





Table 2: Stimuli That Initiate
Action by Causing Hydrolysis of
Phosphatidylinositol
4,5-Bisphosphate

Stimulus

Tissue

Acetylcholine

Epinephrine
ADP
Angiotensin

Antigen
ATP
Bombesin
Bradykinin

Caerulein
Formyl-Met-Leu-Phe
Glucose

Photons
Phytohemagglutinin

Platelet-activating
factor
Platelet-derived
growth factor
Pseudomonal
leukocidin
Serotonin

Spermatozoa

Substance P

Thryotropin-
releasing
hormone

Vasopressin

Brain, smooth
muscle, parotid,
pancreas, avian
salt gland

Liver

Platelet

Liver, adrenal
cortex

Leukemic basophils

Liver

Swiss 3T3 cells

Neuroblastoma-
glioma hybrid
cells

Pancreas

Neutrophils

Pancreatic islets

Photoreceptors

T-lymphoblastoid
cell

Platelets, liver

Swiss 3T3 cells
Leukocytes

Blowfly salivary
gland

Sea urchin eggs

Parotid

Pituitary cells:
mammotropic
(GH,) and
thyrotropic
(TtT)

Liver, sympathetic
ganglion, Swiss
3713 cells, breast
cancer (WRK-1)
cells

tors serve to couple the stimulus-
receptor complex to activation of
specific cellular responses (“stimulus-
response coupling”)’ In the case

of secretion stimulation, eg, TRH
stimulation of prolactin secretion, this
process has been termed “stimulus-
secretion coupling” In the remainder

of this essay, [ describe the complex
series of intracellular molecular events
that are involved in the coupling of
stimulation by TRH to secretion of pro-
lactin. | present evidence from studies
in GH; cells that support this model of
TRH action.

Phosphoinositides and
Their Metabolism

The phosphoeinositide family of lipids
is composed of phosphatidylinositol,
lysophosphatidylinositol, phosphati-
dylinositol 4-monophosphate and
PtdIns(4,5)P,, with a relative cell mem-
brane content of 88%, 6%, 3% and 3%,
respectively. Because the phospho-
inositides comprise less than 10% of
total GH, phospholipids, it is evident
that PtdIns(4,5)P; is a very minor lipid,
equal to less than 0.3% of the phospho-
lipid pool. PtdIns(4,5)P, is synthesized
from phosphatidylinositol by sequen-
tial phosphorylation, first at the 4-
position to form phosphatidylinositol
4-monophosphate, and then at the
5-position to form PtdIns(4,5)P,. The
two enzymes that accomplish these
phosphorylations are called kinases.
Because phosphatidylinositol- and
phosphatidylinositol 4-monophosphate-
specific kinases are present pre-
dominantly, if not exclusively, in the
cell surface membrane, PtdIns(4,5)P, is
found predominantly in this membrane.

The great lability of this lipid is
caused by the presence of an enzyme
that specifically dephosphorylates
PtdIns(4,5),, converting it back to
phosphatidylinositol 4-monophos-
phate; this enzyme is called a phospho-
monoesterase. In unstimulated GH,
cells, the PtdIns(4,5)P, -specific
phosphomonoesterase is quite active,
and there is a futile cycle of conversion
of phosphatidylinositol 4-monophos-
phate to Ptdins(4,5)P, catalyzed by the
kinase and then back to phosphatidyl-
inositol 4-monophosphate catalyzed by
the phosphomonoesterase. Hence, in
this futile cycle, the phospholipid back-
bone of PtdIns(4,5)F, is preserved and
the rapid metabolism of PtdIns(4,5)P,
is due to the turnover of the phosphate
group at the 5-position.

