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SUMMARY

Concentration-response relationships for norepinephrine-, angiotensin II-, and vasopres-
sin-stimulated changes in cell Ca2� content, phosphorylase activation, and cytosolic free
Ca2� and myo-inositol-P3 levels were examined in isolated hepatocytes. The specific
binding of radioligands to a1-adrenergic, vasopressin, and angiotensin II receptors was
also examined in rat liver plasma membranes.

Disparities occurred between the concentration-response curves for myo-inositol-P3
formation and the Ca2� and phosphorylase responses, with the greatest difference being
observed with vasopressin and the smallest with norepinephrine. It was also observed
that all three agonists produced the same maximum changes in phosphorylase, cell Ca2�,
and cytosolic Ca2�, but the maximum capacity of each agonist to generate myo-inositol-
P3 varied greatly and was correlated with the maximum receptor binding capacity. The
data indicated that a very small and submaximal elevation of myo-inositol-P3 was
sufficient to maximally elevate cytosolic Ca2� and activate phosphorylase. In addition,
the relationship between the accumulation of myo-inositol-P3 and the elevation of
cytosolic Ca2� was similar, irrespective of whether the agonist was norepinephrine,
angiotensin II, or vasopressin.

It is proposed that the large differences between the concentration-response curves for
myo-inositol-P3 formation and Ca2� and phosphorylase changes observed with vasopres-
sin and angiotensin II are due to the higher density of their receptors on liver cell plasma
membranes compared with a1-adrenergic receptors.

INTRODUCTION

Recently, a number of studies have provided experi-
mental evidence indicating a role for IP34 as a second
messenger for receptor-mediated, intracellular Ca2� mo-
bilization in liver and other tissues (Refs. 1-9; see Ref.
10 for review). While most investigators now favor such
a role for PIP2 breakdown and IP3 formation in the
action of those agonists that act by raising cytosolic Ca2�,
there have been several problems with the theory. One
problem relates to the Ca2� dependence of the IP3 re-
sponse. In our earlier studies (11), we observed that
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vasopressin-induced PIP2 breakdown in hepatocytes was
abolished by EGTA treatment and restored by Ca2�
readdition. More recently, the ionophore A23187 has
been found to stimulate IP3 formation in a Ca2�-depen-
dent manner (8). These observations give rise to the
possibility that PIP2 breakdown is the result rather than
the cause of Ca2� mobilization (11). However, another
explanation is that PIP2 breakdown requires Ca24, but is
not controlled by physiological changes in Ca2�.

Another problem is that the agonist concentrations
required to stimulate PIP2 hydrolysis and subsequent IP3
release are higher than those for Ca2� mobilization and
Ca2�-dependent physiological events (3, 8, 11-13). This
could be interpreted as indicating that PIP2 hydrolysis
and Ca2� mobilization are not causally related. On the
other hand, Michell and co-workers (12, 13) have sug-
gested that the presence of spare receptors for agonists
that mobilize Ca2� could explain the disparity.

In this study, the maximal binding capacities of a�-
adrenergic, ANG, and AVP receptors on liver plasma
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membranes have been measured. NE, ANG, and AVP
stimulation of Ca2� mobilization and phosphorylase ac-
tivation, which are presumably 1P3-dependent events,
have also been examined in hepatocytes incubated with
supra- and submaximal concentrations of hormone.

The concentration-response studies on 1P3 release and
other events confirmed the reported disparities between
the concentration-response curves for hormone-stimu-

lated 1P3 release and Ca2� mobilization or phosphorylase
a activation, which were greatest for AVP, intermediate
for ANG, and smallest for NE. Since those discrepancies
were in direct proportion to the relative receptor binding
capacities for these agonists as determined from radioli-
gand binding studies, it was concluded that the data are
compatible with the concept of spare receptors for Ca2�-
dependent events in liver cells. In addition, we showed
that the relationship between receptor-mediated changes
in 1P3 release and the subsequent mobilization of calcium
is similar for each of the agonists studied.

MATERIALS AND METHODS

Materials. Radiolabeled materials were purchased from New Eng-

land Nuclear. (-)-Norepinephrine bitartrate, Trizma, (±)-propranolol,

[8-argininejvasopressin, angiotensin II, bacitracin, bovine serum albu-

mm, penicillin K, and streptomyin sulfate were purchased from Sigma.

