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Orexins, orexigenic neuropeptides, have recently been
discovered in lateral hypothalamus and play an impor-
tant role in the regulation of pituitary hormone secre-
tion. Two subtypes of orexin receptors (orexin-1 and
orexin-2) have been demonstrated in pituitaries. In
this experiment, the effects of orexins on voltage-gated
Ca2+ currents and the GH release in primary cultured
ovine somatotropes were examined. Voltage-gated Ca2+

currents were isolated in ovine somatotropes as L, T,
and N currents using whole-cell patch-clamp techniques
and specific Ca2+ channel blocker and toxin. Application
of orexin-A or orexin-B (100 nM) significantly, dose-
depen-dently, and reversibly increased only nifedipine-
sensitive L-type Ca2+ current. Inhibitors of PKC (cal-
phostin C, PKC inhibitory peptide) but not inhibitors
of PKA (H89, PKA inhibitory peptide) cancelled the in-
crease in the L current by orexins. Co-administration of
orexin-A and GHRH (10 nM) showed an additive effect
on the L current. Specific intracellular Ca2+-store-deplet-
ing reagent, thapsigargin (1 µM), did not affect the ore-
xin-induced increase in the L current. Orexin-B alone
slightly increased GH release and co-administration
of orexin-A and GHRH synergistically stimulated GH
secretion in vitro. It is therefore suggested that orexins
may play an important role in regulating GHRH-stimu-
lated GH secretion through an increase in the L-type
Ca2+ current and the PKC-mediated signaling pathways
in ovine somatotropes.
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Introduction

Orexin-A and orexin-B (also known as hypocretin-1 and
hypocretin-2) are two hypothalamic peptides identified a
few years ago acting through two types of receptors (orexin
1-R and orexin 2-R) belonging to the G-protein–coupled
seven-transmembrane-domain receptor superfamily (1,2).

Orexin-A and orexin-B are 33- and 28-amino-acid peptides
with 46% sequence homology between the two. Orexin 1-
R is highly specific for orexin-A, whereas orexin 2-R has
equal affinity for both orexin-A and orexin-B (2). It has
been suggested that orexins play a significant role in the
control of food intake and sleep–wake cycle (3,4). Recent
studies have demonstrated that orexins, orexin receptors,
and orexin-containing projections spread not only through-
out the brain and spinal cord but also in several peripheral
systems (4–6). Orexins and orexin receptors have been shown
in median eminence and pituitary gland, which suggests a
regulatory role of orexins on pituitary hormones (7–11).
Laboratory data have linked orexins to both hypothalamus–
pituitary–adrenal (H-P-A) and hypothalamus–pituitary–gon-
adal (H-P-D) axes influencing the secretion of a number of
hormones including adrenocorticotropic hormone (ACTH),
luteinizing hormone (LH), corticosterone, and prolactin both
in vivo and in vitro (3,12–16). In addition, the stimulatory
effects of orexins on the secretion of insulin and TSH have
been reported (17,18). The role of orexins in the regulation
of growth hormone (GH), an anabolic hormone in the pitui-
tary, is not clear with limited and controversial results (3,
19). Orexins have been shown to change the electrophysi-
ological activities in a number of neuronal and nonneuronal
cells (20,21). Modification of ion channels in somatotropes
is one of the most important mechanisms by which GH secre-
tion is regulated by hypothalamic peptides including GH-
releasing hormone (GHRH), GH-releasing peptides (GHRP),
and somatostatin (22,23).

In this experiment, the effects of orexin-A and orexin-
B on voltage-gated Ca2+ currents and GH secretion were
studied in primary cultured ovine somatotropes. Types of
Ca2+ channels were isolated by specifically designed volt-
age-clamp protocols and selective blocker and toxin. The
involvement of second messenger systems in the orexins-
induced effect on Ca2+ channels was determined.

Results

Voltage-Gated Ca2+ Currents

Voltage-gated calcium channels have been reported as L,
T, N, P/Q, and R subtypes in different cells (24,25). In ovine
somatotropes, L and T currents were previously isolated, with
the L type predominant (26). In this study, we extended our
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research using L and N current blockers, nifedipine (NFD)
and ω-conotoxin (CTX), respectively, to systemically exam-
ine the components of voltage-gated Ca2+ currents in the
somatotropes.

Figure 1 shows a group of recordings for such a charac-
terization in a representative cell. Total Ca2+

 currents (Fig.

