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Abstract—Thyroliberin (TRH), vasoactive intestinal peptide (VIP) and somatostatin (SRIF ) act through
receptors that are coupled to guanine nucleotide-binding regulatory proteins (G proteins). Regulation
of hormone action may occur at the level of G protein coupling to the receptor or effector systems. In
this study we demonstrate that prolonged exposure (for up to 48 hr) of cultured rat pituitary adenoma
GHj; cells to these hormones caused homologous and to some extent heterologous attenuation of the
adenylyl cyclase (AC) (EC 4.6.1.1) responsiveness. In addition, TRH and SRIF diminished both TRH-
and guanosine 5’-[8y-imido]-triphosphate-enhanced phospholipase C (PLC) (EC 3.1.4.3) activity within
the same time-course. Measurements of cells membrane levels of G, protein a-subunit (G,a), G, o/
Gi,a, Gsa, G, and GB by immunoblotting were performed. TRH and VIP upregulated levels of all
G proteins except G,a and GB. In contrast, SRIF caused a marked reduction of Gf levels. Thus, TRH
and VIP, both acting through G,, both modulated the a-subunit levels of this signal transducer, whereas
SRIF, which possibly acts through G,,, did not change the steady state level of G;,a. The actions of
TRH, VIP and SRIF are multifaceted at the G protein level, where modulations of subtypes not directly
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involved in their actions may occur. These findings emphasize the complexity expected to be found in

the in vivo situation.

GHj; cells are clonal rat pituitary tumour cells that
produce and spontaneously secrete into the culture
medium prolactin (PRL+t) and growth hormone [1].
Hormone synthesis and secretion is subject to
regulation by peptide hormones, such as thyroliberin
(TRH), vasoactive intestinal peptide (VIP) and
somatostatin (SRIF), that exert their effect by
binding to membrane receptors [2].

Guanine nucleotide-binding regulatory proteins
(G proteins), which are afly heterotrimers, mediate
the transmembrane signalling from peptide hormone
receptors to effectors such as adenylyl cyclase (AC)
(EC 4.6.1.1), phospholipase C (PLC) (EC 3.1.4.3),
phospholipase A,, c¢GMP-dependent phosphodi-
esterase, K*-channels and Ca?*-channels (for
reviews, see [3, 4]). Thus, modulation of the coupling
of G proteins to receptors and effectors may be an
important step in the regulation of transmembrane
signalling. In addition to in situ modifications such
as myristoylation [5], phosphorylation [6] and
ADP-ribosylation by endogenous transferases {7],
alterations in the quantity of G protein subunits
have been shown to correlate to altered second
messenger activity [8, 9].

In GH; cells, VIP conveys its action through AC

* Corresponding author: Ruth H. Paulssen, Institute of
Medical Biochemistry, P.O. Box 1112, Blindern, N-0317
Oslo 3, Norway. Tel. (47) 2 851127; FAX (47) 2 851058.

+ Abbreviations: PRL, prolactin, TRH, thyroliberin;
VIP, vasoactive intestinal peptide; SRIF, somatostatin;
Gpp(NH)p, guanosine 5'-[fy-imido]-triphosphate; G pro-
tein, guanine nucleotide-binding regulatory protein; G,
etc., G, protein a-subunit; PLC, phospholipase C (EC
3.1.4.3.); AC, adenylyl cyclase (EC 4.6.1.1).

471

activation and the formation of cellular cAMP [10],
whereas TRH is bifunctional as it also activates the
PLC system [11-13]. Both TRH and VIP stimulate
PRL secretion and synthesis [2], whereas SRIF,
which diminishes AC activity, has an inhibitory
action [14]. Earlier work has shown that the effects
of VIP and TRH on AC are mediated through G,
[15, 16]. The inhibitory effect of SRIF occurs through
activation of G; [17], possibly G;, [16], which is
shown to transduce a,-adrenergic inhibition of AC
in platelets [18] and opioid inhibition of AC in
NG108-15 hybrid cells [19]. The action of SRIF has
also been shown to involve the modulation of ion
channels {20, 21].

We have recently quantified mRNA levels and
membrane contents of the G protein subunits Ge,
G,aand G;a's in various clonal strains of rat pituitary
adenoma cells, i.e. GH,2C,, GH; and GH,C, cells
[22], and demonstrated the presence of G,a/G,a
mRNA. We have also shown that TRH, VIP and
SRIF alter G protein o~ and fS-subunit mRNA
expression in GHj cells [23].

