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Rhythmic Exocytosis Stimulated by GnRH-Induced
Calcium Oscillations in Rat Gonadotropes

Amy Tse, Frederick W. Tse, Wolfhard Almers, Bertil Hille*

In pituitary gonadotropes, gonadotropin-releasing hormone (GnRH) induces the rhythmic
release of Ca2+ from an inositol 1,4,5-trisphosphate (IP,)-sensitive store. Simultaneous
measurement of the concentration of cytosolic free Ca2* ([Ca2*];) and exocytosis in single
identified gonadotropes showed that each elevation of [Ca®*]; induced a burst of exocy-
tosis. These phenomena were largely suppressed by buffering of [Ca2*); but persisted in
the absence of extracellular Ca2*. Activation of voltage-gated Ca2* channels by brief
depolarizations seldom supplied enough Ca?* for exocytosis, but [Ca*]; elevations in-
duced by photolysis of caged 1P, did trigger exocytosis, confirming that GnRH-stimulated
gonadotropic hormone secretion is closely coupled to intracellular Ca2* release. Agonist-
induced oscillations of {Ca2*]; in secretory cells may be a mechanism to optimize the
secretory output while avoiding the toxic effects of sustained elevation of [Ca®*],.

Although many cells display oscillations in
[Ca?*], in response to agonists, physiologi-
cal roles for these oscillations are unclear
(1). Pituitary gonadotropes exhibit oscilla-
tions in [Ca?*]; in response to their natural
stimulating hormone, GnRH (2). Each cy-
cle of increase in [Ca?*], hyperpolarizes the
cell by opening apamin-sensitive Ca?*-ac-
tivated K* channels (3-5). This allows
voltage-gated Na* and Ca?* channels to
recover from inactivation and then to fire
action potentials when [Ca?*]; declines
again and the cell depolarizes (5). Thus,
GnRH stimulates both the entry of extra-
cellular Ca?* through voltage-gated Ca®*
channels and the release of intracellular
Ca’* in gonadotropes. Understanding the
relative contribution of these mechanisms to
GnRH-induced secretion of gonadotropic
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hormones (6), and particularly whether each
cycle of increase in [Ca’*]; can trigger secre-
tion, has been difficult because of the low

Fig. 1. Time course of

GnRH-induced oscillations A s 3r
in [Ca2*], and accompany- 3 ol
ing bursts of exocytosis. =

(A) [Ca?*], (B) AC,, (C) B 1
AC./At. (D) AG,.. GnRH B = 0
(40 nM) was applied dur- 800

ing the 10-s period marked
with a bar. The initial mem-
brane capacitance was 6.8
pF. To reduce contamina-
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gether corresponded to the entire common region
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Skn-1a, contained a 5’-sequence that predicted a
different NH,-terminus as a result of alternative
splicing. The expression of both forms in skin was
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for each form and with RNA hybridization studies
(18).
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temporal resolution of traditional assays for
hormone secretion. We used high temporal
resolution capacitance measurements (7),
which monitor changes in cell membrane
capacitance (AC,) resulting from exocytosis
of secretory vesicles, to measure simultane-
ously exocytosis and [Ca’*], in identified
gonadotropes of adult male rats (8).
GnRH-induced [Ca®*]; oscillations are
readily seen with fluorescent indicators,
even in gonadotropes voltage-clamped to
potentials (=90 mV) at which voltage-
gated Ca?* channels are closed. A 10-s
application of GnRH caused [Ca’*); to
oscillate (Fig. 1A). In 40 cells, the resting
[Ca?*], was 109 = 16 nM, and the maximal
[Ca?"]; induced by a brief application of
GnRH (40 or 50 nM) was 3.3 = 0.2 pM.
The rising phase of each cycle of [Ca®*],
elevation was accompanied by an increase
in C,, (Fig. 1B) and by an increase in the
rate of exocytosis (AC_/At) (Fig. 1C). In

later cycles of the [Ca'?*]i oscillation (for

GnRH

tion of capacitance signal
by conductance changes,
we voltage-clamped the
cell at a holding potential
of =90 mV to shut off most
voltage-gated ionic chan-

(7]

o =

nels, and the GnRH-in-
duced rhythmic increase in
Ca?*-activated K* con-

o

AG,, (NS) AC,/At ({Fls) ACy, (fF)
(4.
=]

]
-
r

ductance was blocked by
extracellular apamin and

20 20 60 80 100

TEA (3). lonic conductance changes were indeed minimal under these conditions (AG, trace).
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example, after the third cycle), increases of
C,, and the maximum rate of exocytosis
became smaller. A similar sequence of
[Ca?*); elevations and exocytosis could be
repeated six to ten times by brief application
of GnRH every 2 min. After each [Ca’*],
elevation, when [Ca?*), fell C,_, decreased
slightly, presumably reflecting endocytosis.
As in chromaffin cells (9) and melanotropes
(10), endocytosis could be gradual and small
or abrupt and large. Rapid endocytosis usu-

Fig. 2. Dependence of A

ally followed a burst of fast exocytosis. Such
variability in endocytosis has also been ob-
served in pancreatic B cells recorded with
the perforated-patch technique (11), which
minimizes loss of intracellular components
during whole-cell recording.