1A) were evoked by depolarizing test pulses from –50 mV
up to +20 mV for 250 ms with a holding potential of –80
mV. Incubation with NFD (10 µM) in the bath solution
reduced approx 75% of the total Ca2+

 current (Fig. 1A, part
b), suggesting the presence of a large proportion of the L
current. The rest of Ca2+

 current was further suppressed by

Fig. 1. Characterization of voltage-gated Ca2+ currents in ovine somatotropes. (A) Voltage-gated Ca2+
 currents were evoked by depolar-

izing test pulses from a holding potential of –80 mV with a 10 mV interval for 250 ms, as indicated in the lower panel. (Aa) Total Ca2+

currents were evoked by depolarizing test pulses up to +20 mV. (Ab), Combined N and T Ca2+
 currents were evoked in the presence of

the L-type Ca2+ current blocker, nifedipine (NFD, 10 µM). (Ac) T-type Ca2+
 current was evoked in the presence of L-type and N-type Ca2+

current blockers, NFD, and conotoxin (CTX, 1 µM), respectively. (Ad) Current–voltage (I-V) relationships for three subtypes of recorded
Ca2+ currents measured at the highest points of the peak traces. The currents were obtained with depolarizing pulses from –50 mV to +60
mV, with a holding potential of –80 mV (mean ± SEM, n = 3, in each case). Note that the total Ca2+ current (indicated as ■), the T plus
N types (indicated as ●, in the presence of NFD), and T-type currents (indicated as ▲, in the presence of NFD and CTX) were isolated.
(B) Voltage-gated Ca2+

 currents were evoked by depolarising pulses with a 10-mV interval from a holding potential of –30 mV for 200
ms, as indicated in the lower panel. (Ba) Ca2+

 currents were evoked by depolarizing pulses up to +20 mV. (Bb) Ca2+
 currents were evoked

in the presence of NFD. (Bc) Ca2+
 currents were evoked in the presence of NFD and CTX. (Bd) Current–voltage (I-V) relationships for

three subtypes of recorded Ca2+ currents measured at the highest points of the peak traces. The currents were obtained with the depolar-
izing pulses from –30 mV (B) to +60 mV with a holding potential of –80 mV (mean ± SEM, n = 3, in each case). Note that majority of
the Ca2+ current was the L-type (indicated as ■, where NFD blocked most of the current). (Reproduced with permission from ref. 63.)
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the addition of the N current blocker, CTX (1 µM) (compar-
ing Fig. 1A, parts b and c). The remaining current (Fig. 1A,
part c) was predominantly the T current, distinguishable by
its quick inactivation (within 100 ms, unlike currents of the
P, Q, or R types). While using a holding potential of –30 mV
to exclude the T and N currents, the total current recorded
was predominantly of the L type. Addition of NFD almost
totally suppressed the current (comparing Fig. 1B, parts a
and b). Only a minor effect was evident with further addi-
tion of CTX (comparing Fig. 1B, parts b and c), indicating
probably an incomplete inactivation of the N current. In
comparison, the currents blocked by NFD (L type) under
the two holding potentials were almost identical (167 pA in
Fig. 1A vs 170 pA in Fig. 1B). The I-V curves for three
subtypes of currents under different holding potentials
obtained from a group of three cells are shown in Fig. 1A;
part d and B; part d, respectively.

Effect of Orexins on Total Ca2+ Currents

In order to obtain Ca2+ currents stable for at least 15 min,
an ATP regenerative system comprising ATP (2 mM), Na2-
phosphocreatine (5 mM), creatine phosphokinase (20 unit/
mL) plus 0.1 mM GTP was included in the pipet solution.
It was previously shown that this inclusion did not alter the
voltage-gated Ca2+ current (27). Figure 2A shows the effect
of orexin-A (100 nM) on the current–voltage relationship
curve of total Ca2+

 currents. Figure 2B demonstrates the data
of peak Ca2+ current from a group of eight cells with addi-
tion of orexin-A and orexin-B (100 nM). Orexins signifi-
cantly and reversibly increased the total Ca2+

 current.

Effect of Orexins on L, T, and N Currents

As ovine somatotropes possess three subtypes of Ca2+

currents, we further examined the effect of orexin-B on the
individual currents. The protocols for the isolation of these
currents were similar to those described in Fig. 1. Applica-
tion of orexins significantly increased the L-type Ca2+ cur-
rent with a holding potential of –30 mV (Fig. 3A). When
the L current was blocked by NFD with a holding potential
of –80 mV, orexin-A and orexin-B did not influence the
other Ca2+

 currents, including the T and N currents (Fig. 3B
and C). Because only the L current was increased by ore-
xins, the total Ca2+ current was used to investigate the involve-
ment of intracellular signaling systems in the following
experiments.