The aim of this study was to investigate the change
in responsiveness of AC and PLC to TRH, VIP and
SRIF in GH; cells that were grown in the presence
of these hormones. We also wished to observe the
effects of these hormones on the levels of G protein
a and f-subunits, and the possible implications of
alterations of G protein subunit levels on second
messenger responsiveness.

MATERIALS AND METHODS

Cell culture. GHj; cells [1] were grown for 5 days
subsequent to subcuitivation in plastic tissue culture
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flasks containing Ham’s F-10 medium (Flow
Laboratories, Irvine, U.K.) [24] supplemented with
6.5% horse and 3% fetal calf serum at 37° in a
humidified atmosphere of 95% air and 5% CO, [25].
Penicillin (50 IU/mL) and streptomycin (50 yg/mL)
(Gibco, Glasgow, U.K.), and amphotericin B
(2.5 ug/mL) (Flow Laboratories) were added to the
culture medium. Culture medium was changed every
2-3 days.

Experimental design. The hormone treatment
experiments were carried out as described previously
(23]. In short, all cells were harvested simultaneously
at the end of the experiment. Pharmacological doses
of hormones, i.e. TRH (1 uM), VIP (1 uM) or SRIF
(10 uM), were added 48, 24, 12 and 6 hr before cell
harvest. Medium was changed at the start of the
experiment and 24 hr before the cells were harvested.
TRH and VIP exposure was always conducted in
serum containing Ham’s F-10 medium. SRIF
treatment was performed in Serumless Medium
(Neumann and Tytell) (Gibco) in order to amplify
the putative inhibitory effect of SRIF on GH; cell
physiology. Parallel controls (0-hr treatments) with
both medium types were also run.

Preparation of subcellular particulate fractions.
Culture medium was removed and the cells scraped
in ice-cold 150 mM NacCl, 10 mM Tris-HCl, pH 7.5
and pelieted (700 g, 10 min, 4°) [25]. The cell pellet
was washed once with the same buffer, resuspended
in 20 vol. of 10 mM Tris-HCl, pH 7.5, 1 mM EDTA
and homogenized on ice using an Ultra-Turrax
(Janke Kunkel, F.R.G.) for 10 sec. The homogenate
was subsequently filtered through nylon mesh and
centrifuged at 27,000 g for 30 min at 4°. Finally, the
pellet was resuspended in 10 vol. of TrissEDTA
buffer containing 0.1% bovine serum albumin, using
the rotating knife, for Ssec. This constituted the
crude membrane fraction and contained about S mg
membrane protein per mL.

AC assay. AC activity was measured in 20 uL
aliquots of crude subcellular fractions which were
diluted in homogenization buffer to obtain 40-55 ug
of protein/assay tube [25]. The total incubation
volume was S50ul. and contained 1mM ATP
(including 1.6 x 106 cpm of a-[**P]-ATP (Amersham,
U.K))], 10 uM GTP, 2.8 mM MgCi;, 1.4 mMEDTA,
1 mM cAMP [containing approx. 7 X 10% cpm of [8-
H)cAMP (Amersham)], 20 mM creatine phosphate,
0.2 mg/mL creatine kinase, 0.02 mg/mL myokinase
and 25mM Tris—HCI, pH 7.4 in the absence or
presence of TRH (1 uM), VIP (1 uM), SRIF (1 uM)
or Gpp(NH)p (20 uM). Incubations were carried out
at 35° for 20 min. Reactions were stopped with
0.1mL of a solution comprising 10mM cAMP,
40 mM ATP and 1% SDS. The [**P]cAMP formed
and the [’H]cAMP added to monitor recovery (65~
80%) were isolated as described previously using
combined Dowex and aluminium oxide chroma-
tography [26]. The enzyme activity was linear with
time up to 60 min and protein concentration up to
150 ug protein (data not shown).

