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Abstract Treatment of GH; cells with either hypothal-
amic peptide thyrotropin-releasing hormone (TRH),
the endomembrane Ca’"-ATPase inhibitor thapsigar-
gin or the Ca?* ionophore ionomycin mobilized, with
different kinetics, essentially all of the Ca’* pool from
the intracellular Ca?* stores. Any of the above-
described treatments induced a sustained increase in
intracellular Ca®" concentration ([Ca’'];), which was
dependent on extracellular Ca®>* and was prevented by
Ni?* but not by dihydropyridines (DHPs), suggesting
that it was due to capacitative Ca®* entry via activa-
tion of a plasma membrane pathway which opened
upon the emptying of the intracellular Ca?* stores. The
increase of the plasma membrane permeability to Ca?*
correlated negatively with the filling degree of the intra-
cellular Ca** stores and was reversed by refilling of the
stores. The mechanism of capacitative Ca?* entry into
GHj; cells differed from similar mechanisms described
in several types of blood cells in that the pathway was
poorly permeable to Mn?* and not sensitive to
cytochrome Pgs, inhibitors. In GHj; cells, TRH induced
a transient [Ca>*}; increase due to Ca®" release from
the stores (phase 1) followed by a sustained [Ca”"};
increase due to Ca?* entry (phase 2). At the single-cell
level, phase 2 was composed of a DHP-insensitive sus-
tained [Ca”"]; increase, due to activation of capacita-
tive Ca®* entry, superimposed upon which DHP-
sensitive [Ca®"]; oscillations took place. The two com-
ponents of the TRH-induced Ca®* entry differed also
in that [Ca>*]; oscillations remained for several minutes
after TRH removal, whereas the sustained [Ca®'};
increase dropped quickly to prestimulatory levels, fol-
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lowing the same time course as the refilling of the stores.
The drop was prevented when the refilling was inhib-
ited by thapsigargin. It is concluded that, even though
the mechanisms of capacitative Ca?' entry may show
differences from cell to cell, it is also present and may
contribute to the regulation of physiological functions
in excitable cells such as GH;. There, capacitative Ca®*
entry cooperates with voltage-gated Ca’* channels to
generate the [Ca®']; increase seen during phase 2 of
TRH action. This contribution of capacitative Ca?*
entry may be relevant to the enhancement of prolactin
secretion induced by TRH.
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Introduction

The hypothalamic peptide thyrotropin-releasing hor-
mone (TRH) increases hypophyseal secretion of pro-
lactin. A useful model system in which this process can
be studied 1s the GH; cell line, derived from rat ante-
rior pituitary, which secretes prolactin in response to
TRH by a Ca?"-dependent mechanism [9]. Both Ca2*
mobilization from the intracellular Ca>" stores and
Ca’" entry from the extracellular medium are involved
in stimulus-secretion coupling [32]. Ca?* mobilization
from the stores is responsible for an early and transient
prolactin secretion (phase 1) while Ca®* entry is needed
for sustained secretion (phase 2). Ca** mobilization is
mediated by inositol 1,4, 5-trisphosphate production
[10]. Phase 2 has been attributed to the increase of
action potential firing frequency induced by TRH [3],
which promotes Ca?* entry through voltage-operated
Ca?* channels [18] and oscillations of the cytosolic Ca?*
concentration ([Ca®*]) [33]. However, blocking of
voltage-operated Ca®* channels by dihydropyridines
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(DHPs) only partially inhibits the increase of [Ca?*];
[2, 16], suggesting that another mechanism could con-
tribute to the TRH-induced Ca®" influx. In agreement
with this, it has been reported that about 50% of the
prolactin secretion observed during phase 2 of stimu-
lation by TRH is resistant to DHPs [2].

In non-excitable cells, agonists may also induce a
biphasic change of [Ca?']; composed of a transient
increase due to Ca*" mobilization from the stores, fol-
lowed by a sustained increase due to Ca®" entry [32].
In many cases this Ca®* entry takes place through a
plasma membrane pathway which activates upon the
emptying of the intracellular Ca”" stores by the ago-
nist (“capacitative Ca’* entry”, see [3,19,25 for
reviews). The existence of capacitative Ca®* entry has
recently been reported also in some excitable neuroen-
docrine cells such as bovine chromaffin [26], PC12 [6]
and GH,C, pituitary cells [16]. However, GH; cells,
closely related to GH,C; cells, have been proposed to
belong, together with NG115 4011 neuroblastoma cells
[13], to a restricted group showing no capacitative Ca>*
entry [34].

In the present paper we have studied the effects of
emptying the intracellular Ca®* stores on the entry of
Ca?* and Mn?* (used as a Ca?* surrogate for Ca?*
channels) in fura-2-loaded GHj cells. The Ca®* stores
were emptied by treatment either with the Ca®*
ionophore ionomycin [22], with the endomembrane
Ca’*- ATPase inhibitor thapsigargin [29] or with TRH.
Our results are consistent with the existence of a capac-
itative Ca’' entry pathway that activates reversibly
upon emptying the intracellular Ca®* stores. Ca?* entry
through capacitative Ca®* entry contributes to the
increase of [Ca®"); produced by stimulation by TRH.

Materials and methods

Two strains of GH; pituitary cells, kindly provided by Dr. C.
Dieguez (Universidad de Santiago de Compostela, Spain) and by
Dr. F. Barros (Universidad de Oviedo, Spain), were used; both
behaved similarly. They were grown in RPMI 1640 medium sup-
plemented with 15% horse serum and 2.5% fetal calf serum at
37°C and in an atmosphere of 95% air and 5% CO,. '

For fluorescence measurements, GH; cells were allowed to attach
to poly-L-lysine-coated (0.01 mg/ml, 5 min) glass coverslips and
were grown for 2-3 days. The cell-coated coverslips were washed
with standard medium containing (in mM): NaCl,145; KCL5;
MgCl,, 1; CaCl,, 1; glucose, 10; 4-(2-hydroxyethy1)-1-piperazineethane-
sulphonic acid, Na* salt (sodium-HEPES),10; pH, 7.4, and were
loaded with fura-2 by incubation with 5 uM fura-2/acetoxymethyt
ester (fura-2/AM) at room temperature for about 1h. [Ca?")
measurements were performed either on cell populations or at the
single-cell level, as described below.