PKA System and Intracellular Ca2+ Store

Specific blockers have previously been used in the elec-
trophysiological assessment of the involvement of PKA in
GHRH-induced changes in both Ca2+ and K+ currents in
somatotropes (28–30). In this study, cell permeable blocker
H89 (1 µM, final concentration) was added directly into the
bath solution. For an even distribution of the reagent in the
bath solution to completely quench the PKA activities, cells
were incubated with H89 for about 5 min. No change was

observed in the basal amplitude of the Ca2+ currents when
the cells were incubated with H89. Moreover, the signifi-
cant increase in the Ca2+ current by orexin-A and orexin-
B was not influenced by the presence of H89 (Fig. 4A). PKI
is a synthetic PKA inhibitory peptide that cannot pass through
the cell membrane, so it was included in the pipet solution
to be dialyzed into the cells. The increase in the Ca2+ cur-
rent by orexin-A and orexin-B was maintained during the
intracellular dialysis with PKI (10 µM, Fig. 4B). It has been
reported that similar introduction of PKI blocked PKA
activities on the voltage-gated Ca2+ and Na+ channels (31).
Current results hence indicate that the PKA system is not
involved in the orexin-B–induced augmentation in the Ca2+

current in ovine somatotropes.
In order to rule out the possible involvement of intracel-

lular Ca2+ store in an orexin-mediated effect, we depleted
the Ca2+ store by pretreatment of somatotropes with thapsig-
argin (10 µM) for 30 min. After such a pretreatment, orexin-
A and orexin-B still elevated the Ca2+ current significantly

Fig. 2. Effect of orexins on Ca2+ currents in ovine somatotropes.
(A) Statistical data of the current–voltage relationship curves
obtained from a group of four recordings. Orexin-A significantly
and reversibly increased the amplitude of the voltage-gated Ca2+

current (means ± SEM, n = 4). (B) Statistical data demonstrate
that orexin-A and orexin-B significantly increases voltage-gated
calcium currents while there is no change in the current amplitude
when vehicle is used. (Adapted with permission from refs. 9,63.)
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(Fig. 4C), suggesting that the intracellular Ca2+ store does
not contribute to the orexin-induced increase in Ca2+ currents.

PKC System

To test the possible involvement of PKC in the action of
orexins on Ca2+ channels, we examined the inhibitory effects
of Cal-C, PKC19–36, and PDBu, each of which effectively
and selectively inhibits PKC activities in ovine somatotropes
(30,32). Incubation of the cells with Cal-C (100 nM) for 5
min did not change the basal amplitude of Ca2+ currents.
However, the increase in Ca2+ currents by orexin-A and
orexin-B was abolished in the presence of Cal-C (Fig. 5A).
When we microdialyzed PKC19–36, a specific PKC inhibi-
tory peptide, into the cells at a concentration of 1 µM, the
increase in Ca2+ currents by orexin-A and orexin-B was
inhibited (Fig. 5B). PDBu itself (0.5 µM) for 5 min signifi-
cantly increased Ca2+ currents, mimicking the effect of ore-
xins (Fig. 5C). Furthermore, when the cells were pretreated
with PDBu (0.5 µM) for 16 h to down-regulate PKC, the
orexin-induced increase in Ca2+ currents was completely
suppressed (Fig. 5D). These results strongly suggested that
PKC is required in the orexin-mediated increase in Ca2+

currents in ovine somatotropes.

Additive Effect of Orexin-A and GHRH on Ca2+ Currents

As Ca2+ currents have previously been demonstrated to
be increased by GHRH in ovine somatotropes, we tested
the interactions between orexin-A and GHRH (100 nM) in
the modification of the Ca2+ current. In order to exclude the
possible cross-effect between the receptors of orexin-A and
GHRH, we administered orexin-A (100 nM) and GHRH in
different orders. In the first series of experiments, GHRH
was delivered 8 min before orexin-A. GHRH increased the
Ca2+ current significantly and subsequent addition of ore-
xin-A further elevated the level of the Ca2+ currents (Fig.
6A). When orexin-A was added 8 min before GHRH, it was
found that orexin-A alone augmented the Ca2+ currents sig-
nificantly and addition of GHRH further enhanced the Ca2+

currents (Fig. 6B). A complete recovery was achievable in
both experimental groups. The total increase in the Ca2+

currents by orexin-A and GHRH was similar between two
sets of experiments.

