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Excitatory Effects of Orexin-A on Nucleus Tractus Solitarius
Neurons Are Mediated by Phospholipase C and Protein
Kinase C
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Orexin (ORX)-A is a 33-amino acid peptide with demonstrated roles in the regulation of energy metabolism, autonomic control, and
sleep. Orexin receptors (OXRs), OX1R and OX2R, and immunoreactive axons are present in the nucleus tractus solitarius (NTS). We
demonstrated previously that bath application of ORX-A depolarizes NTS neurons through activation of a nonselective cationic conduc-
tance (NSCC) and inhibition of a sustained potassium current (IK ). The present study examined the signaling pathways underlying the
excitatory effects of ORX-A on NTS neurons using whole-cell patch-clamp recording techniques. Inclusion of guanosine 5�-O-(2-
thiodiphosphate) in the internal pipette solution abolished the effects of ORX-A, confirming that the actions of ORX-A are mediated by
G-protein-coupled receptors. The responses of ORX-A were also blocked by a phospholipase C (PLC) inhibitor, D609, and by a nonselec-
tive protein kinase (PK) inhibitor, H7, demonstrating the involvement of PLC and protein kinases. However, PKA appears not to play a
role, because the depolarizing effects of ORX-A were still observed when the PKA inhibitor peptide (6 –22) was included in the pipette
solution, and bath application of 8-bromo-cAMP (a PKA agonist) was without effect on NTS neurons. In contrast, 12-O-
tetradecanoylphorbol-13-acetate (a PKC agonist) depolarized NTS neurons, and bisindolylmaleimide (BIS), a PKC inhibitor, abolished
the depolarizing effects of ORX-A. Finally, voltage-clamp experiments demonstrated that BIS also blocked the activation of NSCC and
inhibition of IK by ORX-A in NTS neurons. These results therefore show that the excitatory effects of ORX-A on NTS neurons are mediated
through activation of the PLC–PKC–NSCC and �IK signaling pathways, which probably result from OXR-coupled activation of Gq.
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Introduction
Orexins (ORXs)– hypocretins are two neuropeptides that were
discovered in 1998 (de Lecea et al., 1998; Sakurai et al., 1998). In
contrast to the exclusive localization of ORX-producing neurons
in the hypothalamus (de Lecea et al., 1998), orexinergic fibers
project widely throughout the CNS (Peyron et al., 1998; Date et
al., 1999). The widespread central distribution of ORX peptides,
receptors, and axons indicate that orexinergic neurons link the
hypothalamus to many other central autonomic control centers
and play important roles in integrating the complex physiology
underlying feeding behavior and other autonomic functions.

The biological actions of orexins are transduced via two
ORX receptors (OXRs) belonging to the seven-transmembrane
G-protein-coupled receptor (GPCR) superfamily (Sakurai et al.,
1998). OX2R is nonselective, whereas OX1R is substantially more
sensitive to ORX-A (Sakurai et al., 1998). The expression pattern
of OXR mRNA (Sakurai et al., 1998; Trivedi et al., 1998; Lu et al.,

2000; Marcus et al., 2001) and protein (Hervieu et al., 2001; Clud-
eray et al., 2002), although extensive, is not homogeneous in
different subregions of the CNS. OX2R couples to a Gq-protein
(Sakurai et al., 1998), the activation of which stimulates phospho-
lipase C (PLC) (Exton, 1994). Orexins have also been shown to
increase intracellular Ca 2� ([Ca 2�]i) in hypothalamic and corti-
cal neurons as a result of extracellular Ca 2� influx (Van Den Pol
et al., 1998, 2001). This [Ca 2�]i elevation is blocked by bisindoyl-
maleimide (BIS), a PKC inhibitor. These data suggest that OXRs
activate protein kinase (PK)C, which in turn phosphorylates and
thereby activates voltage-gated Ca 2� channels (Van Den Pol et
al., 1998). Subsequently, Uramura et al. (2001) reported similar
responses in isolated rat ventral tegmental neurons, in which
ORX-A increased [Ca 2�]i through activation of nitrendipine-
and �-conotoxin-sensitive Ca 2� channels, a response that is
sensitive to a PKC inhibitor (calphostin C) and a phospha-
tidylcholine-specific PLC inhibitor (D609). Similar [Ca 2�]i ele-
vation has also been documented in neurons from rat embryonic
spinal cord (Van Den Pol, 1999), locus ceruleus, and tubero-
mamillary nucleus (Horvath et al., 1999; Eriksson et al., 2001).