When the [Ca?*], oscillation stopped,
the cumulative AC,_, was ~700 fF, which
corresponds to an increase of >10% of the
membrane surface area (Fig. 1B). On the
basis of published electron microscopy (12),

exocytosis on an in- s

crease in [Ca?*],. (A) 2 04

Damping of exocytosis & 02

by buffering of intracel- g8 00

lular Ca2*. The pipette o 40

solution contained 6 € 20

mM CaCl, and 10 mM o Ofibminbloboo——_

EGTA (67 nM free < 20

Ca?*), and the cell was 6 10 20 30 40 50 60 70

held at2—70 mV. Initial- Time (s)

ly, [Ca2*], was 75 nM, -~
and the membrane ca- B g 29 Ca?t 600 SE
pacitance was 5.4 pF. 315 AC, /At 450 Sa
After application  of = 1.0 SR AG, 300 oK
GnRH, membrane ca- §os e T 150 o5
pacitance increased by = 0.0 = 0o T==
less than 30 fF. (B) daso
Temporal relation of 00 05 1.0 15 3.0 <
[Ca?*}, AC,, and Time (s)

AC, /At during the first

GnRH-induced elevation of [Ca2*], in a cell without Ca?* chelator. The value of AC_/At reached a
maximum when [Ca?*], was 1.48 pM even though [Ca2*]; stayed above this concentration for more
than 1 s. The [Ca?*], was sampled every 100 ms; the pipette solution was as in Fig. 1. The holding
potential was —70 mV and the initial membrane capacitance was 6.2 pF.

Fig. 3. Exocytosis trig- A

gered by release of intra- g
cellular Ca2*. (A) Ca2* os- E
cillations and exocytosis in 5‘_ 1
a cell bathed in a Ca?*- S
free solution containing 3 = 0»
mM Mg2* and 1 mM EGTA o 400
for 2 min before applica- = 200
tion of GnRH. The holding &
potential was —70 mV, and Y

initial membrane capaci- )
tance was 6.0 pF. At 82 s,

a 0.5-s depolarizing volt- B %‘ _
age step to 0 mV failed to S 2
induce any change in &
[Ca2*], because extracel- 3 of
lular Ca?* was absent. (B)

Increases of [Ca2*], and 1001
exocytosis after slow pho- & 60
tolysis  of intracellular QE 20|
caged IP,. Pipette solution <Q -20[

was as in Fig. 1 with caged

IP; (10 pM; Calbiochem) (20). For measurement of the initial resting [Ca2*], without photolysis of
caged IP,, the shutter was opened infrequently (as indicated by the circles) for 14 ms, and the
fluorescence was integrated for 5 ms. The initial low resting [Ca2*], and the flat AC,, trace (C, was
5.2 pF) indicate that contamination of free IP, in the caged IP, was below the threshold for triggering
intracellular Ca2* release. When exposure to ultraviolet (UV) light was increased by opening of the
shutter for 55 ms every 100 ms (indicated by horizontal arrow), sufficient IP, was continuously
generated to induce two elevations of [Ca2*],, each accompanied by increases in C,,. Because the
UV illumination was focused through an objective, only the caged IP, in the cell and in the tip of the

pipette was photolysed.
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we estimate that there are ~10,000 small
secretory vesicles in a male rat gonadotrope
and that between 600 to 1000 vesicles are
located within -one vesicle diameter (aver-
age diameter ~200 nm) of the membrane.
Each vesicle should contribute a capaci-
tance of 1.3 fF. Hence, more than 540
vesicles were released after a single 10-s
application of GnRH (Fig. 1).