PLC assay. This method was adapted from the
one previously published by Jackowski et al
[27]. Aliquots (20 uL) of diluted crude membrane
suspensions (40-55 ug protein) in 10 mM Tris-HCI,
pH 7.4, 1mM EDTA were mixed with 10uL

incubation mixture [100mM Tris-HCl, pH 6.5,
400 uM GTP, 2.2mM CaCl,, 1 mM MgCL, and
10 ut of TRH (10 uM) or Gpp(NH)p (400 uM)] in
2.4-mL microfuge tubes on ice. Three microliters
(42,000 cpm) of a [*H]PIP, (New England Nuclear,
Boston, MA, U.S.A.) stock solution in 2% sodium
cholate were added to each tube, and incubation
was carried out at 35° for Smin. The reaction
was stopped by adding in succession 150 uL
CHCl,: CH;0H: HCI (1:2:0.02), 50 uL CHCl; and
50 uL. 2 M KCl. After vortexing and phase separation
at 5000g in a microfuge, 10-uL aliquots of the
aqueous layers were counted in a liquid scintillation
counter. In the controls, approx. 2% of the
radioactivity was retained in the aqueous phase. The
enzyme activity was linear with time up to 20 min
and protein concentration up to 100 ug protein (data
not shown).

Western blotting and immunostaining. Membrane
proteins were prepared from crude membrane
fractions and analysed by electrophoresis on SDS-
containing 10% polyacrylamide gels prior to
transfer onto polyvinylidene difluoride membranes
(Millipore, Bedford, MA, U.S.A.) and immuno-
staining as described previously [22]. The quality
and quantity of the electrophoresis and transfer was
asserted by Coomassie blue staining of parallel filters
(data not shown).

Antisera (denominated RM, AS, EC, GO and
MS) have previously been described [18, 28] and
have been used at 1:200-1:400 final dilution. The
specificity of the antisera is reported to be as follows
[18,28]: G, antiserum (RM) is specific for both
known a-subunits of G, (52 and 45kDa). G;,a/
G, antiserum (AS) detects both G;; and G;.,
a~subunits, of which the former is not found in GH
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Fig. 1. Basal and modified AC and PLC activities in
previously untreated GH; cells. Crude membrane fractions
(40-50 ug) from GHj; cells grown without addition of
hormone were analysed for basal effector enzyme activity
and modulatory effect of TRH (1 uM), VIP (1 uM), SRIF
(10 uM) or Gpp(NH)p (20 uM) as described in Materials
and Methods. Panel A, AC: results of basal and Gpp(NH)p-
or hormone (TRH, VIP or SRIF)-modulated enzyme
activity measurements are given as pmol cAMP/mg protein/
min. Panel B, PLC: results of Gpp(NH)p- or TRH-
modulated enzyme activity measurements are given as
10°cpm IPs/mg protein/min. All results are shown as
means *+ SD of triplicates of several experiments. *Indicates
P = a < 0.05 (significant difference from control; Wilcoxon
rank test).
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cells [22]. G;;a antiserum (EC) and G,a antiserum
(GO) display some reciprocal cross-reactivity. Gf
antiserum (MS) detects both GpBys- and G-
subunits. Quantification of protein levels was carried
out by densitometric scanning of the autoradiograms.

RESULTS

Hormonal modulation of second messenger enzyme
activity in untreated GHj cells

For comparison, Fig. 1 demonstrates the effects
of TRH, VIP, SRIF and the non-hydrolysable GTP
analogue Gpp(NH)p on AC and PLC activity in
membrane preparations from previously untreated
GHj cells. Panel A shows the results of AC response
to TRH (approx. 2-fold), VIP (4-fold) and Gpp(NH)p
(4-fold). SRIF brought about a 35% inhibition of
AC activity. Panel B depicts the effect of TRH and
Gpp(NH)p on PLC, amounting to a 4- and 7-fold
increase in enzyme activity, respectively. VIP and
SRIF had no effect on PLC activity (data not shown).

Hormonal modulation of second messenger systems

The time-dependent effect of continuous hormone
exposure on the responsiveness of membrane
signalling systems was measured in GH; cells that
were incubated for up to 48 hr with TRH, VIP
or SRIF. Membrane preparations were analysed for
AC and PLC activity as described in Materials and
Methods, and the results are shown in Figs 2 and 3
as net modulation of effector activity [actual activity
minus basal, in per cent of controls (=100%)].
Levels of AC catalytic subunit, as measured by
forskolin activation, were unchanged by any of the
hormone treatment schemes (data not shown). Basal
and modulated AC or PLC activity in untreated cells
did also not alter significantly throughout the 48-hr
period (data not shown).

Figure 2 shows the effect of prolonged hormone
treatment on AC responsiveness. TRH treatment
homologously abolished its own ability to activate
AC, but did not significantly alter the effect of the
other modulators (panel A). VIP treatment more
slowly down-regulated stimulatory effects on AC by
TRH and VIP (panel B), but transiently enhanced
Gpp(NH)p-stimulated AC activity by some 60%
after 24 hr of treatment. The inhibitory effect of
SRIF on AC activity was simultaneously potentiated
by approximately 60%.