The nucleus tractus solitarius (NTS), located in the medulla,
plays essential roles in the integration of cardiovascular, respira-
tory, gustatory, hepatic, and renal control mechanisms (Law-
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rence and Jarrott, 1996). This nucleus receives afferent input
from and sends efferent output to many essential autonomic con-
trol centers in the hypothalamus, midbrain, and spinal cord
(Yates et al., 1994). ORX-immunoreactive (IR) axons and OXRs
are present in NTS, and intracerebroventricular ORX-A induces
fos activation of NTS neurons (Date et al., 1999). We reported
recently that ORX-A acts in NTS to cause rapid, reversible, site-
specific increases in blood pressure and heart rate (Smith et al.,
2002), and that bath application of ORX-A directly depolarizes
NTS neurons through the activation of a nonselective cationic
conductance (NSCC) and inhibition of a sustained potassium
current (IK) (Yang and Ferguson, 2003). The present study aimed
to investigate the signaling mechanisms mediating the effects of
ORX-A on NTS neurons by combining neuropharmacological
tools with whole-cell patch-clamp techniques.

Materials and Methods
Medullary slice preparation. Male Sprague Dawley rats (125–225 gm;
Charles River, St. Constant, Quebec, Canada) were decapitated, and the
brainstem was quickly removed from the skull and immersed in cold
(0 –2°C) artificial CSF (aCSF). Medullary slices (400 �m thick), includ-
ing NTS, were cut using a vibratome (VT1000S; Leica, Nussloch, Ger-
many) and incubated in oxygenated aCSF (95% O2–5% CO2) for at least
90 min at room temperature. Before recording, slices were transferred
into an interface-type recording chamber and continuously perfused
with oxygenated aCSF through a gravity perfusion system. The aCSF flow
rate was adjusted to �1.5 ml/min and maintained constant throughout
the entire recording period. All of the experiments were performed at
room temperature (21–22°C). All of the procedures conformed to the
standards outlined by the Canadian Council on Animal Care, and pro-
tocols were approved by the Queen’s University Animal Care
Committee.

Electrophysiological methods. Whole-cell patch recordings were ob-
tained using the whole-cell configuration of the blind gigaseal patch-
clamp technique (Li and Ferguson, 1996; Yang and Ferguson, 2003) to
record from NTS neurons, most of which are located in the commissural
region of the nucleus. Electrodes of 4 –7 M� resistance were pulled from
TW150F-6 glass micropipettes (World Precision Instruments, Sarasota,
FL) on a horizontal Flaming–Brown micropipette puller (model P-87 or
P-97; Sutter Instrument, Novato, CA) and were filled with the appropri-
ate filling solution (see Experimental solutions). After establishment of a
�1 G� seal, a brief suction pulse was applied to rupture the membrane
and achieve the whole-cell configuration. Signals were amplified and
processed using an AxoClamp 2B (Axon Instruments, Foster City, CA)
amplifier. Series resistance (�15 M�) was not compensated. An Ag–
AgCl electrode connected to the bath solution via a KCl-agar bridge
served as reference. After recording from each NTS neuron, the pipette
was withdrawn from the cell membrane, the remaining junction poten-
tial was measured (3–7 mV), and the appropriate correction was applied
to all of the data presented. Drugs were applied by switching perfusion
from aCSF to a solution containing the desired drug. In addition, certain
chemicals were added to the standard internal pipette solution. All of the
signals were filtered at 3 kHz, digitized using the CED 1401 plus interface
(Cambridge Electronic Design, Cambridge, UK) at 5 kHz, and stored on
computer for off-line analysis. Data were collected using the Signal
(episode-based capture) or Spike2 (continuous-recording) packages
(Cambridge Electronic Design). Leak current was routinely subtracted
using the option offered by the Signal program (Cambridge Electronic
Design).

Cells were defined as neurons by the presence of at least 70 mV action
potentials (current-clamp recordings) or by the presence of large rapid
voltage-activated inward currents that were blocked by TTX (voltage-
clamp recordings).

