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Abstract In clonal rat somatomammotroph cells (GH/
Bg) Ca2* influx through voltage-dependent Ca2* channels
is important for regulating the Ca2* concentration that
mediates hormone secretion. To study the Ca2* channel
subtypes in GH,/Bg cells, Ca2* channel currents were re-
corded with the whole-cell configuration of the patch-
clamp technique using Ba2* as the charge carrier. Forty-
nine percent of the total Ba2+ current amplitude was me-
diated by a nifedipine-sensitive current (L-type). In addi-
tion, three other high-voltage-activated Ca2* channel
current components could be distinguished pharmaco-
logicaly: 10 nM w-agatoxin-IVA-sensitive current
(22%; P-type), w-conotoxin-MVIIC-sensitive current
(18%; Q-type), and toxin-resistant current (24%). Since
w-conotoxin GVIA (2 puM) had no blocking effect,
N-type Ca2* channels are assumed not to be present in
GH,/Bg cells. The T-type Ca2* channel current was either
absent or very small. Different pore-forming o, subunits
of Ca2* channels were found to be expressed in GH4/Bg
cells, which could be the molecular correlates of the dif-
ferent Ba2* current subtypes: o, of T-type, 0;¢, 01 and
04 Of L-type, and a4, of P/Q-type current. In addition,
transcripts for B1, B2 and B3 subunits were detected.
Blockage of L-type channels with 10 uM nifedipine or
P/Q-type channels with 10 nM w-agatoxin MVIIC +
200 nM w-conotoxin blocked action potential firing in
GH./Bg cells and decreased basal prolactin secretion.
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Introduction

GH4/Bg and GH; cells are clonal somatomammotroph
cells that have been used to study the cellular mecha-
nisms underlying prolactin secretion [14]. As in other
neuroendocrine cells, hormone secretion from GH cells
is regulated by the free intracellular Ca* concentration
([Ca2*];), which is mainly controlled by an influx of Ca2*
through voltage-dependent Ca2* channels. Low-voltage-
activated (LVA) and high-voltage-activated (HVA) Caz*
channels have been distinguished in GH; cells [30, 32,
44, 48]. Both types of Ca2* current have also been de-
scribed in various native pituitary cells (reviewed in
[14]). LVA Ca2* channels activate at potentials more
positive than -60 mV and mediate transient currents
(T-type), whereas HVA Ca2* channels activate at poten-
tials more positive than —-40 mV and mediate slowly or
non-inactivating Ca?* currents. HVA Ca2* channels have
been divided into five different subtypes based on their
distinct pharmacological properties [36, 37, 42, 54]:
L-type channels are blocked by dihydropyridines (DHP),
P-type channels by low concentrations of w-agatoxin
IVA (<10 nM), Q-type channels by high concentrations
of w-agatoxin IVA (>100 nM) or w-conotoxin MVIIC,
and N-type channels by w-conotoxin GVIA. R-type
channels are characterized by their resistance to all of
these blockers. With the help of these selective toxins it
has been shown that in corticotrophs [21] and melano-
trophs [12] the HVA current is composed of different
Ca2* current subtypes. This may also be the case in
GH./Bg cells, because in GH; cells only part of the HVA
Caz* current isblocked by DHPs[1, 9].

Ca2* channels consist of a pore-forming o, subunit
and additional modulating subunits [42, 54]. To identify
the different Caz* channels in GH4/Bg cells, we per-
formed electrophysiological and pharmacological experi-
ments to distinguish the different Caz* channel subtypes
and tried to correlate these subtypes to the different a,
subunits detected with RT-PCR. In addition to a small
T-type current, four HVA Ca2* current components were
present in GH4/Bg cells: L-, P-, Q-type and toxin-resis-
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tant currents. Possible molecular correlates of the pore-
forming a, subunits were found to all but the toxin-resis-
tant current. Upon blockage of L-type or P/Q-type Ca2*
channels, the firing of action potentials ceased and basal
prolactin secretion decreased.

Materials and methods

Cdl culture

GH,/Bg cells were grown as monolayers in Ham’'s F10 medium
(Sigma) supplemented with 15% horse serum (Gibco), 2.5% fetal
calf serum (Biother) and 0.5% L-glutamine (Sigma). The cell cul-
tures were maintained at 37°C in a humidified atmosphere of 95%
air and 5% CO,. The medium was changed every 2—3 days and
cells were passaged as they reached confluence, usually once a
week. For the electrophysiological recordings cells were plated in
35-mm plastic culture dishes (Nunc).

Electrophysiology

Recordings were made 1-6 days after plating. Membrane currents
were recorded in the whole-cell configuration of the patch-clamp
technique [17], using an EPC9 patch-clamp amplifier and
PULSE/PULSE FIT software (HEKA Elektronik, Lambrecht,
Germany). Action potentials were recorded with the nystatin-per-
forated-patch configuration [18] using an EPC7 patch-clamp am-
plifier and SPIKE2 software (Cambridge Electronic Design, Cam-
bridge, UK). Pipettes filled with intracellular solution had resis-
tances in the range of 2-4 MQ. Series resistance errors were com-
pensated up to 60-80%. Experiments were performed at room

temperature (22-25°C). In the perforated-patch configuration the
pipettes were filled with intracellular solution containing nystatin
(200 pg/ml). Nystatin was dissolved in dimethyl sulphoxide
(DMSO0), and the final DM SO concentration did not exceed 0.2%.