Quin-2/AM was obtained from Calbiochem. Phentolamine was from

CIBA-GEIGY Corp. Sprague Dawley rats were obtained from Harlan

Industries. Percoll was purchased from Pharmacia. Sources of other

materials have been described previously (8, 14, 15).

Methods for hepatocyte and liver plasma membrane isolation. Hepa-

tocytes (30-50 mg/ml) were isolated from the livers of male rats (180-

220 g) maintained on standard laboratory chow and water ad libitum

and incubated as described ( 14). Liver plasma membrane vesicles were

isolated using the rapid Percoll procedure of Prpic et al. (15). Isolated

membrane vesicles were resuspended in the hypotonic binding buffer

(see below), lysed by rapid freezing in liquid N2, and used immediately.

Protein content was determined by the method of Lowry et al. (16).

Dose-response curves on liver cells. Methods for the measurement of

phosphorylase a, [3HJ1P3 formation (in the presence or absence of 10

mM LiCl), total cell Ca2�, and cytosolic free Ca2F have been described

previously (8, 14, 17-19). All cell incubations were performed in trip-

licate, and duplicate samples were assayed. Experiments representative

of at least three are shown. All hormone solutions were prepared fresh

daily and diluted with 0.1% bovine serum albumin in 0.9% NaCl and

kept on ice until use. Propranolol (1 aiM) was added in all the experi-

ments with NE to eliminate possible effects mediated by f�-adrenergic

receptors.

Radioligand binding studies. Measurements of the specific binding

of [3Hjprazosin (80.9 Ci/mmol) to liver plasma membranes were per-

formed as described in detail elsewhere (20). The specific binding of

[3HJAVP (40-50 Ci/mmol) and [3H]ANG (45.9 Ci/mmol) to hepatic

plasma membranes (12-20 �g of protein/tube) was estimated as previ-

ously described (24-26). Briefly, the incubation mixture contained 50

mM Tris/HC1, (pH 7.4), 100 mM NaCI, 10 mM MgCl2, 1 mM EGTA, 1

mg/ml bacitracin, 1 mg/mI bovine serum albumin, and 0.05-29 nM [3HJ

AVP or [3H]ANG in a final volume of 200 �l. Following a 20-mm

incubation at 30’ (21-23), samples were diluted to 4.2 ml with ice-cold

solution containing 50 mM Tris/HC1 (pH 7.4 at 2’), 10 mM MgCl2, 0.1

mg/mi bovine serum albumin, 0.1 mg/mi bacitracin, and 1 mM EGTA

and rapidly filtered through 24-mm Whatman GF/C glass fiber filters

under vacuum. The filters were washed with an additional 8 ml of

dilution buffer within 10 sec of the initial dilution and transferred to

vials containing 10 ml of Beckman Ready-soiv EP, and the radioactive

content was measured in a Beckman LS-1800 liquid scintillation

counter. Nonspecific binding (typically 5-15% oftotal) was determined

in the presence of 10 �LM AVP for [3H]AVP binding or 10 �zM ANG for

[3HJANG binding (21-23). Nonspecific [3H]prazosin binding was de-

termined using 10 �tM phentolamine and was 7-30% of total binding.

Scatchard (24) plots ofall concentration-dependent radioligand binding

measurements were linear (i.e., r = 0.96-0.99).

Analysis of concentration-response and binding data. In order to

avoid the theoretical problems inherent in the use oflinearized binding

and concentration-response data (see Ref. 25 for review), all data from

concentration-response and binding experiments were calculated,

curve-fitted, and finally plotted as previously described in detail (20)

using the mathematical modelinglaboratory computer program, MLAB

(26). The convergence factor for the sum of the squares (26) was less

than 0.001 for all of the curve fits shown.