Experimental solutions. The standard internal pipette solution con-
tained (in mM): 140 K-gluconate, 0.1 CaCl2, 2 MgCl2, 1.1 EGTA, 10
HEPES, and 2 Na2ATP, and was adjusted to pH 7.25 with KOH. The
control bath solution consisted of aCSF (in mM): 124 NaCl, 2 KCl, 1.25

KH2PO4, 2.0 CaCl2, 1.3 MgSO4, 20 NaHCO3, and 10 glucose. Osmolarity
was maintained between 285 and 300 mOsm, and pH was maintained
between 7.3 and 7.4.

Peptides and drugs. ORX-A (Phoenix Pharmaceuticals, Belmont, CA)
was prepared on the day of experiment by diluting 50 �l aliquots of 10 �5

M stock solution stored at �70°C to 10 �8
M in aCSF. In voltage-clamp

experiments in which K � channels were examined, TTX (5 �M) was
added to external solutions to block the Na � channels. 4-Aminopyridine
(4-AP) (5 mM) was applied in the aCSF to block the transient K � current.
The role of GPCRs in the signaling process was examined by including in
the internal solution 0.5 mM guanosine 5�-O-(2-thiodiphosphate)
(GDP-�-S), a nonhydrolysable GDP analog that inhibits
G-protein-mediated intracellular signaling (Ho et al., 1986). A
phosphatidylcholine-specific PLC inhibitor, D609 (10 �M), was used in
aCSF to examine the involvement of PLC (Uramura et al., 2001). A
nonselective protein kinase inhibitor, H7 (50 �M), was applied in the
pipette solution to determine whether protein kinases play a role in me-
diating these actions of ORX-A (Quick et al., 1992). Internal pipette
solutions containing PKA inhibitor peptide (6 –22) (1 �M) (Glass et al.,
1989) and aCSF containing 8-bromo-cAMP (a PKA agonist) (200 �M)
(Hei et al., 1991) were also used to explore the roles of PKA. Similarly,
aCSF containing BIS II (1 �M) (Toullec et al., 1991) and 12-O-
tetradecanoylphorbol-13-acetate (TPA) (a PKC agonist) (100 nM) (Re-
bois and Patel, 1985) and its negative control, 4-�-phorbol 12-myristate
13-acetate (4-�-PMA) (100 nM) (Fischer et al., 1991), were used to ex-
amine whether PKC plays a role. All of these agonists, antagonists, and
their controls were prepared on the day of experiment by diluting stock
solutions stored at appropriate temperatures into aCSF or internal solu-
tion. The concentrations used in this study were in accordance with those
shown to be effective in the literature cited above. All of the chemicals,
unless otherwise stated, were obtained from Sigma (St. Louis, MO).

Definition of response. A series of hyperpolarizing current pulses were
applied to determine the identity of each neuron as a DE (delayed exci-
tation), PIR (postinhibitory rebound), or NON (neither DE nor PIR) cell
on the basis of its electrophysiological fingerprint (Vincent and Tell,
1997). Neurons were required to maintain a stable baseline for at least 2
min before application of test agents. A response to ORX-A was arbi-
trarily defined as a sustained change in membrane potential of �3 mV.

Statistical analysis. For statistical analysis of effects of ORX-A and TPA
on NTS neurons under various conditions, means were calculated from
cells that were determined to have been affected using the above criteria.
Results were analyzed by using a 2 � 2 contingency table and the Fisher’s
exact test. Changes in steady-state K � conductances in response to
ORX-A were compared using Student’s t test. A minimum p value of
�0.05 was selected to determine significance. All of the mean values are
plotted as means 	 SEM.

Results
Whole-cell patch recordings were obtained from a total of 188
NTS neurons. All of these cells demonstrated action potentials
with amplitude of �70 mV (arbitrary minimum cutoff for inclu-
sion), and they had a mean resting membrane potential of
�55.4 	 0.2 mV and a mean input resistance of 3.4 	 0.1 G�.
Similar proportions of DE, PIR, and NON cells were found to be
responsive to ORX-A and manipulations of signaling pathways,
and therefore, these cell types were grouped together for all of the
subsequent analysis.