Solutions

Ca2* channel currents were recorded in an external solution con-
taining (in mM): NaCl 130, MgCl, 1.2, BaCl, 10, HEPES 10. To
this solution tetrodotoxin (TTX, 500 nM) was added. The pH was
adjusted to 7.3 with NaOH. The pipette solution in these experi-
ments was (in mM): CsCl 135, MgCl, 2, HEPES 10, EGTA 10,
Mg-ATP 4; pH adjusted to 7.3 with TEA-OH. The extracellular
solution used in the current-clamp experiments contained (in
mM): NaCl 135, KCI 5, MgCl, 2, CaCl, 2, HEPES 10, glucose 10,
pH adjusted to 7.3 with NaOH. The pipette solution to which nys-
tatin was added contained: KCl 140, MgCl, 4, CaCl, 1, EGTA 2.5,
HEPES 10, pH adjusted to 7.3 with KOH. Drugs were applied us-
ing a superfusion system by switching from drug-free control so-
lution to drug-containing solution or using application by pipetting
the drugs directly into the bath.

RT-PCR of GH4/Bg cells

RNAs were extracted from GH4/Bg cells using RNAzol™ B
(AGS, Heidelberg, Germany) [11]. DNase digestion was per-
formed routinely before preparing cDNA. One microgram of total
RNA was employed for oligo (dT) primed reverse transcription
using M-MLV reverse transcriptase (Gibco). The cDNAs were
amplified with 1.25 U of Taq DNA polymerase (Stratagene),
1.5 mM MgCl, and 0.2 mM of each dNTP in 50-pl reaction assays
using 5 pmol of forward and reverse oligonucleotide primers spe-
cific for the different Ca2+ channel a,; and 3 subunit cDNAs (see

Table 1 Oligonucleotide

sequences of primer pairs Sub-  Primer sequence RT-PCR  Accession  Refer-
used for RT-PCR of voltage- unit product  no. ence
dependent Ca2* channel a, and
B subunits a4 5'-CACCAACCCTGGTCCCGCCT-3 333 bp M64373 [53]
5'-CATGGGCTTTGGGCCATCCT-3'
o, 5-AAAGCACAGAGCTTCTACTG-3 474 bp M 92905 [15]
5'-GTGGTTGGAGTCTCATCTTG-3
O c 5-GGAGCTGGACAAGGCTATGA-3 653 bp M67515 [51]
5-GACCTAGAGAGGCAGAGCGA-3
0;p 5S-GACTCAGATTACAACCCAGG-3 640 bp M57682 [19]
5'-GTGGTGTTCTTCGCAGGGTA-3
a,s 5-CTGGAAAGGACCAACTCTCT-3 505 bp L 04684 [56]
5-TGAGCCGAATTCCTGGGAAC-3
04 5-AATATTCCAGTTGGCTTGTAT-3 198 bp L 15453 [52]
5'-GTAACTTCTGCGTCGTGACT-3
0, 5-CCAGGTCTCTAGGGCTATAG-3 772 bp AF051947 [40Q]
5'-TGTGGGGATCCCGGAGGTTCA-3
oy 5'-CAGGACCTCAACGCCAGCGG-3 780 bp AF086827 [24]
5-GGTCCGAGGAGACCCCATCC-3
B1 5-AGCATGCCAGTGTGCACGAGTAC-3 387 bp X61394 [41]
5-AGCCCTCCAGCTCATTCTTATTGC-3
B2 5'-ATAACCACAGAGAGGAGAGCCAC-3 208 bp M 80545 [39]
5-TATACATCCCTGTTCCACTCGCCA-3
B3 5-TCCCTGGACTTCAGAACCAGCAG-3 280 bp M88751 [7]
5-TTGTGGTCATGCTCCGAGTCCTG-3
B4  5-TGAGGCATAGCAACCACTCTACAG-3 241 bp L02315 (9]

5'-ATGTCGGGAGTCATGGCTGCATC-3




Table 1). For amplification a predenaturation step at 94°C for
1 min was used followed by 40 cycles consisting of three tempera-
ture steps (1st step: 94°C; 2nd step: annealing temperature differ-
ent for each primer pair; 3rd step: 72°C; each temperature step
lasted for 1 min) terminated by an elongation step at 72°C for
5 min. The annealing temperature was calculated for every primer
pair from the G/C and A/T content of the oligonucleotide primers
used in the reaction. Amplified DNA fragments were analyzed by
agarose gel electrophoresis and sequenced. The control RNA was
extracted from brain and skeletal muscle of a Wistar rat. The tis-
sues were removed after decapitation. RNA extraction from the
tissues was performed following the same protocol as with
GH,/Bg cells.

Measurement of prolactin secretion

Prolactin secretion of GH4/Bg cells was measured semiquantita-
tively with the reverse hemolytic plaque assay (RHPA) [49] fol-
lowing the procedure as described previously [2]. GH4/Bg cells
were mixed with protein-A-coupled ovine erythrocytes and in-
fused into Cunningham chambers with a volume of about 60 .
The cells were allowed to settle for about 1 h in a humidified incu-
bator (37°C, 95% air/5% CO,). Before the cells were kept in cul-
ture medium overnight, the unattached cells were removed by
washing with Ham’s F10+0.1% BSA. For the plague assay the
cells in the Cunningham chambers were rinsed with Ham's F10
and then incubated for 2.5 h in Ham's F10/BSA containing anti-
body against rat prolactin [1:100, anti-rPRL-IC-5; National Hor-
mone and Pituitary Program (NHPP), Torrance, USA] together
with 10 pM nifedipine or 10 nM w-agatoxin IVA + 200 nM
w-conotoxin MVIIC or 200 pM Cd?* or without any drugs and
toxins as control. After the incubation period, guinea pig comple-
ment (1:50) was added for 45 min to develop plagues. Afterwards,
the cells were fixed with 2% glutaraldehyde in 0.9% NaCl solu-
tion. The measurement of plague areas was made by using the
software “NIH Image” by Wayne Rasband (National Institute of
Health, USA).

