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ABSTRACT We examIned the effects of gonadotropin-
releasing hormone (GnRH) on the intracellular free Ca2"
concentration ([Ca2`],) in single rat anterior pituitary gonad-
otropes identified by a reverse hemolytic plaque assay. Con-
centrations of GnRH >10 pM elicited increases in [Ca2"] in
identified cells but not in others. In contrast, depolarization
induced by 50 mM K+ increased [Ca2+J1 in all cells. Ca2+
transients induced by GnRH exhibited a complex time course.
After an initial rapid rise, the [Ca2+], fell to near basal levels
only to be followed by a secondary extended rise and fall.
Analysis of the Ca2+ transients on a rapid time base revealed
that responses frequently consisted of several rapid oscillations
in [Ca2+]i. Removal of extracellular Ca2+ or addition of the
dihydropyridine Ca2+-channel blocker nitrendipine com-
pletely blocked the secondary rise in [Ca2+], but had no effect
whatsoever on the initial spike. Nitrendipine also blocked 50
mM K+-induced increases in [Ca2+J1 in identified gonado-
tropes. The secondary rise induced by GnRH could be en-
hanced by a phorbol ester in a nitrendipine-sensitive fashion.
Multiple spike responses to GnRH stimulation of the same cell
could only be obtained ifsubsequent Ca2+ influx was permitted
either by allowing a secondary rise to occur or by producing a
Ca2+ transient by depolarizing the cells with 50 mM K+. It
therefore appears that the response to GnRH consists of an
initial phase of Ca2+ mobilization, probably mediated by
inositol trisphosphate, and a subsequent phase of Ca2+ influx
through nitrendipine-sensitive Ca2+ channels that may be
activated by protein kinase C. The relative roles of these phases
in the control of gonadotropin secretion are discussed.

Intracellular free Ca2" concentration ([Ca2"I]) plays a piv-
otal role in triggering the secretion of neurotransmitters and
hormones (1). For example, Ca2+ appears to trigger the
release of luteinizing hormone (LH) and follicle-stimulating
hormone (FSH) from pituitary gonadotropes as well as
hormone secretion from other cells of the anterior pituitary
(2). Normally the resting [Ca2+]i in most cells is about 0.1 p.M
(3). Stimulus-induced increases in [Ca2+]i that initiate events
such as hormone secretion can potentially occur by two
major mechanisms: (i) a transient increase in the permeability
of the plasma membrane allowing the influx of Ca2+ into the
cell down its electrochemical gradient (4) or (ii) the mobili-
zation of Ca2+ from intracellular bound stores (3, 5). To
completely understand the role of Ca2+ in the control of
gonadotropin secretion precise determinations of gonadotro-
pin-releasing hormone (GnRH)-induced changes in gonado-
trope [Ca2+]i are required. Such studies have been proble-
matic, however, as gonadotropes represent only 5-15% of
anterior pituitary cells (6). Thus, although it has been dem-
onstrated that GnRH does produce some increase in [Ca2+]i

in anterior pituitary cell populations enriched in gonado-
tropes (7, 8), no precise data concerning the characteristics of
this response are available. Indeed, to obtain such data it is
essential to measure [Ca2+ ] either in completely pure pop-
ulations of gonadotropes or, preferably, in single identified
cells. It is possible to achieve these ends by the use of the
reverse hemolytic plaque procedure (9) and instrumentation
allowing the precise determination of [Ca2"]i fluctuations in
single cells (10). We now report the use of these techniques
to show that GnRH produces Ca2" transients in identified
gonadotropes with a very characteristic and complex time
course. The role of these transients in the control of gonad-
otropin release is discussed.

MATERIALS AND METHODS
Cell Culture. Female 35-day-old Sprague-Dawley rats

were decapitated, their pituitaries were removed, and aden-
ohypophyses were dissected from neurohypophyses. Ante-
rior pituitaries were then enzymatically dispersed for 20 min
with 0.25% trypsin (bovine, type XII-S, Sigma) in a metabolic
shaker at 370C. Cells were then filtered through organza cloth
(Tetko, Elmsford, NY), diluted to 50 ml in medium 199 with
Hanks' salts and L-glutamine (GIBCO), and centrifuged at
350 x g for 10 min. The supernatant was removed, and cells
were resuspended by trituration through a Pasteur pipette in
5 ml ofmedium and then were plated on sterile, poly(L-lysine)-
coated (10 ,ug/ml, Sigma) etched-grid coverslips (Bellco). The
cell density was z'2.5 x 105 cells per coverslip. The cell yield
was z4 x 105 cells per rat. Cells were incubated for 2 days in
60-mm Falcon culture dishes, with medium 199 containing
10% (vol/vol) heat-inactivated horse serum (GIBCO) and
2.5% (vol/vol) fetal bovine serum (GIBCO) and supplemented
with penicillin (5 units/ml) and streptomycin (50 pg/ml), in a
5% C02/95% air atmosphere in a water-jacketed incubator at
370C.