The excitatory effects of ORX-A on NTS neurons are
mediated by GPCRs
In our previous study (Yang and Ferguson, 2003), current-clamp
recordings showed that �90.7% NTS neurons (78 of 86 cells)
were depolarized by bath perfusion of ORX-A, and similar pro-
portions of DE, PIR, and NON cells were found to be responsive
to ORX-A. In the first section of this study, the role of GPCRs in
the signaling process was examined by including in the internal
solution 0.5 mM GDP-�-S, a nonhydrolysable GDP analog that
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inhibits G-protein-mediated intracellular effects. As illustrated in
Figure 1A, NTS neurons normally depolarize in response to 10�8

M ORX-A, and these depolarizations are accompanied by a rapid
increase in firing frequency of action potentials. After washout of
ORX-A with control aCSF, both the membrane potential and
action potential frequency returned to control levels. In contrast,
inclusion of GDP-�-S in the pipette solution abolished the depo-
larizing effect of ORX-A (10�8

M), as shown in Figure 1B. None
of the 12 cells tested with GDP-�-S in the pipette solution re-
sponded to bath application of ORX-A. In contrast, 10�8

M

ORX-A induced a 7.6 	 0.2 mV (n 
 5) depolarization in 5 of 5
NTS neurons recorded with standard internal solution from the
same medullary slices. The difference between these two groups is
statistically significant (Fisher’s exact test, p 
 0.0002). These
data confirm the report (Sakurai et al., 1998) that the excitatory
effects of ORX-A on NTS neurons are mediated by GPCRs.

PLC is involved in mediating the ORX-A
actions on NTS neurons
Previous work has shown that the OX2R
couples to a Gq protein (Sakurai et al.,
1998), the activation of which results in
increases in PLC (Exton, 1994). In addi-
tion, ORX-A was subsequently demon-
strated to increase [Ca 2�]i in isolated rat
ventral tegmental neurons through activa-
tion of N-type and L-type voltage-gated
Ca 2� channels, a response that is also sen-
sitive to a PKC inhibitor and a phos-
phatidylcholine-specific PLC inhibitor
(D609) (Uramura et al., 2001). We there-
fore examined the effects of the PLC inhib-
itor D609 (10 �M) on the excitatory effects
of ORX-A on NTS neurons. This inhibitor
abolished the effects of ORX-A on NTS
neurons (n 
 6), as shown in the example
in Figure 1C, with a mean depolarization
in response to ORX-A in the presence of
D609 of 0.1 	 0.1 mV compared with the
control values of 7.8 	 0.2 mV (n 
 55)
( p � 0.0001). These results indicate that
the excitatory effects of ORX-A are medi-
ated by a phosphatidylcholine-specific
phospholipase C.

Protein kinases mediate ORX-A actions
on NTS neurons
PKC has been suggested to mediate the ac-
tions of orexin on ovine somatotropes and
nucleus pontis oralis neurons (Chen et al.,
2002; Xi et al., 2002). We therefore exam-
ined effects of a nonselective PK inhibitor,
H7 (50 �M), on ORX-A-induced depolar-
ization of NTS neurons. None of the 9 cells
tested responded to bath administration of
ORX-A, as illustrated in Figure 2B. In con-
trast, 11 of 13 NTS neurons from the same
slices recorded with pipette solution con-
taining the vehicle for H7 (1:1000 ethanol)
were depolarized by ORX-A with a mean
amplitude of 7.9 	 0.1 mV (n 
 11/13), as
illustrated by an example in Figure 2A and
summary data in C. These data closely
match the proportion (90.7%) of NTS
neurons depolarized by ORX-A and the

mean amplitude of depolarization induced by 10�8
M ORX-A

(7.8 	 0.2 mV; n 
 49) documented in our previous study (Yang
and Ferguson, 2003). These results from the ethanol and H7
groups are statistically significant (Fisher’s exact test, p 

0.0001). It is therefore implied that protein kinases are involved
in mediating the actions of ORX-A on NTS neurons.