RESULTS

Concentration-response relationships. Fig. 1 shows the
concentration dependencies for phosphorylase activa-
tion, cytosolic Ca2� elevation, Ca2� efflux, and 1P3 release
induced in hepatocytes by NE, ANG, and AVP. Peak
cytosolic Ca2� values were measured 0.1-2 mm after
hormone addition. The other parameters were measured
at 5 mm for convenience, although the values were very

similar to the peak values, as observed in other studies
(3, 8, 27). Ca24 efflux was measured by the decrease in
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FIG. 1. Dose responses of norepinephrine, angiotensin II, and vaso-

pressin on hepatocyte phosphorylase activation, Ca2� content, and myo-

inositol-P3 formation

Hepatocyte suspensions (2 ml) were incubated in 25-mi Erlenmeyer

flasks and continuously gassed with 02/C02 (95:5). At zero time and

after 5 mm of incubation with hormones, samples were removed for

the measurement of total cell Ca2� (0) and phosphoryiase a activity

(�) as described in “Materials and Methods.” The amount of [3H]1P3

in (#{149})cells previously incubated with [3HJmyo-inositol was measured

at 0 and 5 mm in the presence of 10 mM LiCl as described in “Materials

and Methods.” Each value is the mean from triplicate incubations and

is representative of at least four separate experiments. For the mea-

surement of changes in cytosolic Ca2� (x), control and Quin-2-loaded

hepatocytes were prepared as described previously (19). The maximum

change in fluorescence (�mV . see) induced by a given concentration of

agonist was measured, with correction for the small changes (due to

pyridine nucleotide fluorescence) occurring in control, i.e., not Quin-2-

loaded, cells. The concentration of free cytosolic calcium was calculated

as previously described (36). Each value is the mean from three to four

different cell preparations assayed in duplicate.
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total cell Ca2�: this decrease comes about because Ca2�

mobilized from internal stores by agonists enters the

cytosol and is then extruded from the cell due to the
action of the plasma membrane Ca2�-ATPase pump (8,

18, 19, 28). Propranolol (1 tiM) was included in the
experiments with NE to eliminate a possible contribution
to phosphorylase activation mediated by �3-adrenergic

receptors. In other experiments (not shown), the addition
of 1 zM prazosin completely abolished the effects of 10
nM to 1 .zM NE on 1P3, Ca2� efflux, and cytosolic Ca2�
(see below), indicating that these were mediated by a�-
adrenergic receptors. In any event, norepinephrine was
chosen as the a1-adrenergic agonist in these studies to

minimize interaction with the hepatic $-adrenergic re-
ceptor, which is of the 132 subtype and is much less
responsive to norepinephrine than epinephrine (29).
Measurements of cAMP (not shown) revealed no in-

creases with ANG or AVP.
As shown in Fig. 1, each hormone exhibited similar

ECsc values for stimulation of Ca2� efflux, elevation of
cytosolic Ca2�, and phosphorylase activation. In contrast,
as observed in previous studies (3, 8),� the concentration-
dependence curves for hormone-stimulated release of IP3
consistently lay to the right. For example, the ratio of
the ECsc for hormone-stimulated IP3 formation to that
for the other responses studied simultaneously on the
same batch of cells was 2.5-3.9 for NE, 17-30 for ANG,
and 52-53 for AVP. Another feature observed was that,
while each of the agonists studied produced the same

maximal increase in cytosolic Ca2� (Fig. 2), cellular Ca2�
efflux (Table 1), and phosphorylase a (Table 1), the
maximal IP3 release was different depending on the
agonist studied (Table 1). For instance, supramaximal
concentrations of NE consistently elicited the smallest
release of 1P3, whereas ANG released an intermediate
amount, and the largest release was observed with vaso-

pressin.

In the preceding studies, Li� was included to increase
the accumulation of 1P3 induced by the agonists (3, 8)
and thus improve the measurements at low agonist con-
centrations. However, the inclusion of Li’ did not sig-
nificantly alter the ECsc values for each agonist on 1P3
formation (Table 2). Li� also does not alter the ECsc
values for these agonists on cytosolic Ca2� or phospho-
rylase a (8). As expected, the 1P3 levels achieved with
maximally effective concentrations of agonists were less
in the absence of Li� (Table 1). However, the order of
efficacy of the agonists on 1P3 remained the same as in

5 In the study of Thomas et al. (3), it is shown that when the rates

ofphosphorylase activation, cytosolic Ca2� elevation, and IP3 formation

are plotted as a function of vasopressin concentration, the Ca2� and

1P3 curves are superimposable, whereas the phosphorylase curve lies to

the left. However, when their data are plotted in terms of absolute

changes the pattern shown in Fig. 1 emerges. Since substantial time

lags (up to 44 sec) are observed before low concentrations of agonists

begin to elevate cytosolic Ca2� or phosphorylase a (R. Charest, P. F.

