
Abstract We studied the effects of adrenergic agents on
the five main cell types of the rat anterior pituitary by
monitoring the changes of the cytosolic free [Ca2+]
([Ca2+]i) in single cells that were identified by multiple
sequential primary immunocytochemistry at the end of
the Ca2+ measurements. Adrenaline (100 nM) increased
[Ca2+]i in 30% of the cells. Responses were most promi-
nent in somatotrophs and corticotrophs (40–65% of the
cells responded) whereas the other three cell types, lacto-
trophs, thyrotrophs and gonadotrophs, gave poorer re-
sponses. Selective agonists and antagonists revealed 
the presence of both α1- and β-adrenergic receptors. 
α1-Receptors dominated in corticotrophs, β-receptors in
somatotrophs. The α1-adrenergic responses increased
with culture of the cells. The β-adrenergic responses
were mediated by cAMP and consisted of stimulation of
Ca2+ entry through L-type voltage-gated channels. Stim-
ulation of α1-receptors released Ca2+ from intracellular
stores in corticotrophs and induced cAMP-independent
Ca2+ entry in somatotrophs. The effects of α1-agonists
were additive with those of the releasing factors growth
hormone-releasing hormone (GHRH) and corticotropin
releasing factor (CRF) whereas those of the β-agonists
were not. Our results suggest that direct effects of plas-
ma catecholamines on AP cells may contribute to the
hormonal response to stress.
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Introduction

In 1947, Long proposed that circulating adrenaline could
stimulate adrenocorticotropic hormone (corticotropin,
ACTH) secretion, thus reinforcing the response to stress
[23]. It was reported later that adrenaline induces secre-
tion of ACTH [15, 27, 39, 45] and that stress increases
the catecholamine content of hypophysial portal blood
[18, 24, 34, 44]. However, later results of in vivo experi-
ments in different species and using different adrenergic
agonists are conflicting (see [2]). The interpretation of
such results is complicated because of possible actions at
two different targets, the hypothalamus and the own an-
terior pituitary (AP) cells, and mediation by different ad-
renergic receptor types.

In the corticotroph cell line AtT-20, β-adrenergic
stimulation induces expression of the pro-opiomelano-
cortin (POMC) gene and secretion of ACTH by a
cAMP-mediated mechanism [4, 5, 37]. Cell electrical ac-
tivity and Ca2+ entry are also stimulated by β-adrenergic
agonists [25]. The presence of β-adrenergic receptors has
been documented by immunocytochemistry of the AP
[31] and in rat corticotrophs [40]. Adrenaline and isopro-
terenol induce ACTH release in vivo and this effect is
blocked by the β-adrenergic antagonist propranolol [45].
Adrenaline also induces release of ACTH from cultured
AP cells [47], but this effect is not blocked by proprano-
lol [16]. In another study the ACTH response to β-adren-
ergic agonists was qualified as equivocal [32].

α1-Adrenergic receptor agonists induce oscillations of
cytosolic [Ca2+] ([Ca2+]i) and ACTH secretion in rat AP
cells in primary culture [17, 46] and in man in vivo [2].
However, α1-receptors have not been detected by autora-
diographic procedures in the intact AP [8, 13], suggest-
ing that the effect observed in vivo could be mediated by
the hypothalamus and that primary culture might favour
expression of α1-receptors [2].

Both α1- [26, 36, 41] and β- [20, 32, 41] adrenergic
agonists reportedly stimulate growth hormone (GH) se-
cretion from AP cells in primary culture. α1-Agonists in-
crease cell Ca2+ [30]; β-agonists increase cAMP produc-
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tion [10]. In humans, central α2-adrenoceptors increase
growth hormone-releasing hormone (GHRH) secretion
whereas β-adrenoceptors increase somatostatin secre-
tion, and this may by the cause of variable results in vivo
[2]. In dissociated goldfish pituitary cells the α2-receptor
agonists decrease both basal GH release [22] and secre-
tion evoked by either adenylate cyclase activators, pro-
tein kinase activators or Ca2+ ionophores [52]. Inhibitory
effects of α2-agonists have also been reported in ovine
pituitary cells [41] and in vivo, although it is not clear in
the latter case whether the effects were direct or mediat-
ed through the hypothalamus [2].