Chemicals

One batch of w-agatoxin IVA was a kind gift of Dr. Nicholas A.
Saccomano (Pfizer, Groton, Conn., USA). Another batch of
w-agatoxin IVA as well as w-conotoxin VIA and w-conotoxin
MVIIC were purchased from Alamone Labs (Jerusalem, Isragl).
The toxins were dissolved in distilled water to obtain a stock solu-
tion of 100 uM and kept in aliquots at —20°C. For final use the ali-
quots were diluted with bath solution. Nifedipine (Sigma) was dis-
solved in DMSO, and the stock solution had a concentration of
10 mM. Before each experiment a solution of the final concentra-
tion of nifedipine and/or toxins was prepared and sonicated. Solu-
tions with peptide toxins contained 0.1% BSA to prevent unspe-
cific absorption.

Results
Ca2* channel currentsin GH,/Bg cells

Caz* channel currents were recorded with Ba?* as the
charge carrier. Na" currents were blocked by adding
TTX to the external solution and K+ currents were abol-
ished by using Cs+ as the principal cation of the pipette
solution. As shown in Fig. 1A, Ba2* currents were acti-
vated with depolarizing potential steps from a holding
potential of =70 mV. These Ba2* currents did not inacti-
vate within the 50-ms pulse duration. There was also on-
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Fig. 1A, B Whole-cell Ba?* currents in GH4/Bg cells. A From a
holding potential of =70 mV Ba2* currents were €licited with
50-ms steps to membrane potentials between —100 and 40 mV in
steps of 10 mV as indicated in the pulse diagram (Aa). For clarity,
in Ab current traces recorded at membrane potentials between
—100 and —10 mV, in Ac those recorded between 0 and 40 mV
were superimposed. Ad Steady-state current amplitudes of the
membrane currents shown in Ab and Ac (e ) plotted against mem-
brane potential. B Superimposition of Ba2* currents recorded with
200-ms ramp pulses from —100 to 80 mV starting from two differ-
ent holding potentials, =70 mV (m) and -40 mV (0)

ly a very slow or even no inactivation of the Ba?+ cur-
rents when the test pulse was prolonged to 20 s (n=13;
data not shown). The voltage dependence of BaZ* cur-
rents was also determined with 500-ms voltage-ramp
commands from —100 to 80 mV. From a holding poten-
tial of =70 mV these ramp pulses activated Ca2* channel
currents at —46+4 mV (mean £SD, n=37) and currents
increased to a maximum inward current of 3811367 pA
at —-8+5 mV. Almost identical Ca2* channel currents were
recorded with ramp pulses from a holding potential of
—40 mV. In most experiments, there was no indication of
Ba2* current activation at more negative potentials than
—50 mV. The same result was obtained with ramp pulses
of 100 (n=3) or 200 ms (n=3; Fig. 1B). These Ba?* cur-
rents were completely blocked by 200 uM Cdz* (n=30)
and to about 95% by 3 mM Ni2*+ (n=4).

From 50 GH,/Bg cells tested only 5 cells exhibited
T-type Ca2* channel currents of small amplitude (less
than 5% of the total Ba2* current amplitude). After treat-
ment with estradiol (1 nM for 3 days) the percentage of
cells exhibiting T-type currents increased (7 out of 14
cells) as well as their amplitudes as compared with con-
trol cells. The T-type current was activated at membrane
potentials more positive than -60 mV and was half-acti-
vated at —34.7+0.3 mV (n=6), a membrane potential sim-
ilar to that found in GH; cells (=32 mV [48]). Small
T-type current amplitudes have also been reported in
GH cells (about 10% [9]) and native gonadotrophs [58].
The presence of the small T-type Ca2* channel currents
in untreated cells did not disturb the measurement of
HVA Caz* channel current amplitudes in the experiments
performed with a holding potential of =70 mV.



580

A 10
0] L
rl
r caz-

30 pM nife ;

SOuMnife

s e e

e 8

T T

cnn'tml,-_liﬂq, 0.1

80
40

current [%5]

0

— T T
control  0.01 0.1 1 10
nifedipine [LM]

Fig. 2A, B Concentration-dependent reduction of Ba2* currents
by nifedipine. A Superimposed Ba2* currents elicited with a 50-ms
step to =10 mV from a holding potential of —70 mV after sequen-
tial application of nifedipine concentrations increasing from 0.01
to 30 pM. The nifedipine-insensitive current was blocked by
200 uM Cd?*. B Dose-response curve of nifedipine. The Ba2* cur-
rent inhibition induced by nifedipine concentrations between 0.01
and 30 pM s given as the percentage of the current inhibition in-
duced by 30 uM nifedipine (mean values + SEM). The data points
were fitted to a sigmoidal function. The calculated 1Cy, value was
1.0 uM. Numbers near means denote number of cells studied