Blackmore, and J. H. Exton, unpublished observations), the basis upon

which the rates reported by Thomas et al. (3) were calculated and hence

the resulting conclusions are unclear. In the present study, measure-

ments were made at times when maximum values were obtained in

order to eliminate this problem.

FIG. 2. Changes in cytosolic free calcium following stimulation of

isolated hepatocytes with norepinephrine, vasopressin, or angiotensin II

Control and Quin-2-loaded hepatocytes were prepared as described

previously (2). NE (1 SM), AVP (10 nM), or ANG II (10 nM) was added

at 0.5 mm. The results are presented as the change in fluorescence

( �mV . sec) from the time of hormone addition. The concentration of

free cytosolic calcium was calculated as described in detail elsewhere

(19). Each tracing is the mean from two different cell preparations

assayed in duplicate.

TABLE 1

Hormone-stimulated phosphorylase a� Ca�� efflux, and [3HJmyo-

inositol-P3 in isolated hepatocytes

All parameters were measured during the 5-mm period following the

addition of saline control or supramaximal concentrations of agonist

as described in “Materials and Methods.” Basal amounts are not

subtracted from the values shown in this table.

NE

(10 ��M)

ANG

(0.1 kiM)

AVP

(0.1 �M)

Phosphorylase a

(units/g wet

wtr 23.7 ± 0.6 19.9 ± 0.2 21.5 ± 0.7

Total cell Ca2’

(nmol/mg wet
�b 0.24 ± 0.01 0.24 ± 0.06 0.25 ± 0.05

Radioactivity in

1P3, 10 mM LiCl

present (cpm/

ml cells)c 480 ± 9 653 ± 16d 78d

Radioactivity in

1P3, no LiC1

present (cpm/

ml cellsY 170 ± 10 273 ± 23d 430 ± 23”

a Basal phosphorylase a was 11.2 ± 0.3 unita/g wet weight.

b Basal cell Ca2� content was 0.35 ± 0.02 nmol/mg wet weight.

C Basal 1P3 release was 216 ± 4 cpm/mI of cells. Cell density was 45

mg wet weight/ml.
d Indicates a value significantly higher than NE value as determined

by Student’s t-test, p < 0.05.
e Basal 1P3 release was 120 ± 1 1 cpm/ml of cells.

the presence of Li’, i.e., AVP still produced the largest
increase and NE the smallest increase.

Radioligand binding studies. Michell and co-workers
(12, 13) have suggested that the differences in concentra-
tion dependence between AVP- and ANG-stimulated
PIP2 hydrolysis and IP3-dependent events may be the
consequence of a receptor reserve. Since in our experi-
ments the ratio between the ECse values for 1P3 release
and the other hormone events varied with the hormone
used, the spare-receptor hypothesis would predict that
the binding capacities for NE, ANG, and AVP would be
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6 C. J. Lynch and J. H. Exton, unpublished observations.

TABLE 2

Lack of effect of 10 mM LiCI on concentrations of hormones required

for half-maximal stimulation of 1P3 formation in hepatocytes

1P3 formation was measured as described in “Materials and Meth-

ods” in hepatocytes incubated for 5 mm with hormones at the concen-

trations shown in Fig. 1.

1P3 formation NE EC�

ANGII AVP

nM

-LiCl 160 ± 40 1.9 ± 0.4 1.3 ± 0.1

+LiC1 320 ± 140 1.3 ± 0.5 1.3 ± 0.2

o 10 20 300 10 20 30
(‘H)-ANG. II. nM (‘H)-AVP, nM

FIG. 3. Concentration-dependent specific binding of [3H]prazosin,

[3H]angiotensin II, and [3Hjvasopressin

Binding studies were performed and analyzed as described in “Ma-

terials and Methods” using 12-20 �g of membrane protein/tube. In

order to achieve bound/free radioligand ratios less than 5%, [3H]

prazosin binding was assayed in a 1250-�tl rather than 200-�d total

volume. The specific binding parameters determined and drawn by the

MLAB program (26) were: for [3H}prazosin, B,�1 = 1060 ± 18 fmol/

mg, K,, 0.068 ± 0.0058 nM; for [3H]angiotensin II, B� = 2088 ± 45

fmol/mg, K,, 1.22 ± 0.12 nM; and for [3H]vasopressin, B,,,�= 3121 ±

170 fmol/mg, K,, 0.98 ± 0.15 nM. Each panel shows an experiment

which is representative of four or more such studies, and each point is

the average of triplicate determinations.