SRIF treatment of the GH; cells rapidly and
almost completely blocked TRH activation of AC
(panel C), whereas the response to VIP was reduced
to approximately 40%. Inhibition by SRIF of
AC activity was homologously attenuated, while
Gpp(NH)p-mediated activation of AC was tran-
siently reduced by some 50% after 6 hr of exposure.

Experiments were also carried out to determine
time-dependent alterations in PLC sensitivity to
TRH and Gpp(NH)p during hormonal exposure of
GHj; cells. The results are shown in Fig. 3 as net
enzyme response relative to control (=100%). TRH
(panel A) and SRIF (panel C) treatment gradually
reduced the response of PLC to both TRH and
Gpp(NH)p. In contrast, exposure of GH; cells to
VIP (panel B) had no significant effect on the action
of TRH and Gpp(NH)p on PLC.
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Fig. 2. The time-dependent effect of GH; cell exposure to
TRH, VIP and SRIF on AC activity. AC activity in
membranes from cells treated for up to 48 hr with TRH
(panel A), VIP (panel B) or SRIF (panel C), as described
in Materials and Methods, was measured as basal or in the
presence of either TRH (1 uM), VIP (1 uM), SRIF (10 uM)
or Gpp(NH)p (20 uM). The results are shown as per cent
modulatory effect on AC (stimulation by TRH, VIP and
Gpp(NH)p; inhibition by SRIF) or control values (=
100%) throughout the treatment period. Resuits are shown
as means of triplicates. * Indicates P = o < (.05 (significant
difference from controls; Wilcoxon rank test).

Hormonal regulation of G protein «- and B-subunits
in GH; cell membranes

Western blot analyses were performed to quantify
membrane levels of G protein a- and S-subunits in
GH; cells treated with 1 uM TRH, 1uM VIP or
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Fig. 3. The time-dependent effect of GH; cell exposure to
TRH, VIP and SRIF on PLC activity in GH; cells. PLC
activity in membranes from cells treated for up to 48 hr
with TRH (panel A), VIP (panel B) or SRIF (panel C),
as described in Materials and Methods, was measured as
basal or in the presence of TRH (1 uM) or Gpp(NH)p
(20 uM). The results are shown as per cent modulatory
effect on PLC (stimulation by TRH and Gpp(NH)p) of
control values (=100%) within the treatment period.
Results are shown as means of triplicate determinations.
* Indicates P = o< 0.05 (significant difference from
control; Wilcoxon rank test).

10 uM SRIF for up to 48 hr. Figure 4 shows the
results of such an experiment. The effect of growing
cells in Serumless Medium is also seen (Cg).
Growth of GHj cells in the presence of either
TRH or VIP altered the levels of G,a. We detected
two forms of this a-subunit, 46 and 42 kDa, of which
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the larger was the most abundant. For TRH, the
increase in Gy protein quantity peaked at 24 hr
incubation, when the protein levels were 474 + 12%
compared to basal (C = 100%), as determined by
densitometric scanning. VIP had increased G«
subunit levels to steady-state (386 + 9%) after only
6 hr. Serumless Medium itself caused a remarkable
decrease in Gy protein levels (non-detectable)
compared with cells grown in medium containing
serum. SRIF treatment gave a transient increase in
G« protein levels after 12 hr compared to control
(Cy4), but a complete reversal of the effect of
Serumless Medium was not seen.

No significant alterations in G,a protein levels
(82-99%) were seen in cells treated with TRH or
VIP. Growth in Serumless Medium gave a decrease
in G, protein levels (62 = 5% compared with C),
whereas additional SRIF treatment caused only a
small increase in G,a protein levels (151 + 6%
compared with Cy).

Gi « has previously been shown to be absent
from GHj cells [22]; thus, the G;.,a/G & antiserum
would detect only G;,« protein. TRH and SRIF had
no influence on G, levels, while VIP treatment
caused a rapid, lasting increase (up to 420 * 5%) in
the quantity of G, protein. G, 3« protein levels
increased after 6 hr (177 = 6%) in the presence of
TRH, with no further increase after 12-48 hr. VIP
caused a similar increase in G, ;a protein levels after
24-48 hr incubation (171 = 5%). SRIF had no effect
on G, « protein levels.