For [Ca”"]; measurements and Mn?* entry assays using cell pop-
ulations, glass coverslips were introduced at a fixed angle (45°) into
quartz cuvettes placed in the sample compartment of a spec-
trophotometer that allowed rapid (30-300 Hz) alternation of up to
six different excitation wavelengths (Cairn Research Newnhan,
Sittingbourne, Kent, UK). Temperature was 30°C. Emitted
fluorescence was measured at >520 nm and integrated at every
1-s period. [Ca®']; was estimated from the ratio of the fluorescence

values excited at 340 nm and at 380 nm [11]. Calibration was per-
formed by comparison with fura-2 standards. Mn?* entry was mea-
sured by the quenching of the fura-2 fluorescence excited at 360
nm, a wavelength which is not sensitive to changes in Ca®" con-
centration [12]. This procedure has been described in detail else-
where [8]. Perfusion with different media allowed us to stimulate
and wash the same cells repetitively, in order to compare inhibition
within the same cell sample and to document reversibility.

For single-cell measurements, the coverslips coated with fura-2-
loaded cells were mounted under the microscope (Nikon Diaphot)
in a chamber maintained at 36°C and epi-illuminated alternately at
340 nm and 380 nm. Light emitted at wavelengths longer than
520 nm was recorded by an extended ISIS-M camera (Photonic
Science, Robertsbridge, East Sussex, UK) and analysed using an
Applied ITmaging Magical image processor (Sunderland, Tyne and
Wear, UK). Four video frames at each wavelength were averaged
by hardware, with an overall time resolution of about 3 s for each
pair of images at alternate wavelengths. Ratios of data from con-
secutive frames obtained at 340 nm and 380 nm excitation were cal-
culated pixel by pixel and [Ca*]; was estimated by comparison with
fura-2 standards [31].

Quantification of [Ca®"]; oscillations of the cells was performed
using two parameters, the mean [Ca®"]; increase and the oscillation
index. The mean [Ca’"]; increase was computed as the average of
all the [Ca®*}; values minus the “resting” [Ca**]; over the whole inte-
gration period. The “resting” [Ca®*; was arbitrarily chosen as the
smallest [Ca®*]; value in the whole trace. Thus, the mean [Ca®'};
increase is equivalent to the mean area under the {Ca®*]; peaks. The
increase of this parameter reflects increases of [Ca®*]; , whether or
not they are oscillatory. The oscillation index was computed as the
average of all the differences (in absolute values) between each
[Ca®"); value and the next, throughout the whole integration period.
An increase of this parameter reflects an increase of oscillations and
is largely independent of the actual [Ca®*]; values.

Fura-2/AM was obtained from Molecular Probes, Eugene, Ore.,
USA. Nisoldipine was a generous gift from Bayer, Germany.
Thapsigargin was obtained from Alomon Laboratories, Jerusalem,
Israel. Other chemicals were obtained from Sigma, Madrid, Spain,
or from Merck, Darmstadt, Germany.

Results

2+

Intracellular Ca** pools in GH; cells

The relative Ca?* content of the intracellular Ca?*
pools of GH; cells was estimated by mobilizing the
stored Ca?" into the cytosol in cells perfused with Ca**-
free medium to prevent Ca®" entry. Under these con-
ditions the size of the transient [Ca®"]; increase is a
good index of the relative degree of filling of the stores
[22]. Mobilizing agents tested included the Ca®*
ionophore ionomycin, the endomembrane ATPase
inhibitor thapsigargin and TRH. Ionomycin mobilized
the whole stored Ca* pool, as shown by the fact that
none of the other two agents was able to produce a
further [Ca®"); peak when added after ionomycin (Fig.
1A, E). TRH produced a substantial release, as indi-
cated by the fact that the ionomycin-induced [Ca?*];
peak was reduced by 89 * 3% (mean £ SEM; = 5) in
cells first treated with TRH (Fig. 1B, compare to
Fig. 1A). Treatment with 500 nM thapsigargin for 5
min produced an even more extensive mobilization of
Ca?* from the stores, the ionomycin-induced [Ca?"};
peak being barely detectable after treatment with
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Fig. 1A-G Intracellular Ca?* pools in GH; cells. The size and over-
lapping of the different intracellular Ca®* pools were assayed by
sequential perfusion with different Ca®" mobilizers in Ca®*-free
medium. (Zorno Ionomycin, TRH thyrotropin releasing hormone,
TG thapsigargin). The concentrations used were: iono, 100 nM;
TRH, 100 nM; TG, 500 nM. Perfusion with the Ca?"-free (con-
taining 500 uM EGTA) medium was started 30 s before adding the
Ca®" mobilizer. G The correlation between the degree of filling of
the intracellular Ca?" stores and the time of treatment with TG is
shown in experiments performed with the same cell batch. Filling
was quantified as the height of the ionomycin-or the TRH-induced
[Ca?']; peak (in Ca?*-free medium) and is expressed as a percent-
age of the control, not treated with TG. In similar experiments with
different cell batches the degree of filling was (mean £ SEM)
34 + 6% after 1-min treatment with TG (# = 3) and 4 = 3% after
5-min treatment with TG (n = 6)

thapsigargin (Fig. 1F). Treatment with thapsigargin
also prevented the TRH-induced [Ca®*];peak Fig. 1D).
Treatment with TRH substantially decreased, but did
not completely abolish, the subsequent thapsigargin-
induced [Ca’*]; peak (Fig. 1C, compare to Fig. ID).
These results indicate that the three Ca®* mobilizers
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tested, ionomycin, thapsigargin and TRH, are able to
act essentially on the same Ca** pool.