It is important to note that this futile
cycle of degradation of PtdIns(4,5)P,
does not result in the generation of
either of the second messengers, InsP,
or 1,2-DG. In order for these second
messengers to be generated, it is
necessary for PtdIns(4,5)P, to be
hydrolyzed by a different enzyme
called a phospholipase C (or phos-
phodiesterase). This enzyme is
relatively inactive in unstimulated cells
and is specifically activated by the
TRH-receptor complex. Hence, very
soon after activation of the phos-
pholipase C enzyme by the TRH-
receptor complex, the metabolism of
the phosphoinositides is markedly
changed, so that degradation of these
lipids occurs almost exclusively via a
phospholipase C-mediated hydrolysis
of PtdIns(4,5)P, to form InsP; and 1,2-
DG. This has been shown most clearly
in experiments in which GH; cells were
prelabeled with myo-[*H]inositol to
constant specific radioactivity and
then the effects of TRH on the phos-
phoinositide lipids and InsPF; were
monitored. This experimental design
incorporates a major advantage of
using a cloned cell line in permanent
culture because, when the cells are
prelabeled to constant specific radioac-
tivity, the changes in*H radioactivity
directly reflect changes in the mass of
each of the labeled compounds. This is
particularly important in these studies
because PtdIns(4,5)P, and InsP; are
present in very small quantities. Within
seconds after TRH binds to its recep-
tor on the cell surface, thereis a
decrease in the level of PtdIns(4,5)P,
and a fourfold increase in the cell con-
tent of InsP..? A concomitant increase
in 1,2-DG was measured in cells pre-
labeled with precursors that label the
lipid moiety of PtdIns(4,5)P,, such as
[’H]arachidonic acid.”

Action of
Phospholipase C

Although it was presumed that the
changes in phosphoinositide metabo-
lism stimulated by TRH occurred
within the cell surface membrane and
that there was direct activation of the
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Figure 1. Reaction catalyzed by the phospholipase C
enzyme that hydrolyzes phosphatidylinositol 4,5-
bisphosphate [PtdIns(4,5)P:] to form inositol tris-
phosphate (InsPs) and 1,2-diacylglycerol (1,2-DG).
This is the initial enzymic reaction activated after
TRH interacts with its receptor on the ceil surface.

phospholipase C by the TRH receptor,
this had been only indirectly shown in
the studies of intact GH, cells described
above. Direct activation of the phos-
pholipase C enzyme by the TRH-
receptor complex was recently demon-
strated in cell-free experiments using
isolated membranes! In suspensions
of membranes isolated from GH,

cells and incubated with adenosine
triphosphate (ATP), both TRH and
guanosine triphosphate (GTP) stimu-
lated the accumulation of InsP; in a
time- and concentration-dependent
manner. Moreover, when TRH and GTP
were added together, their effects were
more than additive. These findings
demonstrated that TRH and GTP act
synergistically to stimulate the activity
of a phospholipase C enzyme that hy-
drolyzes PtdIns(4,5)P,. These findings
suggest that a guanine nucleotide
binding regulatory protein is involved
in coupling the TRH receptor to a

phospholipase C that hydrolyzes
PtdIns(4,5)P, in the GH; cell surface
membrane. The coupling of the TRH-
receptor complex to the phospholipase
C enzyme by a GTP binding regulatory
protein may be characteristic of the
behavior of other agents"” and may be
analogous to the coupling of the stim-
ulatory and inhibitory agonists acting
upon adenylate cyclase and regulating
the formation of cAMP*

Intracellular Ionic Calcium

Evidence from a series of studies
using indirect techniques indicated
that TRH caused an elevation of [Ca?*);
in GH, cells.” This notion has recently
been proven in experiments in which
[Ca?*), was measured directly using flu-
orescent and luminescent probes of
Ca*". The mechanisms involved in reg-
ulating cellular Ca** metabolism are
complex. One of the major goals of this
metabolism is to maintain the [Ca®*]; in
a very narrow range around approx-
imately 100 nanomolar (1 X 107 M)
in the unstimulated (or resting) cell.
This requires the expenditure of a
great deal of energy in the form of
ATP because it must maintain a con-
centration gradient of approximately
10,000-fold across the cell surface
membrane. This is so because the ex-
tracellular free Ca*' concentration is
approximately 1 millimolar (1 x10°* M).
The cell surface membrane serves as a
permeability barrier against the influx
of extracellular Ca*", It is the major
continuous cellular defense against
massive Ca?* influx. Ca®* can enter
cells through channels in the cell sur-
face and there is a continual “leak” of
Ca’* into resting cells. Stimuli such as
TRH may rapidly “open” these chan-
nels for short periods of time either by
depolarizing the cell surface (“voltage-
sensitive channels”) or by an as yet
undefined mechanism that does not
involve changes in membrane polariza-
tion (“voltage-insensitive channels”) to
allow Ca?* influx and thereby elevate
[Cat*].