The results reported for regulation of the secretion of
other AP hormones are even more scarce and contradicto-
ry. α1-Agonists induce secretion of thyrotrophin (TSH)
and prolactin (PRL) in man, but this effect seems to be
mediated through the hypothalamus [2]. In cultured rat
cells, however, α1-agonists modulate TSH secretion [33,
43]. β-Agonists reportedly induce PRL secretion in vivo
and in pituitary cell aggregates [6, 7, 14, 37], although this
effect could not be confirmed in dissociated AP cells [32].
Modulation of luteinising hormone (LH) secretion by cat-
echolamines has been reported in the rabbit in vivo, al-
though no clear effects could be documented in humans
[2], perfused rat pituitary [19] or dissociated AP cells [32].

Immunocytochemistry and autoradiography have de-
monstrated the presence of β- but not α-adrenergic re-
ceptors in the AP [2, 8, 12, 13]. However, both α- and 
β-receptors can be detected in AP cells in primary cul-
ture [12, 31, 40], suggesting that adrenergic receptor ex-
pression may change during culture.

Ca2+ is a universal messenger for cell activation [9].
The increase of [Ca2+]i is the main trigger for regulated
exocytosis in many tissues, including the pituitary. An
increase in [Ca2+]i may be triggered by activation of
plasma membrane Ca2+ channels or by release of Ca2+

from intracellular stores [3, 9] and many of the regula-
tors of AP hormone secretion, including the hypothala-
mic releasing hormones, are known to act through one or
both of these pathways [11, 21, 28, 35, 38, 42]. In addi-
tion, Ca2+ also regulates long-term effects acting at the
gene expression level [9].

In the present study the effects of adrenaline and se-
lective α1- and β-adrenergic receptor agonists were stud-
ied systematically in freshly isolated rat AP cells and af-
ter 24 h in primary culture. Changes of [Ca2+]i were fol-
lowed at the single-cell level and used as an index of cell
activation. When [Ca2+]i changes were detected, the ori-
gin of Ca2+, either entry from the extracellular medium
or release from the intracellular stores, was investiga-
ted. Multiple sequential primary immunocytochemistry
(MSPI) was performed following the [Ca2+]i measure-
ments, this allowing classification of the cell responses
for the different AP cell types.

Materials and methods

AP cells were prepared from 8- to 10-week-old male Wistar rats as
described previously [48, 51] and grown in RPMI 1640 medium

containing 10% fetal calf serum over glass cover-slips coated with
poly-L-lysine (0.01 mg/ml, 10 min). After either 1 h (0 days in 
vitro, 0 DIV) or 24 h in culture (1 DIV), cell-coated cover-slips
were loaded with fura-2 by incubation with 4 µM fura-2/AM at
room temperature for 1 h. Measurements of [Ca2+]i and time-
resolved digital image analysis were performed as described be-
fore [1, 48, 51]. Experiments were performed at 37 °C. The stan-
dard incubation solution had the following composition (in mM):
NaCl, 145; KCl, 5; CaCl2, 1; MgCl2, 1; glucose, 10; sodium-
HEPES, 10, pH 7.4. Cells were perfused continuously at 2–3 ml/min
and test substances were added to the perfusion solutions.

At the end of the [Ca2+]i measurements, AP cells in the micro-
scope field were typed by MSPI using antibodies raised against pi-
tuitary hormones [1, 49, 50, 51]. The use of primary antibodies al-
lows fast processing, necessary for in situ analysis, and circum-
vents the cross-reactions that are unavoidable when using second-
ary antibodies with multiple primaries. In addition, as there is no
need to move the preparation during the procedure, image-pro-
cessing techniques can be used with MPSI to improve analysis.
Fluorescent antibodies were prepared from antisera provided by
the National Institute of Diabetes and Digestive and Kidney Dis-
eases and purified over a protein A-sepharose column [49, 51] and
the reaction times shortened as much as possible. Briefly, cells
were fixed with 4% paraformaldehyde in phosphate-buffered sa-
line (PBS) for 10 min, permeabilized with 0.3% Triton X-100 in
PBS for 3 min and washed with PBS for 5 min. Then, 10% goat
serum in PBS was added. After 5 min the antibody against one of
the AP hormones, labelled with Oregon green 488, was added 
and the incubation continued for 15–30 min. After washing, a flu-
orescence image was captured (excitation, 490 nm; emission,
>510 nm) with the image processor. The process was repeated
with a second and a third fluorescent antibody. Specific staining
with each antibody was obtained by subtracting from each image
the previous one. Finally, nuclei were stained with Hoechst 33258
(0.5 µg/ml, 10 min) and another fluorescence image was acquired
(excitation, 340 nm; emission, 450 nm). The image from the fluo-
rescently stained nuclei facilitated definition of cellular boundaries
in cells that were physically close. In routine experiments, anti-
bodies against ACTH, GH and PRL were used in this sequence.
This allowed definition of four cell types: ACTH+, GH+, PRL+
and the remainder, which must include thyrotrophs and gonado-
trophs.