Ca?* mobilization by ionomycin and TRH produced
a sharp [Ca®*]; peak, suggesting a fast release from the
stores to the cytosol followed by extrusion to the extra-
cellular medium. Thapsigargin, in contrast, produced
a much more sluggish [Ca®*]; rise which was sustained
for longer periods, suggesting a slower release. Figure
1G illustrates the time course of the emptying of intra-
cellular Ca’* stores by thapsigargin. The relative degree
of filling after treatment for different time periods was
estimated from the size of the [Ca®"]; peaks induced,
in Ca?*-free medium, by either ionomycin (triangles)
or TRH (circles). The half-emptying time was about
30 s, full emptying requiring about 5 min. This rela-
tively slow emptying is consistent with passive leak
from the stores to the cytosol unopposed by active
pumping, which is blocked by thapsigargin, in contrast
to an accelerated leak, as would be the case for iono-
mycin and TRH. In cells first treated with thapsigar-
gin, and then incubated in Ca**-containing medium for
up to 30 min, addition of ionomycin in Ca’'-free
medium did not produce any [Ca’*}; peak, indicating
that the effect of thapsigargin is irreversible and the
stores are unable to refill (results not shown).

24

Emptying of the intracellular Ca=" stores increases

Ca’* entry

Treatment with thapsigargin in Ca®'-containing
medium resulted in a sustained [Ca®*]; increase, which
was due to Ca®* influx since it was reversibly prevented
by Ca?" removal or by Ni** addition (Fig. 2A).
Treatment with thapsigargin either in Ca®'-free
medium (Fig. 2B) or in Ca?*-containing medium to
which Ni?" had also been added to prevent Ca*" entry
(Fig. 2C), resulted in a transient increase of [Ca®*],
which returned to or decreased below the resting level
within 2-3 min. This reflects release of Ca®* from the
stores to the cytosol followed by extrusion to the extra-
cellular medium. When the medium perfusing cells
treated in this manner was switched to Ca’*-contain-
ing medium (with no Ni**), [Ca*"]; increased quickly
to levels well above those found before treatment with
thapsigargin (Fig. 2, B, C). These [Ca®*']; overshoots
reflect increased Ca?* entry through the plasma mem-
brane. Note that, in cells with filled Ca" stores (before
treatment with thapsigargin), switching perfusion from
Ca**-free to Ca’"-containing medium had much
smaller effects on [Ca’*]; (Fig. 2B, first “Ca0” pulse).
The modest, but noticeable, increase of [Ca**]; observed
in control cells upon switching from Ca?*-free to Ca’*-
containing medium represented mainly the averaged
result of spontaneous oscillations of [Ca®*];, which only
happen in Ca’*-containing medium, as revealed by
study at the single-cell level (see below). Treatment of
the cells with tertbutyl-benzohydroquinone (BHQ),
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Fig. 2A-F Thapsigargin and ionomycin are able to induce an
increase of Ca®* entry in GHj, cells. Perfusion was changed from
standard incubation medium (with 1 mM Ca>") to media contain-
ing either no Ca?* (0.5 mM EGTA; Ca0), 0.5 uM thapsigargin
(TG), 5 mM Ni?* (Ni) or 100 nM ionomycin (Iono), as indicated.
Each trace is representative of 3—7 similar experiments

another inhibitor of endomembrane Ca®'-ATPases
[14], had the same effects as thapsigargin upon both
the emptying of the intracellular Ca®* stores and the
increase of Ca®* entry (results not shown).

Treatment of GH; cells suspended in Ca®*-contain-
ing medium with low concentrations of the Ca?*
ionophore ionomycin elicited a biphasic [Ca®'];
increase composed of a transient peak followed by a
sustained increase (Fig. 2D). Addition of Ni%*, which
does not interfere with Ca”" transport by ionomycin
[22], decreased [Ca®*]; to or below the resting level,
before addition of ionomycin (Fig. 2D). Note that the
[Ca®"]; scale in the right panels of Fig.2 is more
expanded than in the left panels, so that the late [Ca?*];
increase was about the same as the observed after treat-
ment with thapsigargin (Fig. 2A). The early [Ca?'];
peak induced by ionomycin was not prevented by Ca?*
removal (Fig. 2E) nor by addition of Ni** (Fig. 2F),
indicating that it was due to Ca?" release from the
intracellular stores. In contrast the late and sustained
[Ca?"]; increase was not observed in Ca?*-free medium
(Fig. 2E) nor in Ca?'-containing medium to which
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Ni** had been added (Fig. 2F), suggesting that it was
due to increased Ca’" entry. Switching the medium per-
fusing the cells treated in such a manner to Ca?*-con-
taining medium produced a [Ca?*]; overshoot (Fig. 2E,
end of “Ca0” pulse) which, again, could be inhibited
by Ni**.

The increased Ca®" entry observed after ionomycin
treatment 1S not mediated through any residual
ionophore that may have remained associated with the
plasma membrane. The following observations support
this view:

(1) the increase of [Ca®*]; after Ca?* store depletion
with ionomycin is blocked by Ni**, which does not
block Ca?" transport through ionomycin-sensitive
pathways [22];

(2) addition of 100 nM ionomycin to cells treated
with thapsigargin and suspended in Ca?*-containing
medium did not produce a further increase of [Ca?*];
(results not shown);

(3) ionomycin treatment did not increase the [Ca*'};
overshoots obtained after treatment with thapsigargin
(see below, Fig. 7A).