Pharmacological separation of different Ca2* channel
current subtypes

To determine the appropriate nifedipine concentration to
separate the DHP-sensitive Ca2* channel current from
the other current components, the dose—response relation
for nifedipine was measured in GH4/Bg cells. Figure 2A
shows that increasing concentrations of nifedipine re-
duced the Ba?* current elicited with test pulses to
—10 mV from a holding potential of =70 mV, 15 uM and
30 uM nifedipine were almost equally effective. The cur-
rent amplitude blocked by 30 pM nifedipine was taken
as the total nifedipine-sensitive current to which the cur-
rent inhibition induced by lower nifedipine concentra-
tions was related. The dose—response curve yielded an
[C5,=1.0 uM (Fig. 2B). In the following experiments, 5
or 10 uM nifedipine was used, concentrations sufficient
to inhibit about 90% of the L-type Ca2* channel current
and low enough to prevent blockage of other Ca2* chan-
nel subtypes.

The experiment of Fig. 2A demonstrates the existence
of a nifedipine-insensitive Ca2* channel current in
GH4/Bg cells which could totally be blocked by Cd?*.
Figure 3 shows that this remaining current consisted of
several components which were isolated by different
toxins. A test potential to =10 mV was applied from a
holding potential of =70 mV every 10 or 15 s. After ap-
plication of nifedipine (10 uM) a steady-state block of
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Fig. 3A, B Pharmacological separation of the different Baz* cur-
rent subtypes. A Ba2+ currents recorded with a 50-ms test pulse to
—10 mV from a holding potential of =70 mV. Control current and
currents recorded after sequential application of nifedipine (5 uM;
nife), w-agatoxin IVA (10 nM; w-aga), w-conotoxin MVIIC
(200 nM; w-cono) and Cd2* (200 uM) superimposed. B Ampli-
tudes of BaZ+ inward currents elicited every 10 s with a constant
test pulse plotted against time. Arrows indicate times at which
drugs and toxins were applied

the Ba2* current was achieved within about 2 min
(Fig. 3B). In the presence of nifedipine the unblocked
current slowly decayed (Fig. 3A) presumably due to the
voltage-dependent block of nifedipine [16]. Thereafter,
w-agatoxin IVA (10 nM) [33] and w-conotoxin MVIIC
(200 nM) [59] were applied. Each of these toxins was
able to induce an additional steady-state block of the
Baz* current, suggesting that in addition to nifedipine-
sensitive Ca2* channel currents (L-type) there are aso
P- and Q-type Ca2* channel currents in GH,/Bg cells.
The presence of a Q-type current is also demonstrated in
Fig. 4C. At the end of the experiment the toxin-resistant
current was totally blocked by Cd?+ (200 uM).

The amount of current inhibition induced by nifedi-
pine and a high concentration of w-agatoxin IVA (1 uM)
was dependent on the sequence of drug or toxin applica-
tion. If nifedipine (10 pM) was applied first, then the
control current was reduced by about 50% (53+6%, n=7;
mean = SEM). If the P/Q-type Ca* channel blocker
w-agatoxin IVA (1 uM) was applied first, then the cur-
rent was also reduced by about 50% (49+11%, n=4).
However, after pretreatment of GH,/Bg cells with nifedi-
pine, w-agatoxin IVA blocked only about half of the ni-
fedipine-resistant current, i.e., about 25% of the control
current (Fig. 4A). A similar result was obtained when ni-
fedipine was applied after application of 1 uM w-agatox-
in IVA (Fig. 4B). In both cases the drug-resistant cur-
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Fig. 4A-D Separation of different subtypes of Ba2* currents. In
each panel an experiment on a different GH,/Bg cell is shown.
Maximum inward current amplitudes of Ba2* currents recorded
with a constant test pulse to —10 mV from a holding potential of
—70 mV applied every 15 s (A, B, D) or 10 s (C) plotted against
time. A Application of nifedipine (10 uM) followed by application
of w-agatoxin IVA (1 pM) and Cd?* (200 uM). B Application of
w-agatoxin IVA (1 puM) followed by application of nifedipine
(10 pM) and Cd?* (200 uM). C Application of w-agatoxin VA
(10 nM) together with nifedipine (10 uM) followed by application
of w-conotoxin MVIIC (200 nM) and Cd2* (200 uM). D Applica-
tion of w-conotoxin GVIA (2 uM)