Effect of Orexins on Ovine GH Release

Finally, we examined the direct effect of orexins on the
GH secretion in ovine somatotropes in vitro. Cells were
incubated with orexin-B (1–100 nM) or GHRH (10 nM) for
30 min. Orexin-B dose dependently increased the GH re-
lease, but the potency of orexin-B is much less than the
releasing effect of GHRH (Fig. 7A). When orexin-A (100
nM) or GHRH (10 or 100 nM) or the combination of orexin-
A and GHRH were included in incubation medium for 30
min, GHRH dose dependently increased the GH release
and orexin-A alone did not increase the GH secretion (Fig.
7B). Co-administration of GHRH and orexin-A synergis-
tically augmented the GH release (Fig. 7B).

Discussion

In this set of experiments, we characterized the Ca2+ cur-
rents and studied the effect of orexins on the individual sub-
types of Ca2+ current in primary cultured ovine somato-
tropes. Three subtypes of Ca2+ currents, L, T, and N currents,
were identified. Orexins dose dependently and reversibly aug-
mented only the L current. Furthermore, the PKC signaling
pathway is responsible for mediating the orexin-induced
increase in the L-type Ca2+ current in ovine somatotropes.
Orexins also induced a slight dose-dependent increase in GH
secretion and a synergistic effect on GH release with GHRH.

Numerous studies have shown that Ca2+ influx through
the transmembrane voltage-gated Ca2+ channels is impor-
tant for [Ca2+]i levels, which are critical events associated
with the release of GH in somatotropes (33–36). In order to
investigate the effect of orexins on the membrane Ca2+ chan-
nels, it is essential to isolate the subtypes of Ca2+ currents.
Three Ca2+ currents, the L, T, and N currents, were found to

Fig. 3. Effect of orexins on the L-, T-, and N-type Ca2+ currents. Three subtypes of Ca2+ currents were isolated as depicted in Fig. 1. (A)
The effect of orexin-B and orexin-A (100 nM) on the L-type Ca2+ current recorded at +20 mV test voltage from a holding potential of
–30 mV (mean ± SEM, n = 4, in each case). No effect was observed in the currents containing the T and N subtypes (B and C) recorded
at +10 mV test voltage from a holding potential of –80 mV. **p < 0.01. (Adapted with permission from refs. 9,63.)
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operate in ovine somatotropes, with the L current carrying
the largest proportion of Ca2+ influx. This confirmed pre-
vious reports that the L-type current is the predominant
Ca2+ current subtype in somatotropes (25,26). Although
the N current is ubiquitous in the brain (37), an N-type cur-
rent has not always been observed in pituitary GH3 cells

and ovine somatotropes (25,26,38). In the present study,
we examined the N current using conventional whole-cell
patch-clamp configuration. We demonstrated that a CTX-
sensitive N current exists in ovine somatotropes, but this
current accounts for less than 10% of the total Ca2+ current,
a much smaller proportion than it accounts for in neurons
(39). The T current has been demonstrated in ovine somato-
tropes and gonadotropes, but is negligible in the GH3/B6
cell line (23,40–42). In the current study, the T current was
recorded under the holding potential of –80 mV when the
L and N currents were excluded from the total currents by
NFD and CTX. This T current is fast-activated and inacti-
vated within 100 ms, a kinetic characteristic allowing it to
be easily distinguished from P/Q currents, inactivation of
which is much slower (25). The T current only contributed
about 15% of the total Ca2+ current in ovine somatotropes.
The differing presentation of the Ca2+ current subtypes re-
flects the difference in tissues and animal species. Further-
more, different recording techniques and cell culture con-
ditions may also influence the characterization of Ca2+

currents, in particular, when the current is very small.
The present study demonstrates that both orexin-A and

orexin-B increase the L-type, but not the T- or N-type, Ca2+

current in ovine somatotropes. This is not surprising con-
sidering that the L current is the predominant voltage-gated
Ca2+ current in somatotropes and plays a key role in regu-
lating the [Ca2+]i

 levels (43,44). When the effects of orexins
were studied using Ca2+ imaging and other electrophysi-
ological techniques in neurons, it was initially reported that
orexins increase postsynaptic firing in hypothalamic neu-
rons (1). Further evidence showed that the frequency of
firing of action potential was significantly increased by ore-
xins in locus ceruleus cells (3). However, the effects of
orexins on the ion channels in somatotropes have not previ-
ously been reported. We demonstrate that orexins directly
enhance only the L current, which suggests a functional role
for this peptide in somatotropes. We also isolated the N and
T currents, but failed to detect any response to orexins in
either. The reasons for the different responses to orexins in
these subtypes of Ca2+ currents are still unclear. However,
our results strongly suggest that the enhancement of the L
current by orexins may influence [Ca2+]i, the latter subse-
quently determining GH secretion.