Identification of Isolated Gonadotropes. Sheep erythrocytes
(Colorado Serum, Denver) were washed four times in 0.9o
NaCl and conjugated to protein A (0.5 mg/ml, Sigma) with
CrCl2 (0.2 mg/ml). After further washing, cells were then
mixed with LH antiserum (1:5), guinea pig complement (1:10,
GIBCO), and GnRH (100 nM, Peninsula Laboratories, San
Carlos, CA). Final dilutions of antiserum, complement, and
GnRH were 1:25, 1:67, and 20 nM, respectively. LH antise-
rum was kindly provided by Nira Ben-Jonathan (Department
of Physiology, University of Indiana) (11). Cunningham
chambers were created on each coverslip by fixing smaller
plain coverslips in place with double-stick tape, and =50 ,ul
of the hemolysis suspension was then injected into each

Abbreviations: [Ca2lI,, intracellular free Ca2l concentration;
GnRH, gonadotropin-releasing hormone; LH, luteinizing hormone;
FSH, follicle-stimulating hormone; InsP3, inositol trisphosphate.
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chamber. After 45-60 min of incubation at 370C, chambers
were inspected under an inverted-head phase-contrast mi-
croscope. Location of hemolytic plaques was noted on
grid-marked paper. The hemolysis suspension was then
flushed out of the chambers, and the roofs of the chambers
were lifted off; coverslips containing pituitary cells were then
placed into medium 199 and incubated overnight.
Measurement of [Ca2+ ];. All measurements were made on

single cells. [Ca2+]i was determined by using a microspec-
trofluorimeter, which has been described (10, 12), to monitor
the Ca2+ -sensitive fluorescent chelator fura-2 (Molecular
Probes, Plano, TX). Gonadotropes were loaded with the dye
by incubation in 2 AM fura-2 pentakis(acetoxymethyl ester),
which is membrane-permeant, for 1 hr at 370C in serum-free
culture medium. After this incubation, the cells were washed
twice in Hepes-buffered Hanks' solution (see below) and
incubated for an additional 30 min. The coverslips containing
the loaded and washed cells were mounted in a flow-through
chamber for viewing where the contents of the bath were
changed every 10 sec. The gonadotropes were located
relative to the etched grid. Experiments were performed at
250C. The cells were usually maintained in a bath of Hepes-
buffered Hanks' balanced salts solution (137 mM NaCl/5.4
mM KCl/0.41 mM MgSO4/0.49 mM MgCl2/1.26 mM
CaCl2/0.44 mM KH2PO4/0.64 mM Na2HPO4/3 mM
NaHCO3/5.5 mM glucose/20 mM Hepes at pH 7.45). Ca2+-
free experiments were performed with Ca2 + removed and 20
,uM EGTA added to the medium. Each cell was excited
alternately with 340-nm and 380-nm light at 60 Hz. Emissions
from each wavelength were collected and averaged, and the
340 nm/380 nm ratio was calculated every second. [Ca2+]i
was calculated, after background correction, from the equa-
tion [Ca2+]i = K(R - Rmin)/(Rm. - R). The constants of
this equation were determined by measuring fura-2 fluores-
cence from cells with [Ca2+]i.> 30,M and cells with [Ca2 ]
approaching 0 nM (13). The maximum ratio (Rmax) was
determined when [Ca2+]i 2 30 ,uM, and this condition was
attained in the cytosol by adding ionomycin (50 AM) and the
metabolic inhibitors 2-deoxy-D-glucose (10 mM) and antimy-
cin A (25 ,uM). The minimum ratio (Rmin) was reached
asymptotically after the addition of20mM EGTA to the same
cells. The maximum fluorescence with 380-nm excitation
obtained at [Ca2]i - 0 was divided by the minimum
fluorescence at this wavelength obtained at [Ca2+]i > 30 ,uM
and this ratio was multiplied by the dissociation constant for
fura-2 (224 nM, see ref. 14) to obtain the constant K. This
procedure was carried out with seven cells, and Rma, Rmin,
and K were determined to be (mean + SEM) 8.13 ± 0.53,
0.399 ± 0.011, and 2063 ± 226.