different. In order to test this, concentration-dependent
specific binding to a1-adrenergic, ANG, and AVP recep-

tors was measured using liver plasma membranes. As
can be seen in Fig. 3, binding reached different maximal
levels for each of the agents tested. This pattern was

consistently observed using different batches of plasma
membranes and radioligands. Thus, a1-adrenergic recep-
tors, characterized using [3H]prazosin, exhibited the low-

est binding capacity; ANG receptors, studied with [3H]
ANG, showed an intermediate Bmax; while [3H]AVP bind-
ing exhibited the highest capacity. NE (100 jiM) com-

pletely inhibited the a1-adrenergic specific binding of 1
nM [3H]prazosin (data not shown). As presented in detail
elsewhere (20), the NE concentration-dependence inhi-
bition curves exhibit high and low affinity components
in the absence of guanine nucleotides, and a single low

affinity component in the presence of 0.2 mM guanyl-5’-

yl imidodiphosphate. Guanine nucleotides have similar
effects on AVP and ANG binding.6

Relationship between B,,,,,� for binding and concentra-

tion-dependent hormone responses. Fig. 4 indicates that
there was a very close correlation (r = 0.993) between
maximal agonist binding to membrane receptors and the

0
0 1000 2000 30011

Brnox,

fmol/mg protein

FIG. 4. Relationship between receptor binding capacities and the

release of IP3 stimulated by supramaxirnal concentrations of agonists in

the presence and absence of Li’

B,,,�values are in fmol/mg of liver membrane protein, and 1P3 release

is expressed as maximally stimulated release-basal release in cpm/ml

of cells during 5 mm in the presence (-) or absence (- - -) of 10 mM

LiCl (data from Table 1). The agonist concentrations for maximal

stimulation of 1P3 release were as follows: 0 and U, a1-adrenergic

receptor (10 MM NE); i� and A, angiotensin II receptor (0.1 �zM ANG);

0 and #{149},vasopressin receptor (0.1 �tM AVP).

FIG. 5. Relationship between 1P3 concentrations and free cytosolic

Ca2� levels

The ordinates from the curve-fitted line for free cytosolic Ca2’

increases (monitored with the fluorescent indicator Quin-2) from Fig.

1 are plotted against the ordinate from the curve-fitted line for [3HJ1P3

release for each of the agonists studied. The broken line (- - -) repre-

sents NE, the very short dashed line ( ) represents ANG, and the

solid line (-) represents AVP. The curves for NE and ANG are not

complete since maximum 1P3 release was less than that with AVP (Fig.

1).

maximal capacity of the receptors to generate 1P3 in
hepatocytes in the presence of Lit There was also a high

correlation coefficient (0.992) between these parameters

in the absence of Li�. Furthermore, half-maximal binding

was achieved with 1 nM ANG or AVP (Fig. 3) which was

very close to the EC50 for 1P3 generation (Fig. 1 and

Table 2). Likewise, the Kd for NE at the high affinity a�-

adrenergic binding site was 30-60 nM (20), which was

close to the EC50 for NE on IP3 formation (Fig. 1).

On the other hand, the relationships between IP3

concentration and free cytosolic Ca2� with different ag-
onists (Fig. 5) indicated that maximum activation of the

enzyme could be achieved with submaximal concentra-
tions of IP3 and that the relationship was not influenced

by the agonist employed. These facts suggest that the

IP3 generated in response to different agonists is equally
effective in raising cytosolic Ca2� and that a small in-

crease in IP3 (3-6% of AVP maximum) is sufficient to
half-maximally increase cytosolic Ca2t
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DISCUSSION

Several investigators have recently presented data sup-
porting the concept that 1P3 is a second messenger for
intracellular Ca2� mobilization in liver (for review see
Ref. 10). The evidence includes the finding that the
increase in IP3 induced by maximally effective concen-
trations of AVP or epinephrine occurs within 3-sec,
which is coincident with the increase in cytosolic Ca2�

(8). IP3 also releases Ca2� from saponin- and digitonin-
permeabilized cells from several tissues including liver
(1, 2, 4-7, 9) and from subcellular fractions enriched in
mitochondria or endoplasmic reticulum (2, 7, 9). These
fractions also show the largest loss of Ca2� in perfused
livers exposed to a1-adrenergic agonists, AVP, and ANG
(28). The half-maximally effective concentration of 1P3
to release Ca2� from permeabilized cells or isolated or-
ganelles is approximately 0.1 �tM (2, 9). This is within
the range estimated for cytosolic IP3 in liver cells (8).