Using specific PKA and PKC pathway blockers, we fur-
ther examined the involvement of second messenger sys-
tems in this orexin-induced increase in the Ca2+ currents. In
somatotropes, we and others have previously showed that
the K+, Na+, and Ca2+ channels were modified by GHRH,
GHRP, and somatostatin (22,29,45), and both PKA-cAMP
and PKC systems were involved in the intracellular signal
transduction used by these peptides (29,46). We therefore
tried to elucidate the possible intracellular signaling path-
ways by which orexins induced the increase in the L current
in ovine somatotropes. Using cAMP/PKA specific blockers,
we demonstrated that PKA-cAMP pathway was not impli-

Fig. 4. Involvement of PKA-cAMP system and intracellular Ca2+

stores. (A) In the presence of a specific PKA blocker H89 (1 µM),
orexin-A and orexin-B increased Ca2+ currents in ovine somato-
tropes. (B) In the intracellular presence of a specific PKA blocker
PKI (10 µM), orexin-A and orexin-B increased Ca2+ currents in
ovine somatotropes. (C) After incubation in presence of a specific
intracellular Ca2+ stores depleting reagent thapsigargin (1 µM),
orexin-A and orexin-B increased Ca2+ currents in ovine somato-
tropes. (Adapted with permission from refs. 9,63.)
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cated in orexin-induced Ca2+ increase. PKC and calcium
have long been recognized as the important messengers medi-
ating the effects of orexins in neurons and pheochromocy-
toma cells (1,16,47), but no studies has been undertaken in
somatotropes. We used several approaches to stimulate or
block the intracellular PKC activities. Acute stimulation
of the intracellular PKC activities by PDBu mimicked the
effect of orexins on the Ca2+ current, suggesting the involve-
ment of PKC signaling pathway. Meanwhile, we showed

that the affect of orexins on the Ca2+ currents was completely
abolished by pretreatment of the cells with PDBu for 16 h
(down-regulation of the PKC system), or a PKC blocker
Cal-C, or the specific PKC inhibitory peptide PKC19–36.
These results strongly indicate that orexins augment the L-
type Ca2+ current through a PKC-dependent pathway. Our
observations were in agreement with previous studies that
orexins increased [Ca2+]i via the PKC pathway, leading to
the elevated activities of the neurons in arcuate nuclei and

Fig. 5. Involvement of PKC system in the Ca2+ current response to orexins. (A) Statistical data show that calphostin C (Cal-C, 100 nM)
totally abolished the orexin-induced increase in Ca2+ current (means ± SEM, n = 4). (B) Statistical data show that intracellular PKC
inhibitory peptide PKC19–36 completely abolished the orexin-induced increase in Ca2+ current. As PKC19–36 is not permeable through cell
membrane, it has been included in pipet solution to be introduced into the recorded cells (means ± SEM, n = 4). (C) Statistical data (means
± SEM, n = 5) show the acute application of PDBu (0.5 µM for 5 min) on the Ca2+ current. (D) Statistical data (means ± SEM, n = 5) show
the effect of long-term pretreatment (16 h) on the orexin-induced increase in the Ca2+ current. (Adapted with permission from refs. 9,63.)

Fig. 6. Orexin-A and GHRH additively increase the voltage-gated Ca2+ currents. (A) Statistical analysis (means ± SEM, n = 6) of the
effects of GHRH followed by the co-administration of GHRH and orexin-A on the voltage-gated Ca2+ currents. (B) Statistical analysis
(means ± SEM, n = 5) of the effects of orexin-A followed by the co-administration of orexin-A and GHRH on the voltage-gated Ca2+

currents. (Reproduced with permission from ref. 9.)
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the ventral tegmental area (47,48). These findings are also
in line with the report that PKC signaling cascade was impli-
cated in orexin-stimulated catecholamine secretion in human
adrenal cells (16). Because PKA-cAMP and PKC signal trans-
duction pathways are involved in the modification of the K+

and Ca2+ currents by GHRH in somatotropes (29,49–51),
orexins may interact with GHRH through these intracellu-
lar second messenger systems to increase the Ca2+ current.

