of 1

and 10 /SM. These concentrations are known to be sufficient
to stimulate adenylate cyclase. This increase in frequency and
peak free Ca2+ was slowly reversible over several minutes after
forskolin had been washed off (Fig. 2b). Forskolin (1 #M) could
increase transient frequency approx. 2-fold to near maximum
(approx. 1.5 min-'). Forskolin induced relative increases in
transient amplitude (10-20%), duration (15-40%) and total
aequorin counts (50 %), which were somewhat less than those
induced by dibutyryl cyclic AMP. Where this could be resolved
from the data, the rate of free-Ca2+ rise during the transient
upstroke (estimated by linear regression) was also increased by
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Fig. 1. Aequorin signals from single rat hepatocytes calibrated as free Ca2"

(nM) exposed to phenylephrine (Phe) and dibutyryl cyclic AMP
(dbcAMP)

Dibutyryl cyclic AMP at 1 Mm (a) and 100 #M (b) increased frequency
and peak height of phenylephrine-induced Ca2" transients. Rep-
resentative tracings are shown of 3 (a) or 5 (b) independent
experiments. Duration of exposure to phenylephrine or dibutyryl
cyclic AMP is indicated by the horizontal bars. Time constants for
the plot were 10 s for resting levels and 1 s for the transients.

1 4uM-forskolin [e.g. from 379 + 70 nM/s (n = 14) to 540 + 87 nM/s
(n = 12); P = 0.00003]. Forskolin (1-50 /tM) given alone had no

effect on cytosolic free Ca21 (results not shown). This contrasts
with some previous reports where dibutyryl cyclic AMP,
forskolin, or agonists which stimulate cyclic AMP formation,
caused a moderate increase in cytosolic Ca2+ in suspensions of
liver cells [9-11].

Since dibutyryl cyclic AMP and forskolin clearly potentiated
the a -adrenoceptor-induced Ca2+ response, a possible influence
of cyclic-AMP-mediated mechanisms on the threshold for
phenylephrine-induced Ca2l transients was investigated. When
cells were perfused with sub-threshold concentrations of phenyl-
ephrine (0.1-0.5 #M), confirmed by the absence of Ca2+ trans-
ients for a 10 min perfusion period, the addition of forskolin
(10 1tM) sensitized the al-receptor pathway sufficiently to initiate
the production of Ca2+ transients (Fig. 2c). This was reversible
when forskolin was removed from the perfusion medium (Fig.
2c).

The physiological catecholamine adrenaline caused Ca2+ trans-
ients similar to those with phenylephrine, but was more potent
(Fig. 3). The frequency of the transients was dependent on the
concentration of adrenaline. The threshold concentrations for
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Fig. 2. Aequorin signals plotted as free Ca2" (nM) from single hepatocytes
exposed to phenylephrine (Phe) and various concentrations of
forskolin

Time constants were as for Fig. 1. (a, b) Forskolin caused an increase
in frequency and in the peak height of each phenylephrine-induced
Ca2" transient. This was reversible, as shown in (b). (c) A sub-
threshold concentration of phenylephrine did not induce any Ca2"
spikes. In the presence of forskolin, however, the same concentration
was sufficient to elicit Ca2" transients. This was reversed by removing
forskolin from the perfusion medium. Representative tracings are
shown from 3 (a), 6 (b) and 6 (c) independent experiments.

adrenaline-induced Ca2+ transients were 5-10 nm. Higher adren-
aline concentrations (50-100 nM) produced transients every
20-30 s. These concentrations are in the physiological range
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Fig. 3. Aequorin signals from single rat hepatocytes plotted as free Ca2"
(nM) exposed to phenylephrine and adrenaline in presence or absence
of propranolol

(a) Adrenaline at a physiological concentration (10 nM) caused Ca2"
transients which were identical with phenylephrine (Phe)-induced
ones. The addition of a sub-threshold concentration of phenyl-
ephrine (0.1 LM) to adrenaline (10 nM) further increased the
frequency of the Ca2" transients. (b) fl-receptor blockade with
propranolol (1 /M) prevented adrenaline from having any effect on
cytosolic Ca2". After propranolol had been washed off for several
minutes, a low concentration of adrenaline was sufficient to cause
Ca2" transients. Representative tracings of 8 (a) or 7 (b) independent
experiments are shown (time constants were as in Figs. 1 and 2).

occurring under stress conditions, when glucose release from the
liver is stimulated by catecholamines such as adrenaline [12]. The
transient durations were indistinguishable from those of phenyl-
ephrine-induced Ca2+ transients. Ca2+ transients caused by adren-
aline were blocked by the a-adrenoceptor blocker phentolamine,
indicating that adrenaline induced Ca2+ transients by activating
the a -adrenoceptor pathway in hepatocytes (results not shown).
Furthermore, sub-threshold concentrations of phenylephrine
(0.1 /LM) were effective at speeding up the adrenaline-induced
Ca2+ transients (Fig. 3a). Since we had demonstrated that cyclic-
AMP-mediated mechanisms potentiated and sensitized the a.-
adrenoceptor pathway, we used propranolol, a f-receptor
blocker, to investigate the potential role of the fl2-receptor in the
activation of the cxz-receptor pathway by adrenaline at low
agonist concentrations. As shown in Fig. 3(b), in the presence of
propranolol (1 uM) a low concentration of adrenaline did not
cause any Ca2+ transients. In contrast, high concentrations of
adrenaline (100-500 nM) were still effective in producing free-

Ca2+ oscillations under these conditions (results not shown).
After propranolol had been washed off, the same low con-
centration of adrenaline induced Ca2+ transients (Fig. 3b). This
indicates that adrenaline at a low physiologically occurring
concentration (10 nM) only activates the al-receptor pathway
when the f82-receptor pathway is stimulated simultaneously. The
results above suggest that this involves a cyclic-AMP-dependent
mechanism.