This lack of a noticeable effect of ionomycin at the
plasma membrane level may seem rather surprising.
However, we have shown in other cell kinds that the
Ca?*-permeabilizing effect of low concentrations of
ionomycin and other Ca®* ionophores is much more
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Fig. 3A—C Correlation between the degree of filling of the intra-
cellular Ca?* stores and the size of the [Ca?*]; overshoots. GH; cells
were treated in Ca®*-free medium with the indicated concentrations
of thapsigargin (TG, in nM) for 5 min. Then the degree of filling
of the intracellular Ca®* stores was estimated from the size of the
[Ca?*]; peaks induced by ionomycin (100 nM) in Ca**-free medium
(A). B In parallel samples the size of the [Ca?*]; overshoots upon
switching from Ca®*-free to Ca’*-containing (I mM) medium was
measured. C The correlation between the degree of filling of the
stores, expressed as a percentage of the control, not treated with
thapsigargin, and the size of the [Ca’*]; overshoots, expressed as a
percentage of the maximum, obtained after treatment with 500 nM
thapsigargin. Each value is the mean of three determinations with
different cell batches. Bars represent SEM

evident at the endomembrane than at the plasma mem-
brane level, so that the Ca®" stores can be efficiently
emptied with no significant increase of the ionophore-
mediated Ca”" entry through the plasma membrane
[22]. This may be due to a preferential distribution of
the ionophore in the endomembranes, to a more
favourable surface-to-volume ratio conditioning a
larger flux in the organelles, or to the existence of a
large [Ca®']; gradient between the stores and the
cytosol, which can be collapsed easily by even slight
ionophore action. Therefore, results in Fig. 2 suggest
that depletion of the intracellular Ca?* stores by treat-
ment with low concentrations of ionomycin increases
the plasma membrane permeability to Ca?*. The effects
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of thapsigargin and ionomycin upon Ca’' entry were
not additive (results not shown), suggesting that both
manoeuvers activate the same Ca’* entry mechanism,
namely capacitative Ca®* entry.

Depletion of the Ca?* stores can be graded by using
different concentrations of thapsigargin. Figure 3A
documents the Ca?* contents of the stores, measured
as the size of the [Ca’"]; peaks elicited by ionomycin
in Ca?"-free medium, after treatment with different
thapsigargin concentrations for 5 min. The half-maxi-
mal effect was obtained at less than 5 nM thapsigar-
gin. Figure 3B shows that the [Ca®']; overshoots, used
as a measure of Ca?" influx, increased gradually with
depletion of the Ca®* stores. Figure 3C summarizes the
negative correlation between the size of the Ca®* over-
shoot and the filling degree of the stores obtained in
three similar experiments with different cell batches.
Half-maximal entry was obtained at about 40% filling
of the stores, a value very similar to that reported pre-
viously in other cell types [23].

Effect of depletion of the Ca?" stores on permeability
to Mn?*

In several cell types the capacitative Ca®* entry path-
way allows passage of Mn?* [3, 22]. Mn?* entry can be
demonstrated by the quenching of fura-2 fluorescence
[12]. Changes of [Ca®*]; and Mn?* entry can be fol-
lowed simultaneously and independently by measuring
the fluorescence (F) excited from fura-2 at three differ-
ent wavelengths, 340 nm, 360 nm and 380 nm [8, 22].
Since Fg is insensitive to Ca®*, but quenched by Mn?*,
its decrease reflects only Mn?* entry. On the other hand,
since Fyy and Fig are similarly quenched by Mn?*, the
ratio Fiyl Fig continues to be a valid measurement of
[Ca®'];, even in the presence of Mn?* [8]. In the experi-
ment shown in Fig. 4, Mn?* was added to the incuba-
tion medium (containing also 1 mM Ca?*) and then
the cells were treated with thapsigargin. As before (see
Fig. 2), thapsigargin induced a [Ca”"]; increase, seen as
the rise of Fy/ Fig (upper trace in Fig. 4). The lower
trace shows the simultaneous recording of the quench-
ing of Fi. Before addition of thapsigargin, the decrease
of Fy was slow. Upon addition of thapsigargin, the
rate of Fig quenching increased after a lag period of
about 1 min (compare with the dotted line, showing
the rate before application of thapsigargin), indicating
that there was a delayed acceleration of Mn”" entry.
Note that the [Ca®']; increase (upper trace) did not
show such a lag. We interpret these results to mean
that the first part of the [Ca®']; increase produced by
thapsigargin was due to release of Ca?* from the stores
and that Mn?* entry only started once they had been
emptied. The [Ca®"]; trace does show a further increase
about 2 min after addition of thapsigargin, coincident
with the maximal rate of the Fis decrease, which may
also reflect increased Ca”" entry.
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Fig. 4 Effects of thapsigargin on the entry of Mn?" into GHj cells.
The entry of Mn?* was estimated from the quenching of the fura-
2 fluorescence excited at 360 nm (lower trace; see Materials and
methods). The upper panel illustrates the changes in [Ca?*],, shown
here as the ratio of the fluorescences excited at 340 nm and 380
nm, which were measured simultaneously. The perfusion medivm
contained 1 mM Ca?*. At the arrows perfusion was changed to
medium containing Mn2* (50 uM), or Mn>* plus thapsigargin (T'G,
0.1 uM) or high K* (70 mM, replacing an equimolar amount of
Na*). This experiment is representative of 3 similar ones

Fig. 5A-C Effects of 350
nisoldipine and miconazole on
the [Ca?*]; overshoots observed
after treatment with
thapsigargin and on Ca®*
entry through voltage-gated
Ca?* channels (VOCC). The
concentration of nisoldipine in
part A was 1 uM. B so
Depolarization was induced by

perfusion with 70 mM K* in

the absence (control) or in the

presence of several

The thapsigargin-induced Mn?* entry was usually
sluggish and experimental conditions (relative concen-
trations of Ca?" and Mn?* and state of the cells) should
be carefully optimized in order to obtain clear results.
These difficulties were not found in other cell prepa-
rations, for which massive entry of Mn?" could be
demonstrated after depletion of the intracellular Ca®*
stores [3, 22]. The entry of Mn*" through voltage-oper-
ated Ca®" channels could also be easily demonstrated
in GH; cells [31]. This is illustrated in the last part of
the experiment of Fig. 4, where depolarization of the
cells with a high K* concentration produced a sudden
increase of [Ca®*}; (upper trace) coincident with a large
acceleration of Mn?" entry (lower trace).