rents were blocked completely by 200 uM Cd2*. This
group of experiments indicated that the high concentra-
tion of w-agatoxin IVA (1 uM) presumably blocked part
of the L-type Ca2* channels, similarly as has been shown
for cerebellar granule neurons [38]. Therefore, the fur-
ther analysis was performed using w-agatoxin IVA at the
low concentration of 10 nM to selectively block P-type
channels [6]. To block Q-type channels 200 nM w-cono-
toxin MV1IC was employed. Nifedipine was used at con-
centrations of 5 or 10 uM, which are close to a saturating
concentration. The amplitude of the nifedipine-sensitive
Ca2* channel current (Fig. 2) was taken as the L-type
Caz* channel current amplitude [29]. The N-type Caz*
channel blocker w-conotoxin GVIA (2 uM) had no effect
on Caz+ channel currents (n=6; Fig. 4D), indicating that
N-type Ca2* channels do not exist in GH4/Bg cells. To
determine the mean contribution of a particular Caz*
channel current subtype to the total Ba2* current, the cur-
rent inhibition induced by nifedipine or one of the toxins
was studied. Figure 5 summarizes the results: 10 pM
nifedipine inhibited the Ba2* current by 49.1+4.9%
(L-type), 10 nM w-agatoxin IVA by 21.6+2.5% (P-type)
and 200 nM w-conotoxin MVIIC by 17.5+2.1%
(Q-type). The toxin-resistant current amounted to
24.1+4.3%. Application of 5 uM nifedipine reduced the
Ba2* current by 45.8+3.1% (n=13). The fact that the sum
of all current components exceeds 100% shows that nife-
dipine and the toxins are not strictly selective in blocking
the different Ca2* channels.
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Fig. 5 Percentage of current inhibition by nifedipine and the pep-
tide toxins as well as the percentage of the toxin-resistant current
in relation to the total Ba2* current amplitude (mean + SEM). Cur-
rents blocked by 10 uM nifedipine (nife), 10 nM w-agatoxin VA
(w-aga) and 200 nM w-conotoxin MVIIC (w-cono) were evaluat-
ed. Toxin-resistant current denotes the percentage of current re-
maining unblocked in the presence of 10 pM nifedipine + 10 nM
w-agatoxin IVA + 200 nM w-conotoxin MVIIC. Numbers within
the columns give the number of experiments evaluated
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Fig. 6A-D Pharmacological separation of different Ca2* channel
currents in GH4/Bg cells. Nifedipine- (A), w-agatoxin-IVA- (B)
and w-conotoxin-MV 11 C-sensitive currents (C) were obtained by
subtracting the current traces recorded in the presence of the sub-
stance or toxin from the corresponding control current traces.
D The toxin-resistant current was recorded in the presence of nife-
dipine (10 uM), w-agatoxin IVA (10 nM) and w-conotoxin MVIIC
(200 nM). The holding potential was -50 mV (A—C) or -40 mV
(D) and currents were elicited with test pulses from -50 mV to
-10 mV (A—C) or <40 mV to 0 (D) in 10-mV increments

Ca2* channel current subtypes

Subtraction of the current traces elicited in the presence
of 10 uM nifedipine from the control currents yielded the
nifedipine-sensitive current (Fig. 6A). P- and Q-type Ca2*
channel currents were obtained as the w-agatoxin-1VA-
sensitive (10 nM) and w-conotoxin-MVI1IC-sensitive
(200 nM) currents, respectively (Fig. 6B, C). The toxin-
resistant Ca2* channel currents were the Ba2* currents re-
corded in the presence of 10 pM nifedipine, 10 nM w-
agatoxin IVA and 200 nM w-conotoxin MVI1IC (Fig. 6D).
Figure 6 shows membrane currents recorded from a hold-
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Fig. 7 Activation curves of L-, P-, Q-type and toxin-resistant Ca2*
channel currents. Conductances were calculated from the current
amplitudes of the nifedipine-sensitive current (L-type), 10 nM
w-agatoxin-sensitive current (P-type), w-conotoxin-MVIIC-sensi-
tive current (Q-type) and toxin-resistant Ba2* current, assuming a
Ba2* current reversal potential of 40 mV. Conductances were nor-
malized to the maximal conductance and their relation to the test
pulse potential fitted to Boltzmann functions. Shown are mean
Boltzmann functions yielding: L-type (V;,=—22.3 mV, k=5.3 mV;
n=6), Q-type (V,,=—184 mV, k=53 mV; n=6), P-type
(Vq=17.3 mV, k=6.0 mV; n=5), toxin-resistant (V;,,=—15.6 mV,
k=5.5 mV; n=8). V,,, denotes the membrane potential at which
half of the Ca2* channel current is activated and k (mV) denotes
the slope of the curve

ing potential of -50 mV (A-C) or <40 mV (D). Similar
measurements were performed from a holding potential
of =70 mV (not shown). The time constant for L-type
current activation at —10 mV was 1.7+0.3 ms (n=6),
whereas current activation of P- and Q-type currents at
—10 mV was very fast with time constants of less than
1 ms. As shown in Fig. 6 the time course of current acti-
vation of the toxin-resistant current at =10 mV was slow-
er than that of the other currents (1=5.1+0.7 ms; n=8).

To determine the voltage dependence of the different
Baz* current components, the conductances were calcu-
lated from the peak or steady-state inward currents, nor-
malized to the maximum conductance and plotted
against membrane potentia (Fig. 7). The membrane
potential for 50% activation of the different Ca2* channel
currents (Vy,) and the slope of the activation curves

(k) for each current subtype were: L-type
(V1;=—22.3t0.2 mV; k=5.3t0.2 mV; n=6), Q-type
(V1,=—18.4+0.1 mV; k=5.3t0.1 mV; n=4), P-type

(Vyp,=—17.320.1 mV; k=6.0+0.1 mV; n=5), toxin-resis-

tant (V4,,=—15.6£0.2 mV; k=5.5+0.2 mV; n=8). The ex-
periments performed to determine the time and voltage
dependence of Ca2* channel current activation were re-
corded from a holding potential of =50 mV or —40 mV.