For cAMP measurements, AP cells, plated at 5·105 cells/well,
were first incubated with standard incubation medium for 30 min
at 37 °C and then for 15 min with the adrenergic agonists. The in-
cubation period was terminated by addition of ethanol-EDTA.
cAMP was determined using the cyclic AMP [3H] assay system
kit (Amersham Ibérica, Madrid, Spain).

Antisera against rat prolactin (rabbit, AFP425-10-91) and 
GH (monkey, AFP4115) and anti-human ACTH (rabbit,
AFP39013082) were generous gifts from the National Hormone
and Pituitary Program, the National Institute of Diabetes and Di-
gestive and Kidney Diseases (NIDDK), the National Institute of
Child Health and Human Development and the US Department of
Agriculture, (Rockville, Md., USA). Furnidipine was a generous
gift from Laboratorios Alter (Madrid, Spain). Fura-2/AM and Ore-
gon green 488-isothiocyanate were purchased from Molecular
Probes (Eugene, Ore., USA). Other chemicals were obtained ei-
ther from Sigma (Madrid, Spain) or from E. Merck (Darmstadt,
Germany).

Results

Stimulation of AP cells with adrenaline (100 nM) in-
creased [Ca2+]i in some of the cells. Fig. 1 shows the 
averaged trace of all the cells responding to the agonist
present in the same microscope field (Fig. 1A) and the
traces corresponding to two individual cells (Fig. 1B 
and C). The increase of [Ca2+]i began a few seconds after
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stimulation and reached its maximum within about 20 s.
On washing the adrenaline out, [Ca2+]i returned to the
resting level and a second stimulation with the drug pro-
duced a similar effect. In a pool of 1640 cells studied in
20 different experiments, 590 (36%) cells responded to
adrenaline (a response being defined as ∆[Ca2+]i>50 nM
after stimulation with the agonist). Thus, our results indi-
cate that one out of every three cells in the AP possessed
functional adrenergic receptors. Since the AP cells used
in our routine experiments had been maintained in pri-
mary culture for 1 day (1 DIV), it could be argued that
culture conditions had promoted expression of adrener-
gic receptors not present in the intact gland. To address
this question, we repeated the experiments using freshly
isolated cells (0 DIV, see Materials and methods). In a
pool of 1376 cells analysed in ten different experiments
385 (28%) responded to adrenaline with an increase of
[Ca2+]i. These results indicate that the ability to respond
to adrenaline is a genuine property of a significant frac-
tion of AP cells and not an artefact induced by cell cul-
ture.

To investigate the mechanisms of the adrenaline-
induced [Ca2+]i increase we compared the effects ob-
tained in regular Ca2+-containing medium and in Ca2+-
free medium. The average [Ca2+]i response was very
much reduced by removal of extracellular Ca2+ (Ca0 in
Fig. 1A) and reappeared on Ca2+ addition. Furnidipine 

(1 µM), a dihydropyridine antagonist of L-type voltage-
gated Ca2+ channels [24], had much the same effect as
Ca2+ removal. Single-cell analysis showed that Ca2+ re-
moval abolished the response in 86% of the adrenaline-
sensitive cells (n=24) and furnidipine did so in 76%
(n=21). Figure 1 B and C illustrates both responses at the
single-cell level. Our results thus indicate that Ca2+ entry
through voltage-gated channels accounts for the increase
of [Ca2+]i induced by adrenaline in most of the respond-
ing cells. Adrenaline, however, is able to induce Ca2+ re-
lease from intracellular Ca2+ stores in a minor fraction of
cells.