Effects of DHPs and cytochrome Pys inhibitors
on the thapsigargin-induced Ca®* entry

In order to test whether voltage-operated Ca®* chan-
nels could contribute to the Ca?" entry induced by
empying the Ca’* stores we tested the effects of nisol-
dipine, an inhibitor of voltage-operated Ca’* channels
[30]. Nisoldipine, which fully blocked the increase of
[Ca?"]; induced by depolarization with a high K* con-
centration ([31] see below), had only a minor effect on
the [Ca®"]; overshoot obtained by adding Ca®" to GH,
cells first treated with thapsigargin (Fig. 5A). In five
similar experiments, nisoldipine inhibited by only
16 + 6% (mean + SEM) the [Ca®*]; overshoots in thap-
sigargin-treated GH; cells. Similar results were
obtained in ionomycin-treated cells (results not shown).
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Fig. 6A~D Effects of thapsigargin and
ionomycin on [Ca”*}; oscillations in single
GH; cells. A The effect of 0.5 UM
nisoldipine on spontaneous [Ca®*];
oscillations. Wash represents a 20-min
period to washout nisoldipine. B The effect
of 0.3 uM thapsigargin in the presence of
0.5 uM nisoldipine in a representative cell.
The cells were perfused with medium
containing 1 mM Ca?" which was then
changed to medium containing either
thapsigargin (0.3 uM), or no Ca?" (0.5 mM
EGTA, Ca0), as indicated. C,D Average
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We have reported recently that cytochrome Pis
inhibitors are able to block the entry of Ca?" and Mn**
induced by emptying the intracellular Ca®" stores in
several non-excitable cell types [3]. In GH; cells
cytochrome P, inhibitors also block the entry of
Ca?" through voltage-operated Ca?' channels [31].
Cytochrome P45, inhibitors had little effect on thapsi-
gargin-induced Ca?* entry into GHj cells. Figure 5
compares the effects of several concentrations of
miconazole, a cytochrome Py, inhibitor, on the
increases of [Ca’"]; induced either by depolarization
with a high K" concentration (B) or by adding Ca?*
to thapsigargin-treated cells (C). It is clear that, whereas
Ca?"* entry through voltage-operated Ca** channels was
effectively antagonized by miconazole, entry through
the capacitative Ca>* entry pathway was little affected.
Similar results were obtained with other cytochrome
Py inhibitors (econazole and nordihydroguaiaretic
acid, results not shown).

Independent evidence about the lack of an effect of
emptying the Ca’" stores on voltage-operated Ca**
channels was obtained from measurements of [Ca?’];
in single cells. GH; cells display spontaneous [Ca”";
oscillations which are due to action potential firing [27].
DHPs reversibly inhibited the spontaneous [Ca®'};
oscillations (Fig. 6A), but not the [Ca®"]; increases
induced by thapsigargin nor the [Ca®*]; overshoots in
thapsigargin-treated cells (Fig. 6B). Analysis of the
effects of thapsigargin in single cells showed that oscil-
lations were little modified, but that they took place
superimpossed upon a higher “resting” [Ca®*]; between
oscillations. Figure 6C, D summarizes the results in all
the cells analysed, data being expressed as mean [Ca®"];
increases and oscillation indexes (see Materials and
methods).

Thapsigargin did not modify the oscillation index
(Fig. 6C), which purely reflects Ca>* oscillations, but

THAPSIG.

THAPSIG. IONO. IONO.

increased the mean [Ca®']; increase (Fig. 6D) which
depends on both oscillations and sustained increases
of [Ca?"}.. Emptying the Ca?" stores with ionomycin
had similar results (Fig. 6C, D). These results reinforce
the conclusion that the Ca®" entry pathway activated
by treatment with thapsigargin in GHj; cells is distinct
from voltage-operated Ca’* channels.

Refilling of the intracellular Ca*" stores

The [Ca?']; overshoots obtained upon addition of Ca**

to thapsigargin-treated cells were rather reproducible
(Fig. 7A). This is consistent with the irreversibility of

Fig. 7A, B Comparison of repetitive [Ca’*]; overshoots following
treatment with either thapsigargin or ionomycin. Perfusion of cells
was switched from a Ca®*-containing medium to Ca**-free medium
before and after treatment with either thapsigargin (0.5 uM; A) or
ionomycin (100 nM; B). The ionomycin was washed after the first
overshoot by perfusion with Ca®*-free medium containing serum
albumin 2% (w). The traces are representative of 10 (A) and 4 (B)
similar experiments
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the effect of thapsigargin on the endomembrane
Ca?* -ATPase activity [29] and sce above). Addition of
ionomycin in Ca?"-free medium confirmed that the
stores remained empty (Fig. 7A) and did not modify
the size of the subsequent [Ca®*]; overshoot. When the
Ca?" stores were emptied with ionomycin instead of
with thapsigargin, alternate perfusion with Ca®*-free
and Ca®*-containing media produced a large [Ca®");
overshoot the first time, which rapidly adapted in suc-
cessive pulses (Fig. 7B). This may be due to refilling of
the Ca?* stores during perfusion with Ca”*-containing
medium and the consequent deactivation of capacita-
tive Ca**entry. In fact, the last ionomycin pulse in Fig.
7B (in Ca”*-free medium) produced a large [Ca®*], peak,
suggesting that the stores had refilled to a large extent.
In the experiments shown in Fig. 8, the intracellular
Ca®* stores were emptied by treatment with 100 nM
ionomycin for 1 min in Ca?*-free medium. Then iono-
mycin was removed by washing with Ca?*-free, albu-
min-containing medium for 10 min. A new addition of
ionomycin at this stage did not produce a [Ca?*]; peak,
indicating that the Ca®" stores were completely empty
(results not shown). Incubation of these cells in stan-
dard Ca’*-containing medium resulted in an increase
of [Ca®']; (Fig. 8A) and, 3 min later, the intracellular
Ca’* stores had refilled completely. This is shown by
the fact that the [Ca?*]; peak produced by a new iono-
mycin addition (in Ca*-free medium) was of the same
size as the control, before any ionomycin treatment
(compare the first and last “iono” peaks in Fig. 8A).
Both the increase of [Ca?']; upon Ca’* readdition and
the refilling of the stores were partially prevented by
nisoldipine (Fig. 8B) and completely abolished by Ni**
(Fig. 8C). Addition of either nisoldipine or Ni*" 30 s
before ionomycin had no effect on the initial [Ca®';
peak induced by the ionophore. These results indicate
that Ca> entry from the external medium (either
through the capacitative Ca* entry pathway or through
voltage-operated Ca’*channels) and the subsequent
increase in [Ca']; are required for store refilling. This
is consistent with previous results in non-excitable
cells [24].