PLC pathway may play a role in the functional regula-
tion in somatotropes (52). GHS receptor was coupled to IP3
in triggering the release of Ca2+ from the intracellular store
and activating the PKC system in rat somatotropes (53). It
has recently been demonstrated that the effect of orexins is

mediated by both Ca2+ influx and the IP3 production in
Chinese hamster ovary cells expressing the orexin receptors
(54,55). It is, however, unclear whether IP3 was implicated
in the effect of orexins on the membrane Ca2+ current in
ovine somatotropes. In our experimental conditions, thap-
sigargin was used to deplete the intracellular Ca2+ store
before orexins were applied, and we found that the increase
in the L-type current by orexins was not affected. These
results suggest that the elevation in the Ca2+ current by
orexins was not dependent on the calcium release from the
intracellular calcium store. This is not surprising given that
receptor-operated Ca2+ entry may not be the consequence
of intracellular Ca2+ release in several cell types (56,57).

Fig. 7. Effect of orexins and GHRH on the GH secretion. (A) Effects of different doses of orexin-B (10−9–10−7 M) and GHRH (10−8 M)
on GH release in cultured ovine somatotropes were observed. The columns show (mean ± SEM, n = 4) the values of GH release in response
to the individual peptides indicated at the bottom of the figure. Orexin-B induced a dose-dependent increase in GH release with statistic
significance in doses of 10−8 and 10−7 M although the response is much smaller than that induced by 10−8 M GHRH. (Reproduced with
permission from ref. 63.) (B) Effects of orexin-A, different concentrations of GHRH, and the co-administration of orexin-A and GHRH
on GH release in cultured ovine somatotropes were observed. The columns show (mean ± SEM, n = 4) the values of GH release in response
to the individual peptides or the combination of both peptides indicated at the bottom of the figure (Reproduced with permission from
ref. 9.) Note that the units for Y axis in A and B are different.
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In comparison to the effects of GHRH and GHRP-2 on
voltage-gated Ca2+ currents in ovine somatotropes (26),
the increase in Ca2+ currents by orexins was rather small
(29). The increase in L-type Ca2+ current brought about by
orexins in somatotropes was also smaller than that in neu-
rons (58). Interaction between orexin-A and GHRH on Ca2+

currents was investigated. Orexin-A or GHRH individually
induces a significant increase in the L-type current, and an
additive effect on the current was observed when they were
co-administered. This can be explained by the fact that ore-
xin-A and GHRH modify the L-type current through dif-
ferent signalling pathways, e.g., orexin-A mainly activates
the PKC system whereas GHRH predominantly uses PKA-
cAMP to increase the L-type current. These data indeed
prompted us to study further the direct stimulatory effects
of orexins on the GH secretion in vitro. Orexin-B slightly
increased GH release in a dose-dependent manner. This
stimulation on GH secretion is much weaker than the stimu-
lation by GHRH. Using orexin-A, a synergistic effect was
evident on GH release when orexin-A and GHRH were co-
administered, although orexin-A by itself did not signifi-
cantly increase GH release. This synergistic effect corre-
sponded well with the previous electrophysiological study
that an additive effect on the L-type current was generated
by the co-administration of orexin-A and GHRH. There-
fore, the major function of orexins in the regulation of GH
secretion may be that orexins prime the somatotropes for
further action of GHRH. This process by orexins signif-
icantly increases the susceptibility and excitability of the
somatotropes, so that GHRH subsequently generates a much
stronger effect on GH release in, specifically, a normal
pulsatile pattern. Meanwhile, the L-type Ca2+ current may
exert a pivotal role on the enhanced GH secretion as both
GHRH and orexins activate this current.

It should be emphasized, however, that the possible role
of orexins in the control of GH secretion is still controver-
sial. It has been reported that GH secretion may or may not
be affected by orexins in different experimental conditions
(3,19). In this study, the orexin-induced increase in the L-
type Ca2+ current is a modest modification rather than a
marked enlargement. The release and the regulatory effect
of orexins in vivo may reflect the actions of a number of
other factors from the hypothalamus, such as leptin or neu-
ropeptide Y (NPY). GH release may be significantly influ-
enced by hypothalamic peptides and their complex inter
action (59–61). Hence, orexins may play a complementary
role in the control of GH release. In the light of our current
results, further studies on interactions between orexins and
other GH secretagogues in GH control are warranted.