To establish the type of adrenergic receptors involved
in the actions of adrenaline, the effects of the receptor-
selective agonists phenylephrine (α1) and isoproterenol
(β) were studied. Figure 2 compares the effects of adren-
aline (0.1 µM, Ad), phenylephrine (1 µM, Phe) and iso-
proterenol (1 µM, Iso). Figure 2A shows the averaged
trace of 15 adrenaline-sensitive cells present in the same
microscope field. Both α1- and β-agonists increased
[Ca2+]i. At the single-cell level all possible combinations
of receptors were found; some cells responded to both
agonists (Fig. 2B), while others responded only to iso-
proterenol (Fig. 2C) or to phenylephrine (Fig. 2D). In
4570 cells analysed in 40 different experiments 34% of
cells responded to phenylephrine, 24% to isoproterenol
and 12% (included in the previous two categories) re-
sponded to both. The use of selective antagonists con-
firmed the presence of α1- and β-receptors (Fig. 3). The
β-blocker propranolol selectively abolished the response
to isoproterenol (Fig. 3A) whereas the α1-blocker prazo-
sin selectively prevented the response to phenylephrine
(Fig. 3B). 

The α2-adrenoceptor agonist clonidine produced by
itself a small increase of [Ca2+]i in a minor fraction of
the cells. However, when given before isoproterenol or
phenylephrine it antagonized the increase of [Ca2+]i in-

Fig. 1A–C Adrenaline (Ad, 0.1 µM) increases cytosolic free
[Ca2+] ([Ca2+]i) in rat anterior pituitary (AP) cells. A Average of
28 adrenaline-sensitive cells present in the same microscope field
of view. The [Ca2+]i measured for each cell were added and divid-
ed by the number of cells. B, C Two representative single cells.
Ca2+-free medium (Ca0) contained 0.5 mM EGTA. The concentra-
tion of furnidipine was 1 µM

Fig. 2A–D AP cells possess α1- and β-adrenergic receptors. The
concentrations of adrenaline, phenylephrine (Phe) and isoprotere-
nol (Iso) were 0.1, 1 and 1 µM, respectively. A Averaged response
of 15 single cells. B–D Three representative single cells. Repre-
sentative of 19 similar experiments



837

duced by these agonists and this effect was reversed by
washing the agent out (Fig. 4). In 32 isoproterenol-sensi-
tive cells clonidine decreased the response, measured as
the mean (±SEM) peak ∆[Ca2+]i (∆[Ca2+]i,max), from
407±31 to 160±32 nM. In 41 phenylephrine-sensitive
cells clonidine decreased the [Ca2+]i response from
400±28 to 143±23 nM.

Our primary cultures contain at least five different AP
cell types, each storing a different AP hormone: somato-
trophs, storing GH; lactotrophs, storing PRL; cortico-
trophs, storing ACTH; gonadotrophs, storing gonadotro-
phins (follicle-stimulating hormone, FSH, and LH) and
thyrotrophs, storing TSH. The percentages of each cell
type are 40, 58, 18, 8, and 2%, respectively, whereby
some cells show reactivity for more than one hormone
[50, 51]. To establish whether or not the adrenergic re-
ceptors were distributed homogeneously among the dif-
ferent AP cell types, we followed the [Ca2+]i responses

to adrenaline in all cells present in the microscope field
and then employed MSPI to identify each cell. In routine
experiments three antibodies were employed, anti-PRL,
anti-GH and anti-ACTH. This allowed classification of
the cells into four groups: PRL+ (lactotrophs), GH+ 
(somatotrophs), ACTH+ (corticotrophs) and the remain-
der (which must include the thyrotrophs and gonado-
trophs). Figure 5A illustrates the basis of this procedure.
Each line corresponds to the same area (30×30 µM) of
the microscope field. The first column (Ad) shows a
pseudocolour image of the fura-2 fluorescence ratio 
taken at the time of stimulation with adrenaline. The
three subsequent columns (α-ACTH, α-GH and α-PRL)
show specific fluorescence with each one of the three an-
tibodies used. The last column (NUC) shows nuclei,
stained to enable the cells present in the field to be locat-
ed. In line 1 the cell on the left was a corticotroph 
(α-ACTH) and responded to adrenaline (Ad) whereas
the one in the right was a lactotroph (α-PRL) and did not
respond to adrenaline. Line 2 shows a somatotroph re-
sponding to adrenaline. Line 3 shows a cell negative to
all three antibodies (remainder group) and unresponsive
to adrenaline. Using this procedure we were able to ana-
lyse the response of typed single cells present into the
microscope field.