There are two mechanisms within
the cell surface membrane and at least
two that involve intracellular organelles

that serve to maintain the [Ca?*]; at its
resting level and to reestablish the rest-
ing level after its stimulated elevation.
At the cell surface there are two sys-
tems that extrude Ca** from the cell
when the [Ca’* ], becomes elevated.
These are (1) the “Ca®* pump” (or
Caf*-Mg'* ATPase) and (2) the “Na*-Ca*"
exchange” mechanism, which is depen-
dent on the Na* gradient established
by the Na*-K* ATPase, that exchanges
extracellular Na* for intracellular Ca®”.
The intracellular organelles that can
sequester Ca** and thereby lower
[Ca?*]; are the endoplasmic reticulum
and mitochondria. The endoplasmic
reticulum contains a “Ca** pump” (or
Ca® -Mg** ATPase), which is different
from the one at the cell surface, and
mitochondria contain a Ca**-H*
exchange mechanism, which is driven
by the proton gradient established by
the electron transport chain during
oxidative phosphorylation. Hence,
these four mechanisms acting in con-
cert establish the resting [Ca®* |, and
act to restore it after [Ca®*], has been
elevated.

TRH markedly affects Ca’>* metab-
olism in GH; cells. We have used a
fluorescent probe of Ca’* called Quin 2
that can be trapped in the cytoplasm of
cells to measure {Ca®*|; directly.** The
[Ca®'], in unstimulated (or resting) GH,
cells is approximately 120 nanomolar
(1.2 x 10" M). TRH stimulates an imme-
diate severalfold elevation of [Ca®*]; to
approximately 520 nM, followed by a
decline over 2 minutes and then a sec-
ondary elevation to 260 nM that lasts
for at least 20 minutes. Several dif-
ferent experimental approaches show
that the rapid elevation of [Ca®*];
caused by TRH is due in large part to
release of Ca** from an intracellular
pool probably situated within the
endoplasmic reticulum. The more
prolonged, sustained phase of eleva-
tion is caused by enhanced influx of
extracellular Ca’* The Ca?* influx
stimulated by TRH appears to occur
through voltage-sensitive channels
in the cell surface membrane. TRE-
induced “opening” of these channels
involves changes in the resistance of
the cell surface membrane leading
to its depolarization; however, the




molecular details of this effect are
unknown.

We have recently suggested that TRH
causes the release of intracellular Ca?*
and is related to the role of InsP; as an
intracellular messenger that mobilizes
Ca**'* To determine whether InsP, could
release Ca** from a pool within GH;,
cells, we developed a technique to per-
meabilize the cells with a detergent so
as to allow added InsP, to interface
with these pools within the cells; ex-
ogenously added InsP; does not enter
intact cells. We showed that these per-
meabilized cells could sequester Ca**
into mitochondrial and nonmitochon-
drial (most likely the endoplasmic reti-
culum) pools in a manner similar to
Ca’* sequestration by intact cells. The
permeabilized cells were able to buffer
the Ca’* concentration in the medium
in which they were incubated to a level
virtually identical to the [Ca** ], of rest-
ing, intact cells. InsP, caused a very
rapid release of Ca?* from the non-
mitochondrial pool in permeabilized
GH,; celis. The effect of InsP, was spe-
cific and the concentration of InsP,
needed for this effect was lower than
that estimated to be present in GH,
cells during stimulation by TRH.
Hence, it appears that TRH-induced
mobilization of intracellular Ca?* in
intact GH; cells is caused by InsPy-
induced release of endoplasmic
reticulum Ca?".