Different Ca2+ channel a; and 3 subunits are expressed
in GH4/Bg cells

RT-PCR was performed to study the expression of a;
and 3 Ca2* channel subunits. These results are summa-
rized in Fig. 8. The presence of the a,g subunit mMRNA
may indicate that this subunit is the molecular correlate
of the T-type Ca2* channel, whereas transcripts for oy,
another T-type Ca2+ channel o, subunit, were not found.
The third a; subunit (a,,), which is thought to be a
pore-forming subunit for T-type Ca2* channels [42], was
not studied, because it has not yet been cloned from the
rat. All known L-type Ca2* channel a; subunit mMRNAS
(o4c, O4p, @nd a;g) are expressed in GH4/Bg cells. This
is astonishing, because a5 has so far been shown to be
expressed almost exclusively in skeletal muscle [54]. In
accordance with the electrophysiological data, the tran-
scripts for the a,, subunit that may take part in the for-
mation of P/Q-type Ca2* channels was present in GH,/Bg
cells, whereas the mRNA for the a5 subunit, which has
been shown to form the N-type Ca2* channel [54], was
not found in GH4/B; cells. The absence of transcripts for
the a ;¢ subunit and the presence of a toxin-resistant Ca2*
channel suggests that the toxin-resistant current in
GH,/Bg cellsis not mediated by R-type Ca2* channels. In
addition, mRNAs for the 31-3 subunits are expressed in
GH./Bg cells, whereas transcripts for the 34 subunit were
not found. A summary of the pharmacological and
RT-PCR resultsis givenin Table 2.

Blockage of L- or P/Q-type Ca2* channels
decreases cell excitability

Current-clamp experiments were performed using 22
GH./Bg cells. Ten cells were silent and 12 cells sponta-
neously fired action potentials. The action potentials had
a peak potential of —12.2+2.8 mV, a threshold potential

Table2 Ca2* channel o, sub-

units and their assumed electro-  Subunit - mRNA  Subtype Test substance Ba?* current
physiological correlatesin o
GH4/Bj cells. Transcripts for Uyc + L Nifedipine (10 uM) +
o, and o, were not found. Uip +
(n.d. Not determined) Uis +
O1a + P w-Agatoxin (10 nM) +
Q w-Conotoxin MVIIC (200 nM) +
? Toxin-resistant ~ Cd2* (200 uM) in the presence of nifedipine  +
(10 pM) + w-agatoxin (10 nM)
+ w-conotoxin MVIIC (200 nM)
5T + T - +
Oy n.d.
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Fig. 8A, B Transcripts for Ca?* channel o, (A) and 3 (B) subunits
present in GH4/Bg cells. RT-PCRs performed as described in Ma-
terials and methods. Ten percent of the PCR products were sepa-
rated on a 1.5% agarose gel. Lane 1, DNA marker; lane 2, positive
control. For all o, and B subunits brain cDNA was used as a posi-
tive control, except for a5 where cDNA from skeletal muscle was
used. Lane 3, negative control (H,O); lane 4, cDNA from GH,/Bg
cells. In the ay; panel the 700-bp DNA fragment and in the a4g
panel the 500- and 700-bp DNA fragments are not indicated

of 45.1+1.1 mV and an afterhyperpolarizing potential
of -59.6+2.2 mV. The mean action potential duration
measured at the threshold potential was 135+76 ms and
the mean firing frequency was 0.41+0.05 Hz. These pa-
rameters are similar to those reported for GH; cells [45].
In silent cells application of 10 pM nifedipine induced a
small depolarization from —45t2 mV to —41+2 mV
(n=8), in firing cells the spontaneous generation of ac-
tion potentials was abolished (n=4; Fig. 9A). Application
of 10 nM w-agatoxin IVA + 200 nM w-conotoxin
MVI1IC induced no change in the resting membrane po-
tential (-50+2 mV; n=4), but blocked the firing of spon-
taneous action potentials (n=8; Fig. 9B).

Blockage of L- and P/Q-type Ca2* channels decreases
prolactin secretion

Prolactin secretion from GH4/Bg cells was measured
semiquantitatively with RHPA [2, 49]. The time course
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Fig. 9A, B Blockage of L-type (A) or P/Q-type Ca2* channels (B)
inhibits action potential firing. The measurement of membrane po-
tentials was performed with the perforated-patch whole-cell con-
figuration. Bars indicate the times for which nifedipine (10 pM) in
A or the toxins (10 nM w-agatoxin IVA + 200 nM w-conotoxin
MVIIC) in B were applied

of plaque formation has previously been shown to reach
a steady state within about 4 h [4]. We used a shorter in-
cubation time (2.5 h) to improve conditions for detecting
the changes in prolactin secretion induced by the drugs
and peptide toxins. The numbers of cells evaluated were:
5407 (control), 2555 (nifedipine) and 4569 (peptide tox-



B plague-forming cells

60
40
20
0
1::(“k - S
C frequency of plague areas ¢
0 - e D mean plague area
o nife
— e - x
500 1000 [pm?] 5000 & & o c;g

Fig. 10A-D Measurement of prolactin secretion from GH4/Bg
cells performed with the reverse hemolytic plague assay (RHPA).
A Micrograph with two plagues each containing a single secreting
GH,/B; cell (black arrow) as well as a non-secreting cell (white
arrow). Scale bar denotes 50 pum. B Percentages of non-secreting
cells (white), cells located in multi-cell plaques (gray) and single-
cell plaques (black) under control conditions (cont), in the pres-
ence of 10 pM nifedipine (nife) and 10 nM w-agatoxin IVA +
200 nM w-conotoxin MVIIC (tox). C Normalized frequency dis-
tribution of single-cell plague areas of GH4/Bg cells under control
condition (black symbol), in the presence of nifedipine (gray
symbol) and peptide toxins (white symbol). D Mean plague areas
obtained in the control condition (cont), in the presence of nifedi-
pine (nife), peptide toxins (tox) and 200 uM Cd?*