Protein levels for the Gf-subunits decreased to
approximately 50% (53 + 5%) after 12 hr incubation
with TRH, while VIP treatment caused no significant
changes in this protein. SRIF treatment resulted in
a time-dependent decrease in the quantity of
the Gp-subunits, to almost non-detectable levels
(11 = 3%).

DISCUSSION

Modulation of hormone-elicited second messenger
responses by the hormones themselves may be due
to alterations that influence receptor-G protein or
G protein—effector coupling, e.g. changes in the
quantity of G protein in the cell membrane,
alterations in subcellular distribution or modification
of the subunit in situ. The ability of ligands also to
modify signal mechanisms not directly involved in
their actions is well known. This interplay, or “cross-
talk”, between different membrane signalling systems
play an important role in the regulation of hormone
action [29-31].

Previous studies [32, 33] emphasize the use of high
pharmacological doses (107-10~%) of hypothalamic
hormones in cell culture systems to allow for
detectable alterations in second messenger cascades
leading to the synthesis and release of pituitary
hormones. Such investigations may also help to
predict unwanted effects on neurosecretion in
patients with hormone-producing adenomas (e.g.
VIPomas) or in subjects given these hormones for
diagnostic or therapeutical purposes.

We have demonstrated previously the effect of
TRH, VIP and SRIF on the regulation of G protein
mRNA levels in GH; pituitary tumour cells [23].
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Fig. 4. Hormonal regulation by TRH, VIP and SRIF of G protein subunit levels in GH; cells. GH;
cells were cultured in serum-supplemented medium without hormone (C) or in the presence of TRH
(1 uM) or VIP (1 uM), or alternatively in Serumless Medium without hormone (Cy) or with SRIF
(10 uM) added. Incubation times (6~48 hr) are indicated. Crude membrane fractions (20 ug protein/
lane) were separated on 10% SDS-PAGE gels and transferred to polyvinylidene difluoride membranes.
The occurrence of G protein a-subunits was detected with antibodies against C-terminal decapeptides
specific for G,a, G;,¢/G;1a, Gi;a, G, and G as indicated, followed by incubation with '*I-protein
A and autoradiography. The results shown for each G protein are from individual experiments which
were carried out for up to three times with similar results.

Thus, not surprisingly, these hormones also alter the
quantity of G protein subunits themselves.

VIP more markedly and rapidly enhanced the
expression of G, protein than did TRH, which may
be related to its more potent and selective activation
of AC in GH; cells. This increase is in accordance
with the situation in thyroid follicle cells, where AC
activation by TSH markedly increases G, levels
[34]. TRH-enhanced AC activity was, however,
homologously attenuated, in accordance with our
previous findings [25], whereas VIP treatment of
these cells caused a reduction in the response of AC
to both VIP and TRH, although with different
kinetics. It is reasonable to postulate that the rapid
homologous and heterologous AC desensitization is
due to receptor uncoupling as shown for other
receptor—effector systems [35], such as a cAMP-
mediated heterologous desensitization involving the
phosphorylation of G,a-coupled receptors [36]. The
concomitant substantial increase in G.a and G,a
proteinlevels may thus be regarded as acompensatory
reaction yielding enhanced Gpp(NH)p-elicited AC
activity. However, we have shown previously that
TRH and VIP, but not Gpp(NH)p activation of AC
is attenuated by a decrease in G; [16], which calls
for a more complex model in the understanding of
Gpp(NH)p action.

VIP, but not TRH, caused a strong increase in

G, levels that was parallelled by an enhanced
inhibitory effect of SRIF on AC. This s in accordance
with our assumption that SRIF solely mediates its
effect on GH; cell AC through this G protein.
Although conjectural, the VIP-induced reduction of
AC responsiveness to TRH and VIP could be
explained partially by the increase in the levels of
G;,a, which could override the concomitant rise in
G,a.

The recently cloned TRH and VIP receptors
strikingly resemble each other in parts of the third
cytoplasmatic loop [37, 38], known to play a role in
G protein coupling [36]. On the other hand, the size
of the loop and N-terminal part of the cytoplasmic
tail (C-4) differs [37, 38]. It is therefore possible that
both TRH and VIP receptors couple to Gga,
but with different AC activation potentials and
uncoupling dynamics as demonstrated in this paper,
as well as in our experiments employing antisense
RNA inhibition of G, expression [16].