Figure 5B compares the [Ca2+]i responses to adrena-
line of the different cell types defined by MSPI in a typi-
cal experiment. The traces are averaged for all the cells
of the same type present in the microscope field. It

Fig. 3A, B Inhibition of the effects of adrenergic agonists by pro-
pranolol (5 µM) and prazosin (0.1 µM). Details as in Fig. 2. The
traces shown are the average of 30 (A) and 18 (B) adrenaline-sen-
sitive cells. Representative of three similar experiments

Fig. 4 Clonidine (1 µM) antagonizes the effects of isoproterenol
and phenylephrine. Details as in Fig. 2. The traces shown are the
average of 16 cells that responded to both agonists. Representative
of two similar experiments

Fig. 5A, B Response to adrenaline in the different AP cell types.
A Identification procedure employing multiple sequential primary
immunocytochemistry (MSPI; see Materials and methods). The
first column shows a fura-2 ratio image after stimulation with 
adrenaline (0.1 µM), coded in a grey scale: the brighter the pixel
the higher the [Ca2+]i. Columns 2–4 show specific staining with
three different antibodies against AP hormones (ACTH adrencorti-
cotropic hormone, GH growth hormone, PRL prolactin). The last
column shows nuclear (NUC) staining. Each row shows the same
area (30×30 µM) of the microscopic field of view. B Responses to
adrenaline averaged for all the cells of each type present in the
same microscope field; n number of cells. The group labelled Rest
comprises those cells not stained by the three specific antibodies
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seems clear that the responses to adrenaline were very
much restricted to two cell types, corticotrophs and so-
matotrophs, whereas lactotrophs and cells in the remain-
der group responded poorly or not at all. To examine
cell-specific expression of adrenoceptor subtypes, phen-
ylephrine and isoproterenol were used as α1- and β-adre-
noceptor agonists, respectively.

Figure 6 summarises the single-cell analysis from 20
similar experiments. Results are shown as ∆[Ca2+]i,max.
The mean responses to adrenaline, phenylephrine and
isoproterenol are compared for each cell type. In cortico-
trophs the adrenergic response was mediated mainly by
α1-receptors whereas somatotrophs responded well to
both α1- and β-agonists (Fig. 6A). In fresh cells the same
trends were observed although the responses to the 
α1-agonist were smaller (Fig. 6B), suggesting that, as re-
ported before [2], cell culture induced expression of 
α1-receptors. The α1-response, however, still existed in
corticotrophs at 0 DIV. Lactotrophs, thyrotrophs and go-
nadotrophs showed little response to either agonist
(Fig. 6A and B). When the results were analysed in
terms of fractions of responding cells (responders de-
fined as cells giving a ∆[Ca2+]i>50 nM) the same trends
were seen. Corticotrophs responded preferentially to the
α1-agonist (45 and 58% responders at 0 and 1 DIV, re-
spectively) whereas somatotrophs responded to both 
α1- and β-agonists (α1: 26 and 47% at 0 and 1 DIV, re-
spectively; β: 42 and 61% at 0 and 1 DIV, respectively).
The strength of the response to the α1 agonist increased
after 24 h in culture. For example, strong responders
(∆[Ca2+]i>200 nM) increased from 3 to 21% in somato-
trophs and from 6 to 22% in corticotrophs.

In many cells α1- and β-receptors coexisted. Of the
somatotrophs, 25% showed both α1- and β-responses,
20% only β and 19% only α1 (1910 cells at both 1 and
0 DIV). Of the corticotrophs, most (44%) showed only

α1-responses, 15% responded to both and 4% only to β
(525 cells at both 1 and 0 DIV).

Typically, β-adrenergic receptors are coupled to ade-
nylate cyclase. Adrenaline and isoproterenol increased
cAMP levels in AP cells and the effect of isoproterenol
was blocked by propranolol (Fig. 7A). The α1-agonist
phenylephrine had no effect on cAMP. To establish
whether the increase in [Ca2+]i elicited by β-adrenergic
agents was mediated by cAMP, the additivity of the re-
sponses with those to forskolin, a direct activator of ade-
nylate cyclase, was examined. Forskolin increased
[Ca2+]i in both corticotrophs and somatotrophs (Fig. 7B
and C) but had only a minor effect in the other AP cell
types (not shown). Similar results were obtained with 
8-Br-cAMP (500 µM), a membrane-permeant analogue
of cAMP (not shown). Forskolin did not prevent a fur-
ther effect of phenylephrine on [Ca2+]i (Fig. 7B and C)
whereas in cells first treated with forskolin, isoproterenol
had no additional effect on [Ca2+]i. This occlusion by
forskolin of the effect of the β-adrenergic agonist indi-
cates that the latter’s action was in fact mediated by
cAMP.