DISCUSSION

It is now widely accepted that frequency-modulated repetitive
Ca2+ transients rather than amplitude-modulated sustained in-
creases in cytosolic Ca2+ constitute the intracellular signal acti-
vated by many Ca2+-mobilizing hormones [13]. Previous reports
from cell populations suggested a synergistic interaction between
cyclic-AMP-dependent mechanisms and Ca2+-mobilizing hor-
mones in hepatocytes [4-7,14,15]. Here we demonstrate for the
first time that cyclic-AMP-dependent mechanisms potentiate
the intracellular Ca2+ signal in response to an ai-adrenoceptor
agonist by increasing both the frequency of Ca2+ transients and
the peak free Ca2+ of each transient in individual hepatocytes.
There are several points of interaction which could possibly lead
to an increase in frequency and peak free Ca2+ of the transients.
We suggest that phosphorylation of the a -adrenoceptor by
cyclic-AMP-dependent protein kinase A leads to a higher affinity
or efficiency of the receptor, and hence faster pulses at sub-
maximal agonist concentrations and a lower threshold for
agonists to generate Ca2+ transients. Likewise, cyclic-AMP-
dependent phosphorylation of the Ins(1,4,5)P3 receptor could
increase its affinity or efficiency, leading with the same amount of
Ins(1,4,5)P3 generated during each tran$ient to an increase in the
amplitude of the Ca2+ transients. Indeed, both, aL-adrenoceptors
[16] and Ins(1,4,5)P3 receptors [17] possess sites for phosphoryl-
ation by cyclic-AMP-dependent protein kinase A. It has been
shown that binding of cxl-agonists to plasma membranes of liver
cells is increased by cyclic-AMP-dependent mechanisms, sug-
gesting that this is a major site of interaction between the two
signalling pathways [4]. Phosphorylation of the Ins(1,4,5)P3
receptor has been shown to inhibit, rather than potentiate, Ins-
(1,4,5)P3-induced Ca2+ release in the cerebellum [18]. However,
organization, control and distribution of Ins(1,4,5)P3 receptors
may well be different in other cell types. Whether cyclic-AMP-
dependent phosphorylation of Ins(1,4,5)P3 receptors potentiates
Ins(1,4,5)P3-induced Ca2+ mobilization in hepatocytes remains to
be shown. Such potentiation might be by a change in threshold
or kinetics as well as by a change in affinity or activity.
According to the 'two-pool' model [13,19,20], cytosolic free-

Ca2+ oscillations are generated by an Ins(1,4,5)P3-independent
Ca2+ pool 'overloaded' by release of free Ca2+ from the
Ins(l,4,5)P,-dependent pool. Therefore, an increase in
Ins(1,4,5)P3 formation, or a potentiation of its action by phos-
phorylation of its receptor or the associated Ca2+ channel,
would result in an increase in the frequency of Ca2+ transients
indistinguishable from that induced by an increase in agonist
concentration. However, changes in the peak height and the
kinetics of each transient induced by cyclic-AMP-dependent
mechanisms could only be explained by changes in characteristics
of the putative Ins(1,4,5)P,-independent pool.

According to models for the generation of Ca2+ transients
published by this group [8,13,21], phosphorylation, and thereby
increasing the activity of G-proteins (guanine-nucleotide-binding
proteins) and phospholipase C, by protein kinase A could also
increase the frequency, amplitude and duration of free-Ca2+
transients, for example by decreasing the rate of G-protein
inactivation, by increasing the interaction between G-proteins
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and phospholipase C, or by increasing the activity of phospho-
lipase C itself. In experiments with liver cells, using AIF3 to
stimulate G-proteins directly, cyclic-AMP-dependent mechan-
isms have been reported to potentiate AlF3-induced Ca2+ mobil-
ization as well as Ins(1,4,5)P3 formation [22]. This points to a site
of interaction proximal to the hydrolysis of phosphatidylinositol
4,5-bisphosphate at the level of G-proteins or phospholipase C.
However, there is some controversy as to whether in response to
agonist stimulation the formation of Ins(1 ,4,5)P3, orjust cytosolic
Ca2+, is potentiated by cyclic-AMP-dependent mechanisms
[4-6,14,15,22]. Establishing the sites of cyclic AMP action will
provide further insight in the mechanism involved in the gen-
eration of Ca2+ transients.
On hepatocytes there are at least two adrenoceptor subtypes

present coupled to the cyclic AMP or Ca2+-signalling pathway.
Both receptors stimulate the release of glucose. In this study we
demonstrated that at low physiological concentrations adrenaline
generated a -receptor-induced Ca2+ transients in individual
hepatocytes. This required the activation of the cyclic-AMP-
forming ,82-receptor pathway, indicating that an interaction
between the cyclic AMP and the Ca2+-signalling pathway is
crucial for the adrenergic regulation of hepatocyte function
under physiological conditions at a single-cell level. The under-
lying mechanisms appear to be cyclic-AMP-mediated, and may
involve the same sites of interaction as discussed above. Fur-
thermore, the present results clearly demonstrate that the two
signalling pathways in single hepatocytes which are responsible
for the stimulation of glucose release from the liver in response
to adrenergic stimulation synergize not only in the activation of
phosphorylase b kinase [2] but also in the transmembrane Ca2+
signal. Whether similar synergistic interactions between two
signalling pathways arq required for the regulation of cell
functions at physiological agonist concentrations in other cell
types where different adrenoceptor subtypes are present and
synergize in their action [2] or inmother hormonal systems remains
to be shown.
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