Characterization of the Ca®* signal in response
to TRH

Figure 9A compares the average changes in [Ca®'], pro-
duced by TRH in a population of GH; cells in the pres-
ence and in the absence of extracellular Ca?". In the
absence of Ca?* TRH produced a sharp [Ca?*]; peak
due to Ca®* release from the intracellular Ca?* stores
(phase 1). Then [Ca®"]; returned to or below the rest-
ing level observed before TRH addition within 2-5 min
(Fig. 9A; “-Ca” trace). When external Ca”" was pre-
sent (“CONT.” trace) the sharp [Ca?"]; increase was
followed by a maintained plateau (phase 2) which is
the expression of Ca®* entry from the extracellular
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Fig. 8A—C Refilling of the intracellular Ca®* stores is dependent on
the [Ca?*]; increase. (A) Cells were treated with 100 nM ionomycin
in Ca?"-free medium to empty the intracellular CaZ* stores (first
[Ca®*]; peak). Then the ionophore was washed out by perfusion
with Ca**-free medium containing 2% albumin for 5 min and exter-
nal Ca?" was added to allow refilling of the stores. Finally, the
filling level of the stores was assessed by a second addition of ion-
omycin (100 nM). B, C The protocol was the same, except that
external Ca®* was added together with 1 uM nisoldipine (B) or
5 mM Ni?* (C)

medium. On close inspection of phase 2 two compo-
nents could be distinguished (Fig. 9A). Immediately
after the sharp [Ca?*]; peak, there was a shoulder, some-
times showing a secondary [Ca’*]; maximum, which
decreased slowly to a steady level within 2-4 min (phase
2a). This steady level, well above the resting [Ca*'};
before TRH addition, was usually maintained for 15-30
min (phase 2b).

Addition of 5 mM Ni" at any time during phase 2
brought [Ca®']; to the same values as those observed
in the absence of external Ca?* within a few seconds
(results not shown). Activation of a plasma membrane
Ca®* entry pathway by TRH treatment was confirmed
using Mn?* as a surrogate for Ca**. In the experiment
of Fig. 9B and C Mn2* (50 uM) was added to the extra-
cellular medium (which also contained 1 mM Ca?")
and changes in [Ca?"]; (ratio Fi/ Fis, panel B) and
Mn?* entry (quenching of Fi, panel C) were measured
simultaneously (see Materials and methods). Upon



Fig. 9A-F Effects of TRH on
[Ca®"), and on Mn?** entry into
GHj; cells. A The effects of
TRH (100 nM) on a
population of GH; cells in
control medium (CONT.), in
the presence of 1 uM
nisoldipine (+ NISOL) or in
the absence of extracellular
Ca?* (-Ca). This experi-
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addition of TRH there was a [Ca®*]; peak followed by
a sustained plateau (Fig. 9B, compare with Fig. 9A).
On the other hand, TRH induced, after a short lag of
about 15 s, an increase in the rate of Fig quenching
(Fig. 9C), which demonstrates an acceleration of Mn>*
entry.

Measurements of [Ca?']; at the single-cell level
allowed identification of the same two phases after
TRH stimulation. Figure 9D shows the most common
pattern of response. Many of the cells showed sponta-
neous [Ca®"]; oscillations not synchronized among
different cells (see first [Ca®*]; peak in trace D). Upon
TRH addition there was an early [Ca>"]; peak (phase
1), which was synchronized in all cells. This was fol-
lowed by asynchronous [Ca?*]; oscillations, which were
more frequent than the spontaneous ones and contin-
ued until the end of the experiment (phase 2). These
[Ca®*]; oscillations usually arose from a [Ca®"]; plateau
well above the resting level before TRH addition
(Fig. 9D). In a fraction of cells showing no [Ca®"];

Fig. 10 Effects of nisoldipine (1 M) on the [Ca®*] response to TRH
(100 nM). Average effects on the mean [Ca**]; and oscillation index
of 27-33 single cells are shown. Bars represent SEM
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oscillations, TRH addition produced an early syn-
chronized [Ca?']; peak followed by a sustained plateau
(Fig. 9E). Statistical analysis of phase 2 (integration
period chosen to be the last 4 min of a 6-min period
of TRH stimulation) in 342 single cells from 7 different
batches showed a significant increase of both the mean
[Ca®*]; increase (160 £ 5 vs 54 =3 nM in the control,
before TRH; mean * SEM) and the oscillation index
(53 £ 2 vs 19+ 2 nM/3 s). From the above results, it
seems clear that two different components may con-
tribute to the [Ca®*']; increase seen during phase 2: (1)
a sustained [Ca?']; increase, and (2) an increase in the
frequency of [Ca”*]; oscillations. The sustained [Ca®'];
increase tended to be more prominent soon after TRH
addition and then to decrease with time, whereas the
[Ca?']; oscillations, once they appeared, remained
increased for several minutes. This may be responsible
for the transition between phases 2a and 2b seen in the
averaged [Ca®"); signal. The statistical analysis of the
single-cell results was consistent with this interpreta-
tion. The oscillation index, a parameter which
quantifies purely [Ca®*}; oscillations, increased after
treatment with, TRH but the increase was similar dur-
ing either phase 2a or 2b (56 =2 and 49 £ 2 nM /3 s
compared to 292 nM/3 s before TRH treatment;
mean * SEM, n = 342; phase 2a defined as 2-4 min
after TRH addition, phase 2b as 4-6 min). The mean
[Ca?*], increase, which is sensitive to both [Ca?*]; oscil-
lations and sustained [Ca®*]; changes, was larger dur-
ing phase 2a than during phase 2b (19317 vs
128 £ 4 nM, compared to 54 + 3 nM before TRH).
Inhibition by DHPs tended to be larger during phase
2b than during phase 2a (see below).
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[Ca?"}; oscillations but not sustained Ca®* entry
are blocked by DHPs