Fig. 6A, B Comparison of the effects of adrenergic agonists on
the different AP cell types. The figure summarises the results of
nine different experiments in cells cultured for 1 day (A, 1 DIV)
and 11 experiments with freshly prepared cells (B, 0 DIV). The
concentrations of adrenaline, phenylephrine and isoproterenol
were as in Fig. 2. The bars indicate the mean (±SEM) increase of
[Ca2+]i, (nanomoles/l) in the 30 s following stimulation with the
agonist. The cells were identified by MSPI as in Fig. 4. Each
group included 105–740 cells (between three and six experiments)

Fig. 7A–C Correlation between cAMP and adrenergic action.
A cAMP levels after 15-min stimulation with different adren-
ergic agonists (concentrations as in Figs. 2 and 3; see Materials
and methods for details). Means±SEM, n=18–36. *P<0.005;
**P<0.001 vs. control (Student’s t-test). B, C Additivity of the ef-
fects of adrenergic agonists (adrenaline, phenylephrine, isoprotere-
nol, propranolol) with forskolin (5 µM). Concentrations as in
Figs. 2 and 3



tion of Ca2+ entry. In contrast, the effect of phenyleph-
rine in corticotrophs was not prevented by removal of
external Ca2+ (Fig. 8A), suggesting that the α1-agonist
acts by releasing Ca2+ from intracellular stores. Unex-
pectedly, the effect of phenylephrine in somatotrophs
also depended entirely on the presence of extracellular
Ca2+ (Fig. 8B).

To assess the possible physiological significance of
adrenergic regulation, interactions with hypothalamic re-
leasing hormones were investigated. Figure 9 summari-
ses the results of experiments designed to investigate the
additivity between the effects of the releasing hormones,
corticotropin releasing hormone (CRF) and GHRH, and
the adrenergic agonists. The effects of adrenaline were
additive to those of the corresponding releasing hormone
in corticotrophs (Fig. 9A) and somatotrophs (Fig. 9B).
When selective agonists were used, the additivity ap-
plied, in both cases, to the α1-mediated effects (Fig. 9C
and D), but not to the β-mediated effect (Fig. 9D).

Discussion

Studies on the effects of catecholamines on secretion of
AP hormones have produced conflicting results (see In-
troduction). Interpretation of the results is complicated
by expression of different receptor types, sometimes
with antagonistic effects. Extrapolation to the in vivo sit-
uation is even more difficult because of central effects of
catecholamines, which may also affect AP secretion
through the hypothalamus. The present results offer a
simplified analytical view, as they refer only to direct ac-
tions on AP cells and only one of the possible effects, the
response of [Ca2+]i. The single-cell analysis adds the
power to identify precisely the cell target and to look for
the convergence of different mechanisms within the
same cell. About one-third of the individual pituitary
cells were able to respond to adrenaline with an increase
of [Ca2+]i, but responses were not homogeneous within
the different cell types. Most of the responding cells
could be classified as corticotrophs and somatotrophs by
the hormone they stored. Within the other three cell sub-
populations, lactotrophs, gonadotrophs and thyrotrophs,
there was little response to adrenergic agonists. Results
were comparable in cells cultured for 1 day (1 DIV) and
in freshly isolated cells (0 DIV), indicating that the re-
sponse to adrenaline is not an artefact induced by cul-
ture, but a genuine property of AP cells.

Both α1- and β-receptors could be identified by the
use of specific agonists and specific inhibitors. Individu-
al cells expressing either or both receptors were identi-
fied. β-Receptors were present preferentially in somato-
trophs whereas α1-receptors were dominant in cortico-
trophs, although this differential expression was not
strict. Expression of α1-responses was strengthened by
culture of the cells whereas β-responses were little modi-
fied.