The alterations in hormone effects on PLC
activation are less obviously explained by our results.
The G protein involved in TRH activation of PLC
(denominated G;) has yet to be identified. PLC
activity in HL60 cells is shown to be under the
influence of a pertussis toxin-sensitive G protein
[39], whereas TRH activation of the enzyme in GH
cells [40] and rat 7315c cells [13] is insensitive to
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pertussis toxin treatment. G, in GH cells may thus
be identical to G, [41] or to G /Gt [42] which has
been shown to couple directly to PLC {13,43]. TRH
exposure down-regulated both the TRH- and
Gpp(NH)p-enhanced PLC activity while VIP
treatment did not, which indicates that cAMP is not
involved in receptor—-G,, uncoupling in GH cells.

SRIF exposure had httle effect on the quantity of
G a-subunits compared with untreated cells grown
in Serumless Medium, but caused a marked reduction
in the levels of Gf. Contrastingly, there was a
general decrease in the effect of all modulators of
AC or PLC activity. A model for the interaction
between a-subunits and By-complexes includes the
possibility that the latter generally promote receptor—
a-subunit interaction, and thereafter stabilize the
activated G protein [3]. Accordingly, reduction of
the membrane B-subunit content should lead to
attenuation of all G protein-mediated signal
transduction, which was also observed.

It should be noted that all experiments concerning
GH; cell response to prolonged treatment with SRIF
were conducted in a medium devoid of serum which
enhanced prolactin mRNA levels and the rate of
synthesis in GHj cells (data not shown). This growth
condition was selected in order to amplify the
inhibitory effect of SRIF on GH; cell physiology.
We observed that growth in Serumless Medium
altered the levels of certain G protein a-subunits,
most markedly those of G,a and somewhat less G,a,
as observed previously for the corresponding mRNA
levels [23].

In this work we have shown that “cross-talk”
between hormonal signalling systems in GH; cells
partially involves changes in the levels of G protein
a~ and B-subunits. The ability of hormones to activate
G protein-coupled effectors is also altered parallel
to a change in the ratio of Ga to GS. We believe
these events to be important in the mechanisms of
peptide hormone action on GH; cells.

Acknowledgements—We thank Dr A. M. Spiegel for
supplying the antisera against the various G protein a- and
B-subunits. This work received support from the Norwegian
Cancer Society, The Norwegian Research Council for
Science and the Humanities, the Anders Jahre Foundation
for the Promotion of Sciences, the Thorsted Legat and the
Nordic Insulin Foundation, Copenhagen, Denmark. The
authors are grateful for technical assistance from Ms

K. Fjeldheim, Ms B. Arntsen, Ms H. Thilesen and Ms A.
Belseth.

REFERENCES

1. Tashjian AH Jr, Clonal strains of hormone producing
pituitary cells. Methods Enzymol 58: 527-535, 1979.

2. Gautvik KM, Bjgro T, Sletholt K, @stberg BC, Sand
O, Torjesen P, Gordeladze JO, Iversen J-G and Haug
E, Regulation of prolactin secretion and synthesis by
peptide hormones in cultured rat pituitary celis. In:
Molecular Mechanisms in Secretion. Alfred Benzon
Symposium 25 (Eds. Thorn NA, Treiman M
and Pedersen OH), pp. 211-227. Munksgaard,
Copenhagen, 1988.

3. Birnbaumer L, Abramowitz J and Brown AM,
Receptor—effector coupling by G proteins. Biochim
Biophys Acta 1031: 163-224, 1990.

4. Ross EM, Signal sorting and amplification through G
protein-coupled receptors. Neuron 3: 141-152, 1990.

5. Jones TLZ, Simonds WF, Merendino JJ Jr, Brann MR
and Spiegel AM, Myristoylation of an inhibitory GTP-
binding protein « subunit is essential for its membrane
attachment. Proc Natl Acad Sci USA 87: 568-572,
1990.

6. O'Brien RM, Houslay MD, Milligan G and Siddle K,
The insulin receptor tyrosyl kinase phosphorylates
holomeric forms of the guanine nucleotide regulatory
proteins G; and G,. FEBS Lent 212: 281-288, 1987.

7. Tanuma S, Kawashima K and Endo H, Eucaryotic
mono(ADP-ribosyl)transferase that ADP-ribosylates
GTP-binding regulatory Gi protein. J Biol Chem 263:
5485~-5489, 1988.

8. Chang F and Bourne HR, Dexamethasone increases
adenylyl cyclase activity and expression of the o~
subunit of G, in GH; cells. Endocrinology 121: 1711~
1715, 1987.