DHPs blocked [Ca’']; oscillations, either those that
were spontaneous (see above) or induced by TRH. The
effect of nisoldipine on the average [Ca’']; increase
induced by TRH in a population of GH; cells is shown
without comment in Fig. 9A (“+NISOL” trace).
Phase 1 was not substantially modified. Phase 2 was
inhibited but not abolished by nisoldipine (compare to
trace “-Ca”). Percentage inhibition varied with the cell
batch (mean * SEM, 33 £ 8% in four experiments,
measured 2 min after TRH addition), but in all cases

resentative single cell. DHPs abolished [Ca®*]; oscilla-
tions, but not the sustained [Ca?*]; increase. Statistical
analysis of the results in 33 single cells (compared to
27 DHP-untreated cells of the same batch) is summa-
rized in Fig. 10. DHPs prevented completely the
increase of the oscillation index seen during phase 2,
but inhibited only partially the mean [Ca®"]; increase.
These results reinforce the idea that two different com-
ponents, one sensitive and the other insensitive to
DHPs, contribute to the increase of [Ca”'}; during
phase 2 of stimulation by TRH.

The continued presence of TRH is required for
sustained Ca?* entry but not for [Ca®*}; oscillations

Results in Fig. 11 further advance more evidence for
the dual nature of the TRH-induced [Ca”"; entry. When

|
\

Ca0

TRH (but not Ca*" ) was removed from the perfusion
medium soon after the first [Ca®*], peak, [Ca®");
dropped suddenly (Fig. 11B, compare to Fig. 11A).
Single-cell studies (traces on the right hand side)
revealed that short (20 s) TRH pulses produced an
increase of [Ca?']; oscillations which was maintained
for several minutes, but did not produce the sustained
(non-oscillatory) [Ca®*]; increase (Fig. 11E, compare to
Fig. 11D). The values for the oscillation indexes before
and 3 min after a 20-s treatment with TRH were

, (mean £ SEM) were 12 £ 1 and 32 + 4, respectively

(n = 85; P <0.001, Student’s z-test). DHPs completely

I 1 ¢ ¢ “ prevented the increase of [Ca®"}; during phase 2 in this
it was incomplete. Figure 9F shows the results in a rep- -

type of experiments (results not shown). The above-
described results indicate that the continued presence
of TRH is required for the maintained Ca?" entry of
phase 2, but not for Ca’* oscillations. This is consis-
tent with the observation that TRH-induced electrical
activity remains increased for several minutes after
TRH removal [4].

Tonomycin (in Ca**-free medium) was added at the
end of the traces shown in Figs. 11A, B in order to esti-
mate the Ca®* content of the intracellular stores. Note
that, in the continuous presence of TRH, the Ca”"
stores remained almost empty (Fig. 11A), whereas
they refilled to a large extent after removal of TRH
(Fig. 11B). In Fig. 11C thapsigargin was added dur-
ing the short pulse together with TRH in order to pre-
vent store refilling. The second phase of the response
to TRH was enlarged to values similar to or above
those obtained by continued stimulation by TRH.
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Fig. 12A-C [Ca’*]; overshoots following treatment with TRH.
Averaged signals of the whole cell populations are shown. The
effects of TRH removal (-TRH) and the size of the Ca®* stores at
the end of the experiment (Jono) are also illustrated. Except when
indicated otherwise, the incubation medium contained 1 mM Ca?".
The concentrations of TRH and ionomycin were both 100 nM.
Thapsigargin was used at 300 oM

Addition of ionomycin at the end of the experiment
confirmed that the intracellular Ca®* stores remained
empty. Thus, the sustained Ca®* entry observed during
phase 2 seems to be associated in all cases with empty
Ca’" stores.

Emptying and refilling of the intracellular Ca>*
stores after treatment with TRH: correlation
with Ca®* overshoots

Modifications of the plasma membrane permeability
to Ca”* can also be estimated from the size of the [Ca”"];
overshoots obtained upon switching the perfusion from
a Ca”"-free to a Ca’*-containing medium. Figure 12A
shows that addition of Ca®* to cells which had been
treated with TRH in Ca’*-free medium produced a
large [Ca?*]; overshoot. Addition of ionomycin in Ca®*-
free medium at this stage showed that the intracellular
Ca’" stores were almost empty. Figure 12B shows that
removal of TRH at the top of a [Ca?*]; overshoot caused
a rapid decrease of [Ca?*]; to about 50% of the previ-
ous level. This was accompanied by partial refilling of
the stores (late “iono” pulse in Fig. 12B). These results
suggest that, upon removal of TRH, the Ca?* stores
refill and Ca?" entry decreases. If the experiment of
Fig. 12B was repeated in the presence of thapsigargin,
the [Ca**]; decrease upon TRH removal was much
smaller and the Ca?" stores did not refill (Fig. 12C).
Therefore it seems that, as shown above for cells whose
stores had been depleted by ionomycin, a high perme-
ability to Ca”" is maintained while the Ca’* stores are
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Fig. 13 A, B Effects of nisoldipine on the [Ca**]; overshoots in GH,
cells treated with TRH. Averaged signals of the whole cell popu-
lations are shown. Except when indicated otherwise, the incuba-
tion medium contained no Ca?*. Concentrations of TRH and
nisoldipine were 100 nM and 0.5 pM, respectively

empty, but it drops quickly when they refill upon
removal of TRH.

The time course of store refilling after emptying with
either ionomycin or TRH was studied in some detail.
Upon removal of ionomycin (by albumin wash in Ca?*-
free medium) refilling proceeded steadily to reach 100%
within about 5 min (z,, = 2 min). Following treatment
with TRH the stores refilled quickly (z,, = 0.5 min) to
about 50% of their initial content. Refilling to 100%
was much slower (¢, > 10 min). These results suggest
that TRH may also have a long-lasting effect, perhaps
mediated through protein phosphorylation, on the
refilling mechanism of a fraction of the intracellular
Ca’" stores. Alternatively, the store-mobilizing effect of
TRH may remain partly activated for some time after
removal of TRH.