To investigate whether GnRH-induced
exocytosis requires an increase in [Ca’*],,
we examined the response to GnRH of cells
loaded with an intracellular solution con-
taining a Ca?* chelator (Fig. 2A). Appli-
cation of GnRH to these cells resulted in
one small increase in [Ca’*], (to 0.51 =
0.07 uM; n = 10) and a very small cumu-
lative increase in C,, (8.7 = 3.1 {F), which
was 37 times smaller than that in cells in
which intracellular Ca?* was not chelated
(321 = 37 fF; n = 54). Thus, GnRH
induced little exocytosis when the increase
in [Ca’*]; was suppressed. We examined
the dependence of exocytosis on [Ca’*],
during the first elevation of [Ca?*], in cells
without intracellular Ca?* chelator (Fig.
2B). The onset of exocytosis could be reli-
ably detected (AC, /At > 50 fF/s) at [Ca?*]
>272 £ 26 nM (n = 20). In most cells,
AC,_ /At increased initially with the increase
in [Ca?*], but began to fall before [Ca®*],
peaked (Fig. 2B) (33 of 36 experiments; in
the remainder, maximum AC,_ /At coincid-
ed with maximum [Ca?*]). In 40 experi-
ments, the maximum AC_/At (292 = 35
fF/s, corresponding to 224 + 27 vesicles per
second; range, <20 to 853 fF/s) occurred
when [Ca’*], was 2.2 = 0.1 uM. The
decline in AC_/At while [Ca?*], was still
rising in the first elevation probably reflects
the depletion of a finite pool of readily
releasable vesicles (9, 13) and also suggests
that a sustained elevation of [Ca?*], would
not result in a faster secretion rate (see also
Fig. 3A). During oscillations in [Ca®*], (Fig.
1), AC_ /At rose and fell with each elevation;
thus, additional vesicles must be mobilized to
the releasable pool between each cycle. Con-
sistent with this observation, transient eleva-
tion of [Ca?*]; produces a much faster rate of
secretion than prolonged elevation of [Ca*],
in chromaffin cells (9).

Two lines of evidence argue that release
of intracellular Ca’* from IP;-sensitive
stores underlies GnRH-induced exocytosis.
First, neither elevations in [Ca®*]; nor exo-
cytosis requires extracellular Ca’?* (Fig.
3A) (14). The cumulative GnRH-induced
increase in C_, in the absence of extracel-
lular Ca?* was 284 = 65 fF (n = 5), as
compared with 321 fF in the presence of 2
or 5 mM extracellular Ca?*. Second, grad-
ual photolysis of caged IP, triggered agonist-
independent [Ca?*]; elevations and exocy-
tosis (Fig. 3B) (n = 9). These results

contrast with those from mast cells, in
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Fig. 4. Lack of effect of
depolarizing voltage steps
on exocytosis. A 0.5-s volt-
age step to 0 mV (first ar-
row) resulted in a small
transient rise of [Ca®*],
and no detected increase
in C.,. In contrast, applica-
tions of GnRH resulted in
increases in [Ca?*], as well
as increases in C,. Two
further depolarizations (of
05 and 1 s) still failed to
supply enough Ca?* to trig-
ger exocytosis. Note that the
first large exocytosis is fol-
lowed by rapid endocyto-

GnRH
[

GnRH
M

sis. The cell was voltage-
clamped at =70 mV, and
the initial membrane capac-
itance was 5.0 pF.

which intracellular Ca?* release is not
tightly coupled to secretion (15).

We also examined the contribution to
exocytosis of voltage-gated entry of extracel-
lular Ca?* (2 mM). As in lactotrophs (16),
0.5- or 1-s depolarizations in gonadotropes
usually resulted in a transient increase in
[CaZ*], that was too small (<100 nM) to
trigger exocytosis (Fig. 4) (n = 11). In
contrast, exocytosis could be triggered in
chromaffin cells when the average [Ca?™),
was raised to 100 nM by depolarization, but
not by intracellular dialysis of solutions con-
taining <200 nM Ca?* (9). This depolar-
ization-induced exocytosis was attributed to
local high [Ca?*], (underestimated during
mean Ca?* measurements) near the vesicles
when secretory sites are in close proximity to
the voltage-gated Ca?* channels. Thus, in
gonadotropes, most vesicles may be further
away from the Ca?* channels.

Hormone-stimulated exocytosis from a
pituitary cell is tightly coupled to an oscil-
latory release of Ca’* from intracellular
stores that leads to micromolar increases in
[Ca?*].. Each increase in [Ca?*]; can trigger
a burst of ‘exocytosis [see (17)]. We suggest
that each [Ca?*], elevation rapidly releases
the most readily available secretory vesicles;
while [Ca®*), is lowered, new vesicles are
mobilized, and overstimulation of other
Ca’*-dependent processes is avoided.
When [Ca?*], decreases, the plasma mem-
brane depolarizes, a few action potentials
are fired (3 to 5), and the attending Ca?™*
influx (1.8 x 10* Ca?* ions per action
potential) (5) may compensate for the small
amount of Ca?* lost during each increase in
[Ca?*),. Oscillations in [Ca?*]; have the
advantage of reducing the toxic effects of
Ca’?* yet maintaining (over a few min-
utes) a secretory output comparable to
that attained by sustained elevation of
[Ca?*),. This may be ideal in endocrine
cells such as gonadotropes, which are nor-
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Time (s)

mally stimulated by GnRH in the portal
circulation for several minutes every hour
(18). Agonist-induced [Ca**], oscillations
in other secretory cells (I19) may have a
similar role.
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