9. Reithmann C, Gierschik P, Werdan K and Jakobs KH,
Hormonal regulation of Gia level and adenyl cyclase
responsiveness. Br J Clin Pharmacol 30: 11881208,
1990.

10. Bjgro T, @stberg BC, Sand O, Gordeladze JO, Iversen
J-G, Torjesen PA, Gautvik KM and Haug E,
Vasoactive intestinal peptide and peptide with N-
terminal histidine and C-terminal isoleucine increase
prolactin secretion in cultured rat pituitary cells
(GH,C,) via a cAMP-dependent mechanism which
involves transient elevation of intracellular Ca*. Mol
Cell Endocrinol 49: 119-128, 1987.

11. Dannies PS, Gautvik KM and Tashjian AH Jr, A
possible role of cAMP in mediating the effects of
thyrotropin releasing hormone on prolactin release and
on prolactin and growth hormone synthesis in pituitary
cells in culture. Endocrinology 98: 1147-1159, 1976.

12. Martin TFJ, Thyrotropin-releasing hormone rapidly
activates the phosphodiester hydrolysis of phos-
phoinositides in GH3 pituitary cells. Evidence for the
role of a polyphosphoinositide-specific phospholipase
C in hormone action. J Biol Chem 258: 14816-14822,
1983.

13. Aub DL, Frey EA, Sekura RD and Cote TE, Coupling
of the thyrotropin-releasing hormone receptor to
phospholipase C by a GTP-binding protein distinct
from the inhibitory or stimulatory protein GTP-binding
protein. J Biol Chem 261: 9333-9340, 1986.

14. Bjgro T, Dstberg BC, Sand O, Torjesen PA, Penman
E, Gordeladze JO, Iversen J-G, Gautvik KM and
Haug E, Somatostatin inhibits prolactin secretion by
multiple mechanisms involving a site of action distal to
increased cyclic adenosine 3',5'-monophosphate and
elevated cytosolic Ca®* in rat lactotrophs. Acta Physiol
Scand 133: 271-282, 1988.

15. Gordeladze JO, Sletholt K, Thorn NA and Gautvik
KM, Hormone-sensitive adenylate cyclase of prolactin-
producing rat pituitary adenoma (GH,C,) cells:
molecular organization. Eur J Biochem 177: 665-672,
1988.

16. Paulssen RH, Paulssen EJ, Gautvik KM and Gordeladze
JO, The thyroliberin receptor interacts directly with a
stimulatory guanine-nucleotide-binding protein in the
activation of adenylyl cyclase in GH; rat pituitary
tumour cells. Eur J Biochem 204: 413-418, 1992.

17. Koch BD and Schonbrunn A, The somatostatin
receptor is directly coupled to adenylate cyclase in
GHACI pituitary cell membranes. Endocrinology 114:
1784-1790, 1984.

18. Simonds WF, Goldsmith PK, Codina J, Unson CG and
Spiegel AM, G;, mediates a,-adrenergic inhibition of
adenylyl cyclase in platelet membranes. In situ
identification with G, C-terminal antibodies. Proc Natl
Acad Sci USA 86: 78097813, 1989.



19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Hormone regulation of G proteins in GH cells

McKenzie FR and Milligan G, 6-Opioid-receptor-
mediated inhibition of adenylate cyclase is transduced
specifically by the guanine-nucleotide-binding protein
G2. Biochem J 267: 391-398, 1990.

Rosenthal W, Hescheler J, Hinsch K-D, Spicher K,
Trautwein W and Schultz G, Cyclic AMP-independent,
dual regulation of voltage-dependent Ca?* currents by
LHRH and somatostatin in a pituitary cell line. EMBO
J 7: 1627-1633, 1988.

Fosset M, Schmid-Antomarchi H, De Weille JR and
Lazdunski M, Somatostatin activates glibenclamide-
sensitive and ATP-regulated K* channels in insulinoma
cells via a G-protein. FEBS Lett 242: 94-96, 1988.
Paulssen EJ, Paulssen RH, Haugen TB, Gautvik KM
and Gordeladze JO, Cell specific distribution of guanine
nucleotide-binding regulatory proteins in rat pituitary
tumour cell lines. Mo/ Cell Endocrinol 76: 45-53, 1991.
Paulssen EJ, Paulssen RH, Haughen TB, Gautvik KM
and Gordeladze JO, Regulation of G protein mRNA
levels by thyroliberin, vasoactive intestinal peptide
and somatostatin in prolactin-producing rat piuitary
adenoma cells. Acta Physiol Scand 143: 195-201, 1991.
Ham RG, An improved nutrient solution for diploid
hamster and human cell lines. Exp Cell Res 29: 515-
526, 1963.