ins). Under control conditions 53% of the cells were
found within plaques. There were two types of plaques:
one type contained only one cell in the center of a plague
(12% of the total cell number in the control) as shown in
Fig. 10A, the other type contained two to seven cells
(multi-cell plagues; 41% of the total cell number). In the
case of the multi-cell plaques it was not possible to de-
termine how many of the cells contributed to the plaque
formation. The number of cells within plaques decreased
to 35% in the presence of 10 uM nifedipine (26% in
multi-cell plagues, 9% in single-cell plagues) and to 30%
(23% in multi-cell plagues, 7% in single-cell plagues,
Fig. 10B) in the presence of 10 nM w-agatoxin IVA +
200 nM w-conotoxin MVIIC. The mean number of cells
in the multi-cell plagues was independent of the condi-
tion under investigation: 2.6 (control), 2.6 (nifedipine),
and 2.7 (peptide toxins). To determine the influence of
the different conditions on prolactin secretion in addition
to the percentage of plague-forming cells the plaque ar-
eas were evaluated. To obtain unequivocal results we de-
termined the areas of the single-cell plaques only. The
frequency distribution of these areas determined under
the different conditions are plotted in Fig. 10C. The
mean plaque areas were 1818+32 um2 (control; mean +
SEM; n=791), 1468+33 um?2 (nifedipine; n=262), and

1628+30 um? (peptide toxins; n=652). In the presence of
200 uM Cd2* only 20 cells out of several thousand cells
(not exactly determined) formed plaques, the mean area
was 914+79 um2. The “secretion index”, as calculated by
the percentage of plague-forming cells multiplied by the
mean plague area, showed that basal prolactin secretion
in the presence of nifedipine decreased to about 60% and
in the presence of the peptide toxins to about 52% of the
control. In the presence of Cd2* the secretion index de-
creased to avalue far below 1%.

Discussion

In GH4/Bg cells five different Ca2* channel currents can
be distinguished: T-, L-, P-, Q-type and toxin-resistant.
About 50% of the Ca2* channel current amplitude is me-
diated by L-type current, the remaining current is medi-
ated by P/Q-type and toxin-resistant Ca2* channels. The
T-type current amplitude is negligible in GH4/Bgcells.
Although the relative amplitudes vary, the same Ca2*
current subtypes have been found in corticotrophs [21],
clona murine corticotroph AtT-20 cells [26], and
melanotrophs [12]. The presence of N-type Ca?* chan-
nels, which are ubiquitous in the brain [54], has not re-
ported in most studies investigating clonal and native pi-
tuitary cells. However, there is one study of GH cellsin
which atiny percentage ((4%) of the Ca2* current is me-
diated by w-conotoxin-GVIA-sensitive N-type-like Caz*
channels [60].

L-type Ca2* channel current

L-type Ca2* currents are characterized by slowly inacti-
vating or non-inactivating currents which are blocked by
DHPs (reviewed in [36]). From a holding potential of
—70 mV, the I1Cy, for nifedipine in GH4/Bg cells was
1 pM, in agreement with an 1C5,=1 pM for nitrendipine
in GH; cells [48]. Decreasing the holding potential from
—80 mV to —32 mV, the I1Cy, decreased to 10 nM, dem-
onstrating the strong potential dependence of the DHP-
induced block of L-type channels [48].

Fifty percent of the nifedipine-sensitive L-type cur-
rent in GH4/Bg cells was activated at —22 mV, i.e., at a
more negative membrane potential than that reported for
HVA currents in GH5 cells (-14 mV) [13] and gonado-
trophs (-13 mV) [55] and for L-type currents in cortico-
trophs (=12 mV) [21]. However, there are other reports
of DHP-sensitive currents in GH; cells activating at rela-
tively negative membrane potentials. If the nifedipine-
sensitive L-type current was elicited from a holding po-
tential of =90 mV, it was reported to have a maximum in-
ward current near —35 mV [9]. In addition, GH; cells
possess a DHP-sensitive steady-state Ca2* current, which
activates at membrane potentials positive to =50 mV and
peaks at about —30 mV [46]. These observations indicate
that the L-type current in GH; and possibly aso in
GH./Bg cells may be composed of at least two different



L-type currents, with one component already activated at
the resting membrane potential [28].

P-type and Q-type Ca2* channel currents

The relative amplitude of the DHP-insensitive current in
GH; cells has been reported to vary between 50% [1],
20% [9] and very small values of the total Ca2* channel
current [20, 25, 48]. We found that in GH4/Bg cells about
50% of the Ba2* current was insensitive to nifedipine and
consisted of at least three different Baz* current compo-
nents. In corticotrophs a P-type but not a Q-type current
was described [21], and in melanotrophs P- and Q-type
Caz* currents were observed [12]. Generally, the pres-
ence of physically different populations of P- and Q-type
channelsis assumed if part of the Ca2* current can selec-
tively be blocked by a selective toxin [37, 54]. In
GH./Bg cells we could distinguish P- and Q-type cur-
rents with the help of different toxins, but their biophysi-
cal properties are too similar to perform a successful
electrophysiological separation.