The Ca2� released by IP3 is rapidly taken back up into
the organelles, due in part to the rapid dephosphorylation

of IP; to inactive myo-inositol bis- and monophosphate
(7).

In our experiments, stimulation of Ca2� efflux, cyto-

solic Ca2’ elevation, and phosphorylase activation by
each hormone typically displayed similar concentration
dependencies. In contrast, stimulation of IP3 formation

required higher hormone concentrations (Fig. 1). This is
in agreement with previous studies on the effects of AVP
and ANG on IP3 release and PIP2 hydrolysis (8, 11-13).

On the other hand, Thomas et al. (3) have claimed that
the initial rates of stimulated IP3 release, PIP2 hydrolysis,

and cytosolic Ca2� elevation induced by vasopressin show
similar concentration dependencies, while the rate of
phosphorylase activation is at least an order of magni-
tude more sensitive. However, as pointed out in Footnote
5, it is unclear how Thomas et al. (3) calculated some of
these rates since very large time lags are observed before

low concentrations of vasopressin initiate increases in
cytosolic Ca2� and phosphorylase a. Furthermore, the
accurate measurement of IP3 changes at very low agonist
concentrations is exceedingly difficult.

In addition to the concentration-response differences
shown in Fig. 1, the maximal amounts of IP3 released
with the hormones were very different (Table 1), in
agreement with previous studies on phosphatidylinositol
and PIP2 hydrolysis (12, 13, 30). On the other hand, the
changes in cell Ca2� content, cytosolic Ca2�, and phos-
phorylase a displayed similar Emax values.

The preceding findings might be interpreted as mdi-
cating that IP3 generation is secondary to or not involved
in Ca2� mobilization and subsequent events. Instead,

Michell and co-workers (12, 13) have suggested that they
are due to the presence of spare receptors for each
hormone. While this explanation is plausible, the binding
data presented by Michell’s group (12, 13) were taken
from cell binding studies performed by others (31), and
only data for [3H]AVP were presented. Additionally, the
explanation was based on hormone binding affinities
rather than maximal binding capacities measured at
equilibrium, and the hormone responses were measured
at considerably shorter times.

While comparisons between the EC50 values for ago-

nist binding to isolated membranes and those for re-

sponses in intact cells are often attempted (see for in-
stance Ref. 32), they may not be valid because AVP as
well as ANG and a1-adrenergic receptors may couple to
transducing (guanine nucleotide-binding) proteins which
alter receptor affinity for agonists, but do not affect Bmax

(20, 21, 23, 31, 33, 34). As noted above, GTP and its
analogues convert the high affinity a1-adrenergic specific
binding of NE to liver membranes (Kd = 30-60 nM) to
low affinity binding (Kd = 1-3 �M) (20). They also

increase the Kd values for ANG and AVP from 0.5-4 to
4-10 nM and from 0.5-2 to 1-11 nM, respectively (23, 31,
34). The Kd values for ANG and AVP binding to liver
membranes in the presence of the guanine nucleotides
are comparable to those for binding to intact hepatocytes
(23, 31) which are 30 and 15 nM, respectively.7 These
data suggest that the affinity of binding of ANG and

AVP to intact hepatocytes is influenced by endogenous
guanine nucleotides. To re-emphasize a point made
above, the effects of these nucleotides would influence

correlations based on the affinity of plasma membrane
receptors for agonists, but not those based on the maxi-

mum number of binding sites.
Another approach to the evaluation of spare receptors

involves the use of agents which irreversibly inactivate

the receptors such as phenoxybenzamine, which cova-
lently binds to a1-adrenergic receptors (see Refs. 35-37).
In this way, it is possible to lower and measure receptor

availability by radioligand binding while simultaneously
evaluating receptor-mediated responses. Previous studies

of this nature on liver (36) indicate a close relationship
between a1-adrenergic receptor density and responses to
a1-adrenergic agonists and suggest that the hepatic a�-

adrenergic receptor reserve is small. Similar studies have
not been done for ANG and AVP.