Stimulation of β-adrenergic receptors increased cAMP
and [Ca2+]i, the latter being dependent entirely on the
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There were also differences among the actions of α1-
and β-adrenergic agonists regarding to their dependence
on the presence of Ca2+ in the extracellular medium. The
effect of isoproterenol depended entirely on the presence
of external Ca2+ both in somatotrophs and corticotrophs
(Fig. 8A and B), suggesting that it was due to stimula-

Fig. 8A, B Ca2+ dependence of the effects of phenylephrine and
isoproterenol in corticotrophs and somatotrophs. A Average of
three cells. B Average of 47 cells. The Ca2+-free medium con-
tained 0.1 mM EGTA. Other details as in Figs. 2 and 3. Represen-
tative of three similar experiments

Fig. 9 Additivity of the effects of hypothalamic releasing factors
[corticotropin-releasing factor (CRF) and growth hormone-releas-
ing hormone (GHRH), each 2×10–8 M] and adrenergic agonists.
Other details as in Figs. 2 and 3. A, B Traces obtained in two rep-
resentative cells. C, D Mean (±SEM) ∆[Ca2+]i, calculated as in
Fig. 5. C Results of between three and seven experiments (24–92
cells). D Results of 6–13 experiments (216–462 cells). Concentra-
tions as in Fig. 2
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presence of external Ca2+ and blocked by dihydropyri-
dine antagonists of voltage-gated Ca2+ channels. In addi-
tion, the increase of [Ca2+]i was occluded by previous
treatment with forskolin, a direct stimulator of adenyl-
ate-cyclase. Thus, it seems clear that the β-adrenergic
agonists act by stimulating Ca2+ entry through voltage-
gated channels by a cAMP-mediated mechanism. GHRH
acts in somatotrophs by activation of adenylate-cyclase,
stimulation of a Na+ current, depolarization and Ca2+

entry through voltage-gated channels [29]. The action of
the β-adrenergic agonists seems to be the same, and the
observation that the effects of isoproterenol and GHRH
were not additive (Fig. 9) reinforces this view.

Stimulation of α1-adrenergic receptors produced in
corticotrophs an increase of [Ca2+]i that was independent
of the presence of external Ca2+ and not occluded by for-
skolin. These results suggest that α1-receptors are cou-
pled to phospholipase C and inositol trisphosphate-medi-
ated Ca2+ release from intracellular Ca2+ stores in these
cells. This is consistent with the usual coupling mecha-
nisms of α1-receptors and with previous observations 
in cultured rat somatotrophs [46]. As expected, the ef-
fects of phenylephrine and CRF (coupled to adenylate
cyclase) were additive (Fig. 9). In somatotrophs, the ef-
fect of phenylephrine was dependent on external Ca2+

(Fig. 8), suggesting that the α1-agonist acted by stimulat-
ing Ca2+ entry in these cells. The effect was not occluded
by forskolin (Fig. 7C) and was additive with the action
of GHRH (Fig. 9D). Thus, the action of phenylephrine in
somatotrophs was not consistent with either stimulation
of PLC or with adenylate cyclase.

Clonidine, an α2-adrenergic agonist, antagonized the
[Ca2+]i-increasing effect of both α1- and β-agonists
(Fig. 4). These results are consistent with previous re-
ports in goldfish [22, 52] and ovine [41] pituitary cells,
in which α2-adrenoceptor stimulation inhibits both basal
and stimulated GH secretion. In goldfish cells clonidine
reduces cAMP production, but this is not the only mech-
anism for inhibition of secretion [52]. The mechanisms
involved were not addressed here, but the fact that both
the α1- and the β-effects were antagonized suggests
complex effects.

It is difficult to explain how such a variety of adreno-
ceptors, sometimes coexisting in the same cell, should
serve and refine the function of the gland. It must be 
taken into account that other signalling systems may act
together with Ca2+ to modulate their effects on secretion.
In any case, the results shown here suggest that the plasma
adrenaline concentrations reached during stress should be
adequate to stimulate secretion of GH and ACTH by di-
rect effect on AP cells, thus contributing to the hormonal
response to stress, as proposed long ago [23]. The same
would be true if noradrenaline were released to the hypo-
physial portal plasma by hypothalamic neurones, as has
been suggested [18]. The β-adrenergic component would
act on the same mechanisms as the hypothalamic releasing
factors GHRH and CRH, whereas the α1-component
would act through a different mechanism, which is addi-
tive to the effects of the releasing factors.
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