In conclusion, we have presented data demonstrating that
the L-type current was significantly increased by orexins via
the PKC signaling pathway in ovine somatotropes. GHRH
and orexins exhibit an additive and a synergistic effect in
stimulating the L current and GH release, respectively. The
functions of orexins, therefore, may include the regulation

of GH at the pituitary level by priming the somatotropes for
further stimulation by GHRH.

Materials and Methods
Chemicals

Orexin-A and orexin-B were obtained as a generous gift
from Dr. Yoichi Ueta (Department of Physiology, Univer-
sity of Occupational and Environmental Health, Kitakyushu,
Japan) and Dr. Thomas Kilduff (SRI International, Menlo
Park, CA, USA). Dulbecco’s modified Eagle’s medium
(DMEM), N-2-hydroxyethylpiperazine-N'-2-ethane sul-
fonic acid (HEPES), and carbohydrate solutions were pur-
chased from Trace Biosciences Pty Ltd (Clayton, Victoria,
Australia). Medium 199 (M199) was obtained from Worth-
ington Biochemical Corporation (Freehold, NJ, USA) and
penicillin–streptomycin fungizone solution from CSL Lim-
ited (Parkville, Victoria, Australia). Tissue culture reagents
(DNAse, hyaluronidase, trypsin inhibitor, pancreatin), sera,
adenosine-5'-triphosphate (ATP), creatine phosphokinase,
phosphocreatine, guanosine 5'-triphosphates (GTP), nife-
dipine (NFD), ω-conotoxin (CTX), and all salts for record-
ing solutions were purchased from Sigma (St. Louis, MO,
USA). Tetrodotoxin (TTX) was from Alomone Labs (Jeru-
salem, Israel). L-Glutamine was purchased from GIBCO
(Gaithersburg, MD, USA). Protein kinase A (PKA) and pro-
tein kinase C (PKC) inhibitory peptides (PKI and PKC19–36)
and phorbol 12,13-dibutyrate (PDBu) were obtained from
Research Chemicals International (Natick, MA, USA). H89
and calphostin C (Cal-C) were from Cal-Biochem (San
Diego, CA, USA).

Cell Preparation

Adult sheep pituitary glands were obtained at a local
abattoir and then subjected to collagenase / pancreatin treat-
ments to dissociate the cells, as described previously (62).
Briefly, whole pituitaries had their encapsulating tissue,
the neurohypophysis, and pituitary stalk tissue removed.
The anterior pituitaries were then minced and placed into
calcium-free phosphate-buffered solution (PBS) + bovine
serum albumin (BSA). The tissue fragments were gently
washed and incubated with DNAse, hyaluronidase, trypsin
inhibitor, pancreatin, and collagenase (approx 2.5 mg/mL)
for 30–40 min at 37oC in a shaking water bath. After cen-
trifugation at 2000g, the cells were suspended in Medium
199 and counted by hemocytometer. Cell yield was usually
2 ∞ 107 per pituitary gland, with more than 95% viability
(trypan blue exclusion test). The cell suspension (3–5 mL)
was placed above a column of layers of increasing density
of Percoll solutions. In our culture condition, seven Percoll
dilutions were prepared as follows for the discontinuous
density gradient: 1.10, 1.074, 1.071, 1.068, 1.063, 1.058,
1.040, 1.029 g/mL (calibrated by density mark beads from
Pharmacia Biotech, Uppsala, Sweden). Tubes were then cen-
trifuged (J6-HC Centrifuge, Beckman Instruments, CA, USA)
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at 2500 rpm for 30 min at 4oC without brake. About 80%
of cells in fractions ranging in density from 1.063 to 1.071
g/mL were somatotropes as determined by immunocyto-
chemical staining (62). Cells recovered from these fractions
were subsequently seeded into 35 mm culture dishes for
electrophysiology study and 48-well plates (104 or 105 cells/
well) for the incubation experiments (GH radioimmunoas-
say) containing DMEM supplemented with 10% (v/v) fetal
calf serum (FCS), 1% (v/v) L-glutamine (200 mM stock),
and penicillin–streptomycin fungizone solution, and were
maintained in a humidified incubator (37ºC, 5% CO2). The
culture medium was replenished every 2–3 d, and electro-
physiological recordings were performed on cells maintained
between 3 and 7 d in culture.