PKA inhibition does not influence the actions of ORX-A on
NTS neurons
Bath administration of 200 �M 8-bromo-cAMP (a cell
membrane-permeable, specific PKA agonist) did not depolarize
NTS neurons (n 
 6 of 6), as illustrated in Figure 3A. In addition,
as demonstrated by the example in Figure 3B and summary data
in C, recordings with 1 �M PKA inhibitor peptide (6 –22) in
internal solution revealed that bath application of ORX-A still

Figure 1. The excitatory effects of ORX-A on NTS neurons are mediated by GPCRs and PLC. A, Whole-cell current-clamp
recording with standard internal solution from an NTS neuron shows that bath application of 10 �8

M ORX-A (represented in this
and other figures by the horizontal bar above each trace) resulted in rapid sustained depolarization accompanied by a rapid
increase in firing frequency of action potentials. After washout of ORX-A, the membrane potential and action potential frequency
returned to control levels. Calibration: vertical, 10 mV; horizontal, 60 sec. The dashed line indicates baseline membrane potential.
The inset shows expanded time scale from the same recording. This trace illustrates action potentials (truncated) and postsynaptic
potentials (of up to 10 mV) with baseline noise of �1 mV. Calibration: vertical, 10 mV; horizontal, 1 sec. B, Whole-cell current-
clamp recording from an NTS neuron with 0.5 mM GDP-�-S in the internal pipette solution demonstrates that bath administration
of 10 �8

M ORX-A did not depolarize this cell. Calibration: vertical, 10 mV; horizontal, 60 sec. The dashed line indicates baseline
membrane potential. The asterisks indicate the voltage responses to hyperpolarizing current pulses (to measure the input resis-
tance). C, Whole-cell current-clamp recording from an NTS neuron with D609 (10 �M) in aCSF reveals that bath administration of
10 �8

M ORX-A did not depolarize this cell. Calibration: vertical, 10 mV; horizontal, 60 sec. The dashed line indicates baseline
membrane potential. D, This bar graph summarizes the depolarization of NTS neurons caused by 10 �8

M ORX-A (7.6 	 0.2 mV;
n 
 5), 10 �8

M ORX-A recorded with 0.5 mM GDP-�-S in the pipette solution (0.1 	 0.1 mV; n 
 12), and 10 �8
M ORX-A with

10 �M D609 in aCSF (0.1 	 0.1 mV; n 
 6). Error bars indicate SE.
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Figure 2. Protein kinases mediate the actions of ORX-A on NTS neurons. A, This NTS neuron
was recorded with pipette solution containing 1:1000 ethanol (vehicle control for H7) and
depolarized in response to ORX-A (10 �8

M). The depolarization was accompanied by a rapid
increase in action potential frequency. After washout of ORX-A, the membrane potential and
action potential frequency returned to control levels. Calibration: vertical, 10 mV; horizontal, 60
sec. The dashed line indicates baseline membrane potential. B, Whole-cell current-clamp re-
cording from an NTS neuron with the nonselective PK inhibitor, H7 (50 �M), in pipette solution
shows that bath administration of 10 �8

M ORX-A was without effect. Calibration: vertical, 10
mV; horizontal, 60 sec. The dashed line indicates baseline membrane potential. C, This bar
graph summarizes the depolarization of NTS neurons caused by 10 �8

M ORX-A recorded with
pipette solution containing 1:1000 ethanol (7.9 	 0.1 mV; n 
 11) and 50 �M H7 (0.1 	 0.1
mV; n 
 9). Error bars indicate SE.

Figure 3. PKA does not mediate the depolarizing effects of ORX-A on NTS neurons. A, Bath
administration of 8-bromo-cAMP (a cell membrane-permeable, specific PKA agonist) (200 �M)
did not depolarize NTS neurons as illustrated in this example. Calibration: vertical, 10 mV;
horizontal, 60 sec. The dashed line indicates baseline membrane potential. B, This recording
shows an example of the response of an NTS neuron to ORX-A (10 �8

M) with 1 �M PKA inhibitor
peptide (6 –22) in the internal pipette solution, illustrating normal depolarization and increase
in spike frequency. After washout of ORX-A, the membrane potential and action potential
frequency returned to control levels. Calibration: vertical, 10 mV; horizontal, 60 sec. The dashed
line indicates baseline membrane potential. C, This bar graph illustrates mean depolarization of
NTS neurons in response to 10 �8

M ORX-A (7.8 	 0.2 mV; n 
 55), 200 �M 8-bromo-cAMP
(8.1 	 0.4 mV; n 
 12), and 10 �8

M ORX-A recorded in the presence of 1 �M PKA inhibitor
peptide (6 –22) (0.1 	 0.1 mV; n 
 6). Error bars indicate SE.
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depolarized 12 of 13 NTS neurons (mean depolarization, 8.1 	
0.4 mV; n 
 12 of 13), the proportion and amplitude of which
closely match the data from our previous report (Yang and Fer-
guson, 2003). These results are consistent with the conclusion
that PKA does not mediate the depolarizing actions of ORX-A on
NTS neurons.