Toxin-resistant Ca2+ channel current

In GH4/Bg cells the toxin-resistant Ca2* current compris-
es 24% of the total Ca2* current and its voltage depen-
dence of current activation is similar to that of P- and
Q-type currents. Toxin-resistant Ca2* currents were also
described in corticotrophs [21], melanotrophs [12], and
AtT-20 cells [26]. The toxin-resistant current in GH4/Bg
cells activated with a slower time course than P- and
Q-type currents and did not inactivate, similar to the tox-
in-resistant current in corticotrophs [21]. In contrast, the
toxin-resistant R-type Ca2* current described in neurons
is an inactivating current [43] and the ionic channels me-
diating this current are assumed to be formed by o,
subunits [57]. The notion that the toxin-resistant current
in GH4/Bg cells is not mediated by R-type channels is
further supported by the absence of transcripts for o
subunits in these cells.

Molecular correlates of the different Caz*
channel subtypes

Ca?* channels are heteromultimers consisting of a pore-
forming a, subunit and different combinations of auxil-
iary subunits (a5, &, B, y). The a; subunits so far cloned
presumably mediate the T-type (a;g, Oy, Oy), L-type
(04cr O3ps O39), P/Q-type (0,,) and R-type channel
(0qg), reviewed in [42, 54]. Previous studies have
shown that in the pituitary and GH subclones (GH,/C,,
GHj) 044, 04 and a,p are expressed [25, 50]. This is
also true for GH4/Bg cells. In addition these cells ex-
press two other a; subunits (a,g, 0;g) and three of the
four cloned 3 subunits (3;_3). A possible candidate for
the pore-forming subunit of the T-type channel in
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GH4/Bg cellsis a,5. Transcripts for a,, were not found
and the expression of a,, was not studied because the
rat homologue of the human subunit has not been
cloned, as pointed out above. In GH,/Bg cells the tran-
scripts for all pore-forming a, subunits of L-type chan-
nels (a,c, Oqp, 05 [54]) were found. It is not known
which of these subunits contribute to the nifedipine-sen-
sitive current. Due to their different sensitivities to
w-agatoxin IVA and w-conotoxin MVIIC, P- and Q-type
Ca2* channel currents were distinguished in GH4/Bg
cells. The likely candidate for the molecular correlate
for both channels is the o, subunit. As yet it is not
known whether P- and Q-type channels are formed by
different splice variants of the a5 subunit [5] or by the
same a,, subunit associated with different auxiliary
subunits [3, 31, 42]. The molecular correlate for the
channels mediating the toxin-resistant current in GH,/Bg
cells is not known. Transcripts for o,z presumably me-
diating the R-type current in cerebellar granule cells
[43] were not found in GH4/Bg cells.

In GH4/Bg cells three 3 subunit genes (B1-33) are ex-
pressed. Coexpression of 3 subunits with a; subunits in
heterologous expression systems increased the current
density and shifted the voltage dependence of activation
and inactivation curves towards more negative mem-
brane potentials [3, 54]. Therefore, it is possible that 3
subunits are involved in shifting the voltage dependence
of L-type currents to more negative membrane potentials
in GH4/Bg cells.

Function of the different Ca2* channel subtypes

The secretion of prolactin and growth hormone from
GH4/Bg cellsis controlled by the [Ca2*]; which is mainly
determined by influx of Ca2* through the different volt-
age-dependent Ca2* channel subtypes [14]. Blockage of
L-type Ca2* channels by nifedipine totally blocked the
firing of spontaneous action potentials in GH4/Bg cells.
Spontaneous activity was also blocked in the presence of
the peptide toxins inhibiting P/Q-type Ca2* channels.
The secretion index, which mirrors prolactin secretion,
was reduced to about 60% by nifedipine blocking L-type
channels and to about 52% by the peptide toxins block-
ing P/Q-type channels. These results may reflect the fact
that part of basal prolactin secretion depends on Ca2* in-
flux during the spontaneous firing of action potentials.
Blockage of al Ca?* channels with Cd2* decreased the
secretion index to less than 1%, indicating that basal pro-
lactin secretion depends on the activation of voltage-de-
pendent Caz* channels near the resting potential and do
not require the firing of action potentias [35]. Ca2* in-
flux through L-type channels seems to be the main
source for the increase in [Ca2*]; during an action poten-
tial [34]. Several reports have demonstrated that block-
ing L-type channels abolishes the oscillations of [Ca2*];
elicited by the spontaneous firing of action potentials
[10, 47]. A similar role of L-type channels for [Ca2*]; in
spontaneously spiking cells has been demonstrated in
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corticotrophs [22]. Abolition of Ca2* oscillations in GHy
cells by 10 uM nimodipine reduced spontaneous prolac-
tin secretion by 33% [10], avalue similar to that reported
in this study. However, in AtT-20 cells total blockage of
L-type channels induced a much larger inhibition of
ACTH release, comparable to that induced by Cd2+ [26].
In GH4/Bg cells the inhibition of P/Q-type Ca2* channels
also abolished the firing of spontaneous action potentials
and decreased prolactin secretion to about 52% of the
control value. In contrast, blockage of P/Q-type channels
in clonal AtT-20 cells had no significant effect on secre-
tion [26], whereas the inhibition of P/Q-type channels by
activation of heterologously expressed D3 receptors in
AtT-20 cells decreased ACTH secretion considerably
[23]. Caz* influx through P/Q-type Ca2* channels in
melanotrophs is coupled with the same efficiency to exo-
cytosis as the other Ca2* channel subtypes [27]. These
data show that the different Ca2* channel subtypes may
have different functions in different cell types. There-
fore, further experiments have to be performed to relate
membrane excitability, [Ca2*]; and release of prolactin
and growth hormone to the different Ca2* channel sub-
types in GH4/Bg and other neuroendocrine cells.
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