Gautvik KM, Gordeladze JO, Jahnsen T, Haug E,
Hansson V and Lystad E, Throliberin receptor binding
and adenylyl cyclase activation in cultured prolactin-
producing rat pituitary tumor cells (GH) Cells). J Biol
Chem 258: 10304-10311, 1983.

Salomon Y, Londos C and Rodbell M, A highly
sensitive adenylate cyclase assay. Anal Biochem 58:
541-548, 1974.

Jackowski S, Rettenmier CW, Sherr CJ and Rock CO,
A guanine nucleotide-dependent phosphatidytinositol
4,5,-diphosphate phospholipase C in cells transformed
by the v-fms and v-fes oncogenes. J Biol Chem 261:
49784985, 1986.

Goldsmith P, Rossiter K, Carter A, Simonds W, Unson
CG, Vinitsky R and Spiegel AM, Identification of the
GTP-binding protein encoded by Gi3 complementary
DNA. J Biol Chem 263: 6476-6479, 1988.
Gordeladze JO, Bjgro T, Torjesen PA, @stberg BC,
Haug E and Gautvik KM, Protein kinase C stimulates
adenylate cyclase activity in prolactin secreting rat
adenoma (GH4Cl) pituicytes by inactivating the
inhibitory GTP-binding protein Gi. Eur J Biochem
183: 379406, 1989.

Hadcock JR, Ros M, Watkins DC and Malbon

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

477

CC, Cross-regulation between G-protein-mediated
pathways. J Biol Chem 265: 14784-14790, 1990.
Houslay MD, ‘Crosstalk™ a pivotal role for protein
kinase C in modulating relationships between signal
transduction pathways. Eur J Biochem 195: 9-27, 1991,
Carrillo AJ, Pool TB and Sharp ZD, Vasoactive
intestinal peptide increases prolactin messenger ribo-
nucleic acid content in GH; cells. Endocrinology 116:
202-206, 1985.

Reisine TD and Takahashi JS, Somatostatin pre-
treatment desensitizes somatostatin receptors linked to
adenylate cyclase and facilitates the stimulation of
cyclic adenosine 3':5'-monophosphate accumulation
in anterior pituitary tumour cells. J Neurosci 4: 812—
819, 1984.

Saunier B, Dib K, Delemer B, Jacquemin C and
Corréze C, Cyclic AMP regulation of G, protein. J
Biol Chem 265: 19942-19946, 1990.

Iyengar R, Bhat MK, Riser ME and Birnbaumer L,
Receptor-specific desensitization of the S49 lymphoma
cells adenylyl cyclase. J Biol Chem 256: 4810-4815,
1981.

Caron MG, The guanine nucleotide regulatory protein-
coupled receptors for nucleosides, nucleotides, amino
acids and amine neurotransmitters. Curr Opinion Cell
Biol 1: 159-166, 1989.

Straub RE, Frech GC, Joho RH and Gershengorn
MC, Expression cloning of a c¢DNA encoding
the mouse pituitary thyrotropin-releasing hormone
receptor. Proc Natl Acad Sci USA 87 9514-9518, 1990.
Sreedharan SP, Robichon A, Peterson KE and Goetzl
EJ, Cloning and expression of the human vasoactive
intestinal peptide receptor. Proc Natl Acad Sci USA
88: 4986-4990, 1991.

Gierschik P and Jakobs KH, Receptor-mediated ADP-
ribosylation of a phospholipase C-stimulating G
protein. FEBS Lett 224: 219-223, 1987.

Hinkle PM, Hewlett EL and Gershengorn MC,
Thyroliberin action in pituitary cells is not inhibited by
pertussis toxin. Biochem J 237: 181-186, 1986.

Casey PJ, Fong HKW, Simon MI and Gilman AG, G,,
a guanine nucleotide-binding protein with unique
biochemical properties. J Biol Chem 265: 2383-2390,
1990.

Strathmann M and Simon MI, G protein diversity: a
distinct class of a subunits is present in vertebrates and
invertebrates. Proc Natl Acad Sci USA 87: 9113-9117,
1990.

Straub GE and Gershengorn MC, Thyrotropin-
releasing hormone and GTP activate inositol tris-
phosphate formation in membranes isolated from rat
pituitary cells. J Biol Chem 261: 2712-2717, 1986.