Another consideration in the present study is the

chemical nature of the 1P3 generated by agonists in the
absence or presence of Lit Essentially all reported stud-
ies in liver (1, 2, 7, 8) and other tissues have assumed
this to be myo-inositol-1,4,5-P3 since this is the active
isomer for Ca2�’ mobilization (38), and the only phospha-
tidylinositol bisphosphate reported in mammalian tis-
sues so far is phosphatidylinositol-4,5-P2. Furthermore,
the separation and quantitation of the different 1P3 iso-
mers are extremely difficult and time-consuming, and
only one reported study has attempted to characterize
the 1P3 accumulated in response to agonists (39). This

study of carbachol-stimulated IP3 formation in parotid
glands indicated that myo-inositol-1,3,4-P3 accumulated

along with myo-inositol-1,4,5-P3. However, the source of
the myo-inositol-1,3,4-P3 was unclear, and it could have
been derived from the myo-inositol-1,4,5-P3 by isomeri-
zation during the 15-mm incubation. If other forms of
IP3 besides myo-inositol-1,4,5-P3 also accumulate in liver
because of isomerization, this would not alter the major
conclusions of this study unless the agonists differen-
tially affected the isomerization, i.e., altered the propor-
tion of myo-inositol-1,4,5-P3 in the total 1P3. As shown

7 Corresponding whole cell binding studies have not been reported

for NE.

 at U
niversidade do E

stado do R
io de Janeiro on D

ecem
ber 5, 2012

m
olpharm

.aspetjournals.org
D

ow
nloaded from

 

http://molpharm.aspetjournals.org/


8 This finding also argues against the possibility that the agonists

differentially stimulate the breakdown of other PIP2 isomers besides

phosphatidylinositol-4,5-P,.
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in fig. 5, the effectiveness of IP3 as a stimulator of
cytosolic Ca2� elevation appeared to be the same regard-

less of the agonist employed to generate it.8

As noted in “Results,” Li� increased the accumulation
of IP3 in response to the three agonists used, but did not
alter the concentration-response curves for the agonists

on cytosolic Ca2� elevation and phosphorylase activation.
At first sight, these facts would appear to be at odds with
the conclusion that the IP3 concentration controls the
cytosolic Ca2� level and consequently phosphorylase ac-
tivation. A possible explanation could be that the eleva-
tion in IP3 attributable to Li� is due to an increase in an
isomer(s) other than myo-inositol-1,4,5-P3. In support of

this explanation is the observation that Li� does not
inhibit the rat liver phosphatase which degrades myo-

inositol-1,4,5-P3 (40). If, in fact, the increase in 1P3
induced by Li’ were due to the accumulation of an
isomer(s) which does not mobilize intracellular Ca2�, this
would account for the failure of Li4 to alter the concen-
tration dependence for agonists on cytosolic Ca2’ and
phosphorylase. Such an effect of Li� would also explain
why the concentration dependence for agonists on 1P3 is

not altered by Li’ (Table 2), if it is again assumed that
the other isomer(s) is derived from myo-inositol-1,4,5-
P3. As illustrated in Fig. 4, the inclusion of Li� in some

of the experiments of the present study does not alter
the conclusion that maximum receptor occupancy and

maximum IP3 generation are correlated, but it obviously
alters the quantitative relationship between these two
parameters.

The major conclusions from our study are that, for
NE, ANG, and AVP in liver, there is a close correlation
(r = 0.993, Fig. 4) between receptor number and the

capacity for generation of IP3, which is the putative
second messenger for intracellular Ca2� mobilization, and
that maximal Ca2� mobilization and the resultant acti-
vation of phosphorylase can be elicited by submaximal
concentrations of 1P3. These conclusions suggest that the
disparity between the concentration-response curves for
hormone-stimulated phosphorylase a or Ca2� efflux and

IP3 release may be due at least in part to receptor reserve.
However, further experiments, e.g., with compounds
which irreversibly inactivate AVP and ANG receptors,
will be required in order to prove this hypothesis. The
data of Fig. 5 indicate that a very small increase of IP3
(approximately 20%) in liver cells is sufficient to fully
mobilize intracellular Ca2� and fully activate phospho-
rylase. They also indicate that the relationship between
IP3 release and Ca2� mobilization is independent of the

type of receptor which mediates these responses. The
data of Fig. 4 suggest that this elevation of 1P3 can be
achieved with occupancy of a small fraction of the total
number of receptors for any of the agonists tested.
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