RESULTS
General Characteristics of the GnRH Response. Experi-

ments were performed on 51 cells identified by use of the
reverse hemolytic plaque assay (Fig. 1). Basal [Ca2+]i in
these cells was 88 ± 10 nM; however, this varied over quite
a wide range (42-170 nM). When an identified gonadotrope
was perfused with medium containing GnRH, increases in
[Ca2+]i were observed that had several typical characteris-
tics. The threshold concentration of GnRH required to elicit
a response varied from cell to cell. However, responses to
concentrations as low as 10 pM were frequently observed. In
some cells the threshold was higher than this, although all
cells responded to GnRH at .100 pM. The peak magnitude
and duration of GnRH-induced Ca2+ transients also varied
over quite a wide range (Figs. 1-6). However, the qualitative
characteristics of the responses observed were remarkably
similar in each case. Ca2+ transients were never observed
when GnRH was added to a randomly selected cell not
identified by the plaque assay (n = 11). A typical response to
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FIG. 1. (A) Effect of increasing concentrations of GnRH on
[Ca2+]i in a single gonadotrope. Note the appearance of an initial
spike at 100 pM GnRH and relatively noisy secondary rise. (B) Spike
portion of response to 100 pM GnRH at higher time resolution. Note
the oscillations in [Ca2"]i. (C) [Ca2+]i transient induced in a
gonadotrope by a high concentration of GnRH (100 nM). (Inset)
Gonadotrope identified in reverse hemolytic plaque assay.

GnRH stimulation can be seen in Fig. 1A. At 1 pM no
response was observed. However, at 10 pM a [Ca2+]i
transient was clearly evident. At 100 pM a larger initial
"spike" was seen that consisted of several large fluctuations
(Fig. 1B). This was followed by a secondary rise in [Ca2"]i
during which the trace became relatively noisy (see also Figs.
2-6). The length of the secondary rise was variable but it
often lasted >40 min. The secondary phase was observed
even if the GnRH had been washed out. The secondary rise
was not always discernible at the lowest concentrations of
GnRH utilized (10 pM), although even at this concentration
it was clearly evident in some instances (e.g., Fig. SB). Fig.
1C illustrates a [Ca2-]i transient evoked by a very high
concentration of GnRH (100 nM). Such concentrations are
frequently used in studies of gonadotropin secretion (2). In
this case the spike and secondary rise merged to produce a
"spike/plateau" waveform such as has been observed in
studies of the mechanism of action of thyrotropin-releasing
hormone (15). In the face of such a high GnRH concentration,
[Ca2+]i actually remained elevated above basal levels for a
very extended period of time. GnRH at 10 nM gave a peak
rise in [Ca2?]i of 424.8 + 73 nM above basal levels (see
above, n = 7).

It is also evident that the overall response to GnRH could
often be resolved into multiple oscillations in [Ca2+ i. The
response illustrated in Fig. 2 is a good example of this (but
also see Figs. 1B, 4B, and 5A). Fig. 2 shows frequent
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[Ca2 +]i have been shown to occur during agonist-induced
responses in other cell types (16).

Relative Roles of Intra- and Extracellular Ca2" in the
Response to GnRH. The different phases ofthe Ca2" transient
appeared to reflect the involvement of Ca2" from different
sources. Fig. 3 illustrates the production of multiple re-
sponses to GnRH on a single cell. Initially a spike and
secondary rise were observed. If we applied GnRH again
during the period of the 'secondary rise, the subsequent
[Ca2+]i spike was attenuated or absent. However, if we
waited for the secondary rise to subside, then another full
response could be achieved. This process could be repeated
many times. Thus it appears that the secondary rise is
required in order to produce the spike response more than
once. The situation is further clarified in Fig. 4A. It can be
seen that [Ca2+]I decreased upon removal of extracellular
Ca2`. Once a new resting [Ca2+]1 was established, GnRH
was applied. A single spike response was now obtained, but
no secondary rise. Application'of GnRH a second time
proved to be completely ineffective. We then applied'a Ca2+
load to the cell by depolarizing it (50 mM K+) in Ca2+-
containing medium. This allows Ca2+ to enter the cell
through voltage-sensitive Ca2` channels and to more rapidly
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FIG. 2. (A) Typical spike and secondary rise induced in a
gonadotrope by GnRH (1 nM). (B) Spike portion of the response at
higher time resolution. Note that the response is composed of
multiple oscillations in [Ca2"]1.