PKC mediates the depolarizing effects of ORX-A on
NTS neurons
In contrast, aCSF containing 100 nM TPA (a cell membrane-
permeable, specific PKC agonist) caused long-lasting depolariza-
tions in 7 of 7 NTS neurons tested, as shown in Figure 4, A and C.
In addition, aCSF containing 100 nM 4-�-PMA, the control for
TPA, was without effect on NTS cells (n 
 7 of 7). We next
examined the effects of preincubation of medullary slices for 2 hr
with 1 �M BIS II (a cell membrane-permeable, specific PKC an-
tagonist), which was found to abolish the depolarizing effects of
ORX-A on NTS neurons (n 
 6 of 6) (Fig. 4B,C). These data are
significantly different from the depolarizations caused by ORX-A
in aCSF (7.8 	 0.2 mV; n 
 55; p � 0.0001). These data support
the conclusion that PKC production is required for expression of
the excitatory effects of ORX-A on NTS neurons.

PKC mediates both the activation of NSCC and inhibition of
IK induced by ORX-A
Our previous voltage-clamp experiments (Yang and Ferguson,
2003) have demonstrated roles for activation of NSCC and inhi-
bition of IK in mediating the excitatory effects of ORX-A on NTS
neurons. We next examined whether PKC inhibition with 1 �M

BIS II also abolished the effects of ORX-A on these conductances.
Medullary slices were again preincubated in aCSF containing 1
�M BIS II for at least 2 hr before NTS cell recordings were
obtained.

We first applied slow voltage ramps (�100 to 0 mV over 10
sec) after a 0.5 sec prepulse to �100 mV (Yang and Ferguson,
2002, 2003) to determine whether the activation of NSCC by
ORX-A is mediated by PKC. The average currents from NTS
neurons in response to such ramps (each trace is the mean of five
ramps) were recorded before and during bath administration of
ORX-A (10�8

M). The difference current (i.e., the theoretical
ORX-A-induced current) was obtained by subtracting control
ramps from those obtained during ORX-A perfusion. The data
presented in Figure 5A show the difference currents in the aCSF
(left panel)- and BIS II (right panel)-perfused slices. The mean
reversal potential and conductance of the ORX-A-sensitive cur-
rent measured in aCSF were �42.4 	 2.8 mV and 0.36 	 0.02 nS
(n 
 18). In contrast, application of ORX-A did not cause any
significant change in this ramp-evoked current in the presence of
1 �M BIS II (right panel). Similar effects of 10�8

M ORX-A were
observed in all six cells tested. The mean difference current for
this group of neurons tested (filled squares; n 
 6) is shown in
Figure 5B together with the equivalent summary data of ORX-A
(10�8

M)-induced NSCC activation from standard aCSF (open
squares; n 
 18).

The sustained K� current was then isolated from NTS neu-
rons recorded in 5 �M TTX (to block Na� currents) and 5 mM

4-AP (to block the transient K� current) and was evoked by 20
mV voltage steps (0.5 sec) from �100 mV holding potential to
�40 mV (Yang and Ferguson 2003), as shown in the top panels of
Figure 6. Exposure to ORX-A (10�8

M) resulted in statistically
significant decreases in the sustained K� current (measured at
the end of the pulse) (Fig. 6A, top panel) in response to the larger
depolarizing pulses as indicated by the summary data presented

in the bottom panel of Figure 6A. After washout of ORX-A and
replacement of the bath solution with control aCSF, the sustained
K� current returned toward control levels. In the presence of 1
�M BIS II, exposure to ORX-A did not cause any significant