Potential Role of
Protein Kinase

Protein phosphorylation-dephos-
phorylation is a general mechanism of
cellular regulation. Such phosphopro-
teins are probably also involved in the
mechanism of TRH action, even though
their identity and specific role remain
unknown. In particular, recent evidence
suggests that 1,2-DG, which is formed
from the hydrolysis of PtdIns(4,5)P,
stimulated by TRH, activates the Ca?*-
and phospholipid-dependent protein
kinase (protein kinase C), leading to
phosphorylation of a series of proteins
that regulate prolactin secretion and
synthesis. Hence, as it has been pro-
posed in other cell types, it appears

likely that activation of protein kinase
C plays an important role in the action
of TRH.

TRH stimulation of prolactin secre-
tion is biphasic. There is a “burst”
phase of secretion at a very high rate
that lasts for approximately 2 minutes.
This is followed by a sustained phase
of stimulated secretion at a rate lower
than that during the burst phase. The
sustained phase may last for at least 30
minutes when TRH is present continu-
ously. Evidence has been presented
that the two phases of prolactin secre-
tion stimulated by TRH are mediated
by different mechanisms. The majority
of investigators suggest that the eleva-
tion of [Ca®* |, induced rapidly after
TRH stimulation is both necessary and
sufficient to cause burst secretion. In
contrast, the sustained phase of secre-
tion is probably mediated by 1,2-DG
activation of protein kinase C. We have
measured the two phases of secretion
stimulated by TRH from cells in which
the elevation of [Ca** |, was inhibited.”
On the basis of these studies, I believe
that the burst phase secretion is
caused by the rapid elevation of [Ca?* ]
and that the sustained phase of secre-
tion is caused by activation of protein
kinase C, which can occur optimally
only in the presence of the appropriate
resting [Ca®"*]..

Model of TRH Action

Figure 2 illustrates a working model
of the intracellular events that mediate
TRH stimulation of biphasic secretion
of prolactin from GH; cells. The binding
of TRH to its receptor (R) in the cell
surface membrane leads to an activa-
tion of the receptor (R"). R’ interacts
with a guanine nucleotide binding regu-
latory protein (G) that then binds GTP
causing its activation (G"). G’ then binds
to the phospholipase C enzyme (E) and
activates the enzyme (E"). E’ catalyzes
the hydrolysis of PtdIns(4,5)P, to form
InsP; and 1,2-DG. InsP; is water soluble
and diffuses away from the cell surface
membrane to the endoplasmic reticu-
lum, where it causes the release of pre-
viously sequestered Ca?'. The release
of Ca’* into the cytoplasm resultsin the
rapid elevation of {Ca’*], that couples

stimulation by TRH to burst phase se-
cretion. The elevation of [Ca?* ], activates
the movement of secretory granules
to the cell surface and their fusion
with the cell surface membrane (exo-
cytosis), directly or via a Ca’*- and
calmodulin-dependent kinase phos-
phorylation of proteins involved in
exocytosis, or both. The elevation of
[Ca*']; is extended by a prolonged
enhancement of influx of extracellular
Ca®* that may be necessary to prevent
the [Ca?*], from falling below the res-
ting level as the counterregulatory
mechanisms are activated. Simul-
taneous with these effects there is a
paraliel activation of protein kinase

C by 1,2-DG that also leads to phos-
phorylation of proteins involved

in exocytosis and that mediate the
sustained phase of secretion.

TRH+R
R'+G
G'+E

i PtdInsP,

E' >
b 4

InsP;
N7
1,2-DG
N
Release
Endoplasmic
Reticulum Ca?* A
Activate
Protein
L 4 Kinase C
Elevate
Cytoplasimic
Free Ca?*
Activate
CAM-dependent
Protein €é—
| 3 Activate ¢
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Pigare 2, Working model of intracellular events de-
scribed in the text that lead to the biphasic secretion
of prolactin from GHj cells. R, TRH receptor; R’, acti-
vated receptor; G, guanine nucleotide binding protein;
G, activated nucleotide binding protein; E, phospho-
lipase C enzyme, E’, activated enzyme; PtdInsPs,
phosphatidylinositol 4,5-bisphosphate; InsPs, inositol
trisphosphate; 1,2-DG, 1,2-diacylglycerol.
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