oscillations in [Ca2+]I during both the initial peak and the
secondary rise of the response. Similar rapid fluctuations in
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FIG. 3. Effect of multiple additions ofGnRH (10 r
in a single gonadotrope. The first addition of GnRH
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cell, removal of extracellular Ca2" caused [Ca2+], to fall. Addition
of GnRH (10 nM) elicited a spike but no secondary rise. Subsequent

nM) on [Ca2"I addition ofGnRH elicited no response. The cell was then depolarized
I produced the in Ca2l-containing medium to promote Ca2+ influx. On removal of
*nt additions of extracellular Ca2" a GnRH spike response could again be produced.
Ided after the (B) Addition ofGnRH to this cell produced a spike and a long-lasting
ed during the secondary rise. Extracellular Ca2l was removed during the second-
was absent or ary rise, and [Ca2+]1 fell only to increase again on readmission of

extracellular Ca2

A 500

400

300
r.

+

u 200

100

c

B 500

400

c:

+

Ced

800

600

+-1
N

400 _

200-

0-

Proc. Natl. Acad. Sci. USA 85 (1988)

.I

rR2+ _fr,.t



Proc. Natl. Acad. Sci. USA 85 (1988) 6569

refill the intracellular stores. Such responses were observed
in all anterior pituitary cells. After a switch back to Ca2 + -free
medium, GnRH again produced a spike response but no
secondary rise. Finally, in Ca2"-containing medium, a
GnRH-induced spike and secondary rise could be produced.
These results indicate that the initial spike of the Ca2+
transient is independent of extracellular Ca2+ and presum-
ably results from mobilization of intracellular Ca2+ stores.
The secondary rise in [Ca2+]i represents Ca2+ influx. This
influx is required to reload the Ca2+ stores that are mobilized
and apparently depleted during the initial, spike portion ofthe
response. Reloading of the stores mobilized by GnRH can
also be achieved artificially by causing Ca2+ influx into the
cell as a result of depolarization. The dependence of the
secondary rise on extracellular Ca2 + can also be clearly seen
in Fig. 4B. In this case a spike and secondary rise was
produced. Removal ofextracellular Ca2 + during the period of
the secondary rise caused [Ca2+]i to decline immediately.
However, when extracellular Ca2 + was reintroduced,
[Ca2"]i immediately rose again to stimulated plateau levels.
Nature of the Pathway for Ca2" Influx. It is likely that the

initial spike of the Ca2+ transient is produced by inositol
trisphosphate (InsP3) synthesized in response to GnRH (2, 3,
5). However, the nature of the pathway responsible for the
subsequent influx of Ca2+ is not immediately obvious.
Several possibilities might be envisaged (5). However, the
experiments illustrated in Fig. 5 provided a clear answer. The
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Ca2" influx during the secondary phase could always be
completely blocked by the dihydropyridine Ca2+-channel
blocker nitrendipine (see also Fig. 6). Indeed, in the presence
of nitrendipine the initial Ca2+ spike could be produced but
it was never followed by a secondary rise, nor could multiple
spike responses be produced (e.g., Fig. SA). Thus the
addition of nitrendipine precisely mimicked the effects of
removing extracellular Ca2 . These data indicate that GnRH
produces the secondary rise in [Ca2+ i by promoting Ca2+
influx through dihydropyridine-sensitive, L-type Ca2" chan-
nels (17).
GnRH has been shown to stimulate the production of both

InsP3 and diacylglycerol. As InsP3 is presumably responsible
for the initial Ca2" spike, we speculated that diacylglycerol
might be involved in triggering the subsequent activation of
L-type channels. In support of such a proposal, we observed
that addition of phorbol 12-myristate 13-acetate produced a
slow increase in [Ca2+ ]i and enhanced the size of the
secondary rise produced by GnRH (Fig. 6). The entire
secondary response could be immediately reversed by the
addition of nitrendipine.