Patch-Clamp Recording

On the day of recording, culture medium was replaced
by patch-clamp bath solution through a gravity pressure per-
fusion system 10 min before recording. Transmembrane
Ca2+ currents were recorded using “gigaseal” patch-clamp
techniques in classic whole-cell recording (WCR) configu-
ration. Electrodes were pulled by a Sutter P-87 microelectrode
puller from borosilicate micropipets with inner filament
(Clark Electromedical Instruments, Pangbourne Reading,
England) and had an initial input resistance of 3–5 MΩ. All
recordings were made using the Axopatch 200A amplifier
(Axon Instruments, CA, USA). The bath solution was com-
posed of the following: 40 mM tetraethylammonium chlo-
ride (TEA-Cl), 90 mM NaCl, 5 mM CaCl2, 0.5 mM MgCl2,
10 mM glucose, and 10 mM HEPES at pH 7.4 (adjusted with
NaOH) and osmolarity of 300 mosmol/L (adjusted with
sucrose). To exclude contamination by the Na+ current,
TTX was added into the bath solution at a final concentra-
tion of 1 µM just before commencing experimentation. The
pipet solution was composed of the following: 120 mM Cs-
Aspartate, 20 mM TEA-Cl, 10 mM EGTA, 10 mM glucose,
10 mM HEPES. Just before recording, an ATP regenerative
system (2 mM ATP, 5 mM Na2-phosphocreatine, 20 units/
mL creatine phosphokinase) plus 0.1 mM GTP was added
into the pipet solution with pH adjusted to 7.4 and osmolar-
ity to 300 mosmol/L (except in the recordings using PKI or
PKC19–36).

After obtaining a high-resistance seal, the voltage in the
pipet was held at −80 mV, and voltage pulses (10 mV, 200
ms duration) were delivered periodically to monitor the
access resistance. Access to the cell interior was judged by
the appearance of a membrane capacitance transient current
after a gentle suction was applied through the recording
pipet. Whole-cell capacitance (7.7 ± 0.8 pF, n = 53) and
series resistance were compensated (approx 80%) before
experimentation, and leak current was routinely subtracted
using the option offered by the Clampex 7 program (Axon
Instruments). We also monitored the change in series resis-
tance over the course of each experiment, and recordings
with significant change in series resistance were finally ex-

cluded from the data analysis. The electrical signal was fil-
tered at 2 kHz with a low-pass filter built on the amplifier,
and the sweeps were sampled at 1 ms intervals between data
points in our recording protocols.

Cell culture dishes were fixed on the stage of an Olympus
inverted microscope, and a gravity pressure system was used
to perfuse the cells at a rate of approx 1 mL/min. cAMP/PKA
and PKC blockers, including H89 and Cal-C, were added
into the culture dishes containing the cells to be recorded
by free hand when the perfusion system was temporarily in
pause. Cells were incubated with these blockers for at least
5 min in the bath solution in order to achieve an even dis-
tribution (the concentrations cited in the Results section are
the final concentrations when diluted in the bath solution).
Orexins or vehicle was applied through the perfusion sys-
tem. Application of vehicle from the same system did not
change Ca2+ currents in any of the various recording con-
ditions. All experiments were performed at room tempera-
ture (20–22oC).

Incubation and Radioimmunoassay (RIA)

Before each incubation experiment, the cells were washed
three times with incubation medium (M199 containing
0.1% BSA) and then preincubated for 1 h with incubation
medium as equilibration period. The medium after 1 h incu-
bation was subsequently discarded and 0.5 mL/well of fresh
incubation medium with or without the test substances was
added for 30 min. Parallel incubations containing vehicle
alone were included in the incubation as control. At the end
of the incubation, the medium was collected and stored at
–20oC before the GH radioimmunoassay. The concentration
of GH in the incubation medium was measured in a double-
antibody RIA system using kits provided by the National
Hormone and Pituitary Program of the USA (ovine GH and
ovine GH antisera). All samples were assayed in duplicate.
The sensitivity of the assay was 0.3 ng/mL. The inter- and
intraassay coefficients of variation were <15% and <8%,
respectively (n = 4). All samples from one experiment were
measured in the same assay and GH values were expressed
as nanogram equivalents ovine GH standard.

Data Analysis

The pCLAMP 7.0 software (Axon Instrument) was used
to record and analyse the transmembrane current data.
Student’s paired t-test was used, where appropriate, to eval-
uate the statistical significance of differences between two
group means, and the effect was considered to be signifi-
cant at the value of p < 5%. Group data are expressed as
mean ± SEM in the Results section. The traces in figures
were in each case representative of at least four recordings
under the same experimental condition unless indicated
otherwise in the text. GH data in incubation studies are also
presented as means ± SEM. Statistical comparisons were
made using Student’s t-test and significance was taken as
p < 0.05.
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