The [Ca?*]; overshoots observed after treatment with
TRH were little modified by inhibitors of voltage-oper-
ated Ca?* channels. This is documented in Fig. 13,
where the overshoots obtained in TRH-treated cells
were similar in the absence (A) and in the presence (B)
of 0.5 uM nisoldipine.

Discussion

We report here that emptying the intracellular Ca?*
stores of GHj cells, either by blocking Ca’* accumu-
lation into them with thapsigargin or BHQ, or by
increasing the leak with ionomycin, induces a Ca®"
entry through the plasma membrane. This Ca?* entry
does not take place through voltage-operated Ca®*
channels, since it is not sensitive to DHPs which fully
abolished the high-K*-induced [Ca®*]; increase.
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Because the above-mentioned treatments do not
induce inositolphosphate production [1, 16] the observed
Ca?" influx cannot be mediated by these messengers.
Ca?* influx correlated negatively with the degree of
filling of the stores (Fig. 3C) and refilling restored a
low permeability to Ca** (Fig. 7B). These properties
are similar to the capacitative Ca®* entry which arises
by activation of a plasma membrane pathway upon
emptying the intracellular Ca** stores of many non-
excitable cells [3, 25]. Reports on the existence of this
mechanism are scarce in excitable cells, where the
“noise” of residual Ca®* influx though volatge-oper-
ated Ca?' channels may make it harder to demonstrate.
Capacitative Ca>" entry remained elusive in chromaffin
cells [28], but was finally demonstrated [26].
Thapsigargin-induced Ca*" entry could not be docu-
mented in a recent report with GHj cells [34], but this
may have been due to Ca?" buffering by quin2, which
was the dye used in that work. Finally, the biphasic
[Ca?"]; increase reported previously in GH; cells treated
with low concentrations of ionomycin [1] can now be
reinterpreted in light of the results shown in this paper.
The late [Ca®"}; increase observed was attributed to
Ca?" entry due to the ionophore effect of ionomycin at
the plasma membrane level [1]. However, we show here
that this late Ca?" entry remains after washing off the
ionophore and is prevented by Ni**, which does not
interfere with the ionophore effect of ionomycin [22].
Even more relevant, the Ca®" overshoots induced by
thapsigargin are not increased by low concentrations
of ionomycin, suggesting that the same mechanism,
namely capacitative Ca®* entry, is activated by both
treatments.

Capacitative Ca?* entry of GHj; cells shows some
differences from the similar mechanisms described pre-
viously in several types of blood cells. In these, the
capacitative Ca®* entry pathway was permeable to
Mn?*, and cytochrome P, inhibitors were effective
blockers [3, 22]. In GH; cells the entry of Mn?* through
the capacitative Ca®” entry pathway seems much more
sluggish than the entry of Ca?* (Fig. 4) and cytochrome
P,s, antagonists have little or no inhibitory effect
(Fig. 5). Poor Mn?* entry through the capacitative
Ca?" entry pathway has also been reported in parotid
[20,21] and lachrymal acinar cells [15], in chromaffin
cells [26] and in hepatocytes [17]. We also find little
effect of cytochrome P,5 inhibitors in hepatocytes
(unpublished results). These differences are puzzling
and open the question as to whether several kinds of
capacitative Ca?* entry may exist and be distributed
differently among different cell kinds.

Paradoxically, in GH; cells, the other main Ca?**
entry mechanism, voltage operated Ca®" channels,
allows entry of Mn?* and is sensitive to cytochrome
P.s, inhibitors [31].

We document here that Ca** entry through a capac-
itative Ca2* entry pathway correlates with the increase
of [Ca®"}; seen during phase 2 of TRH action. The entry

of Ca?* (and Mn*") induced by TRH is composed of
a sustained DHP-insensitive component and DHP-sen-
sitive [Ca”"]; oscillations. The latter would reflect the
contribution of voltage-operted Ca?" channels, the
firing frequency of which is known to be increased by
TRH [5]. This effect is due to inhibition, by phospho-
rylation, of an inwardly rectifying K" channel, thus
causing membrane depolarization and increased action
potential firing rate [4, 7]. The DHP-insensitive com-
ponent of Ca?* entry is due to activation of capacita-
tive Ca2* entry by emptying of the Ca?* stores induced
by TRH, which is able to release about 90% of the ion-
omycin-sensitive stored Ca?* pool (Fig. 1). Both Ca**
entry components differ also in their kinetics of disap-
pearance after TRH removal. [Ca’*] oscillations
remain for some minutes after TRH removal. This is
not unexpected as they arise ultimately from the TRH-
induced phosphorylation of plasma membrane K*
channels [4, 7]. In contrast, the sustained DHP-insen-
sitive Ca" entry disappears shortly after TRH removal.
This is due to inactivation of capacitative Ca*" entry
owing to rapid refilling of the intracellular Ca?* stores
(Figs. 11,12). The observation that sustained Ca’t
entry remains after TRH removal if store refilling is
prevented by thapsigargin reinforces this view.

In summary, the present results indicate that capac-
itative Ca?* entry, which is responsible for the sustained
[Ca®*]; increase induced by agomists in many non-
excitable secretory cells [25], may contribute to a sim-
ilar function in excitable cells in close cooperation with
voltage-gated Ca”" channels. This view explains why
DHPs, which abolish action potentials in GH; cells, are
unable to prevent completely the TRH-induced Ca?**
entry. Cooperation of both mechanisms enlarges the
[Ca?*], reached at the top of the oscillations and hence,
presumably, the final physiological output of stimula-
tion by TRH. The sustained [Ca?']; increase may also
sensitize the release of secretory vesicles by the [Ca®*];
oscillations. Further research will be required to gain
a better understanding of the reasons for such a dual
pathway.
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