DISCUSSION
Several studies have demonstrated the importance ofCa2+ in
triggering the release of gonadotropin (2). However, the
precise source of the Ca2-+ involved in this response is
somewhat controversial (2, 18, 19). In the experiments
reported here, we demonstrated that the Ca2+ transient
elicited by GnRH derives from two sources: intracellular
stores and the extracellular milieu. Similar dual effects have
been observed in the action ofother releasing factors (15, 20).
In the case ofGnRH the pathway for Ca2 + influx appears to
be related to the L-type Ca2 + channel previously observed in
several cell types, as it is effectively blocked by the dihy-
dropyridine nitrendipine (17). It might be imagined that
GnRH could depolarize gonadotropes, resulting in the open-
ing of L channels. However, electrophysiological studies
have shown that GnRH does not depolarize these cells but
leads to the appearance of voltage fluctuations resulting from
the opening of a Ca2+-permeable channel in the plasma
membrane (21, 22). This channel can be blocked by nifedipine
(21, 22). Activation of these Ca2"-permeable channels re-
quires the intervention of a diffusible second messenger (22).
The studies reported here, based on the effects of phorbol
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FIG. 5. GnRH-induced Ca2" influx utilizes L-type Ca2" chan-
nels. (A) In the presence of nitrendipine (10 ,uM) only the spike
portion of the GnRH response could be produced and no subsequent
responses could be produced. (B) After the production of a spike
response to GnRH (10 pM), the secondary rise was inhibited by
nitrendipine (10,M).
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ester, suggest the possibility that the diffusible second mes-
senger could be diacylglycerol. Indeed, GnRH stimulates the
breakdown of phosphatidylinositol bisphosphate in gonado-
tropes, producing diacylglycerol and InsP3 (2, 23, 24). As
GnRH does not depolarize gonadotropes, the mechanism by
which it causes L-channel opening is unclear. One possibility
is that the channels become modified in such a way that their
voltage dependence of activation is shifted in the hyperpo-
larizing direction, allowing them to open at resting membrane
potentials. Such effects are produced, for example, by
dihydropyridine Ca2 + -channel agonists such as BAY K 8644
(25). Perhaps protein kinase C-mediated phosphorylation of
the channel in this case produces a conformational change
that results in gating behavior similar to that observed with
this drug. Considering the effects of GnRH on breakdown of
phosphatidylinositol bisphosphate, it seems reasonable to
speculate that the initial spike of the GnRH-induced Ca2'
transient is the result of InsP3-induced Ca2+ mobilization.
The significance ofthe multiple oscillations in [Ca2 +1i that we
observed is difficult to assess. It has been proposed, how-
ever, that the frequency in addition to the amplitude of such
ransients may be important in Ca2+ signaling (16). In some
cells the interaction of InsP3 with its intracellular receptor
can be inhibited by Ca2 + (26). This negative-feedback system
may provide a mechanism by which such transients can be
produced.

It is of interest to consider the relationship between the
various phases of the GnRH-induced Ca2+ transients we
observed and the GnRH-induced release of pituitary hor-
mones. There is no consensus as to the role ofGnRH-induced
inositolphospholipid breakdown in this process. Thus, evi-
dence for (19) and against (2, 27) the importance of intracel-
lular Ca2+ mobilization has been presented. Space does not
allow a thorough discussion of the literature relating to this
important point. Furthermore, as both LH and FSH can be
released in response to GnRH, it is possible that the [Ca2 ]J
requirement may differ in these two cases. However, the
following should be noted. LH release has been shown to be
partially or completely dependent on Ca2+ influx (2, 19). This
Ca2+ influx apparently involves L-type channels (19, 28),
although there is also some disagreement on this point (2, 29).
However, recent studies, which monitored LH release on a
relatively rapid time base, indicated that L-channel blockers
did not block an initial spike of LH release but did block
subsequent release over an extended time course (19). The
nitrendipine-sensitive and -insensitive portions of LH release
reported in that study exhibit a close temporal correlation
with the spike and secondary rise phases of the Ca2"
transients reported here. Thus it may be that both phases of
the Ca2 + response participate in the regulation ofLH release.
The initial spike and reloading phases of the Ca2+ transient
may be important in the normal response of gonadotropes to
pulsatile stimulation by GnRH in situ (30).
The results presented here are important for understanding

the precise role of Ca2+ in the release of gonadotropins.
However, many questions remain to be completely ad-
dressed. As discussed above it is of particular interest to
consider the relative role of [Ca2 + ]i in the release of FSH and
LH. As these two hormones are frequently found in the same
cells (6, 31) it would be interesting to know whether or not
their release was regulated conjointly. Some evidence for
separate mechanisms of control has been presented (31, 32).
An answer to this question will require the simultaneous
assay of hormone release and [Ca2+ ]i at the single-cell level.
Current techniques make such experiments feasible (33).
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