Figure 4. PKC mediates the depolarizing effects of ORX-A on NTS neurons. A, aCSF contain-
ing TPA (a cell membrane-permeable, specific PKC agonist) (100 nM) depolarized this NTS neu-
ron in a manner similar to ORX-A. Calibration: vertical, 10 mV; horizontal, 60 sec. The dashed line
indicates baseline membrane potential. B, This NTS neuron was recorded in aCSF containing 1
�M BIS II (a cell membrane-permeable, specific PKC antagonist) and, as illustrated, was unaf-
fected by ORX-A. Calibration: vertical, 10 mV; horizontal, 60 sec. The dashed line indicates
baseline membrane potential. C, This bar graph summarizes the depolarization of NTS neurons
caused by 10 �8

M ORX-A (7.8 	 0.2 mV; n 
 55), 10 �8
M ORX-A with 1 �M BIS II in aCSF

(0.1 	 0.1 mV; n 
 6), and 100 nM TPA (9.1 	 0.3 mV; n 
 7). Error bars indicate SE.
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change in the sustained K� current (measured at the end of the
pulse) (Fig. 6B) (n 
 6).

In summary, these voltage-clamp experiment data demon-
strated that BIS II (1 �M) blocked the activation of NSCC and
inhibition of IK by ORX-A in NTS neurons. Therefore these re-
sults suggested that PKC mediates both the activation of NSCC
and the inhibition of IK induced by ORX-A.

Discussion
Several lines of evidence have shown that orexins act in the CNS
to modulate feeding, sleep–wakefulness, neuroendocrine ho-

meostasis, and autonomic regulation (Sakurai et al., 1998;
Shirasaka et al., 1999; Sweet et al., 1999; Samson and Resch, 2000;
Samson and Taylor, 2001). The distribution of ORX-IR axons as
well as ORX receptor mRNA and protein within the NTS, when
combined with the well established role of this structure as a
critical medullary autonomic control center, suggests that the
NTS represents a significant site for potential neuroregulatory
actions of ORX. In addition, we recently reported direct effects of
ORX-A on the excitability of NTS neurons as a result of modula-
tion of both sustained K� currents and a NSCC (Yang and Fer-
guson, 2003).

In the present study, we examined the signal transduction
pathways mediating these excitatory effects of ORX-A on NTS
neurons by combining whole-cell patch-clamp recording from
medullary slices with pharmacological manipulation of specific
signaling cascades. Recordings with GDP-�-S (0.5 mM) in the
internal solution confirmed that the effects of ORX-A are, as
anticipated, mediated by GPCRs. The excitatory responses to
ORX-A also were blocked by a phosphatidylcholine-specific PLC
inhibitor, D609 (10 �M), observations that indicate direct in-
volvement of PLC in transducing these actions. The involvement
of protein kinases as the next step in the signaling cascade result-
ing in ORX actions was initially confirmed by our demonstration
that the nonselective protein kinase inhibitor H7 also abolished
these effects. However, PKA appears not to play a role, because
the PKA inhibitor peptide did not block the depolarizing effects
of ORX-A on NTS neurons, and bath application of 8-bromo-
cAMP (a PKA agonist) did not mimic the actions of ORX-A. In
contrast, aCSF containing TPA (a PKC agonist) elicited both
depolarizations and increases in spike frequency that were similar
in magnitude (although not reversible) to those observed in re-
sponse to ORX-A. Furthermore, BIS II (a PKC antagonist) abol-
ished the excitatory actions of ORX-A on NTS neurons. Finally,
voltage-clamp experiments demonstrated that BIS II also blocked
the ability of ORX-A to activate NSCC and inhibit IK in NTS
neurons, confirming the prerequisite role for PKC in mediating
these effects.

Our observations in this study are consistent with previous
reports demonstrating that ORX-A elevated [Ca 2�]i via a PLC–
PKC-mediated pathway, resulting in increased activity of neu-
rons in arcuate nuclei and ventral tegmental area (Van Den Pol et
al., 1998; Uramura et al., 2001). Our results are also in agreement
with findings that PKC is involved in ORX-A-stimulated cate-
cholamine secretion from human adrenal cells (Mazzocchi et al.,
2001), and that PKC mediates the actions of orexin on ovine
somatotropes and nucleus pontis oralis neurons (Chen et al.,
2002; Xi et al., 2002). It has been well established that OXRs are
coupled to GTP-binding proteins (Sakurai et al., 1998). The
G-protein most likely involved in these ORX-A-induced excita-
tory effects on NTS neurons is Gq, as implied in other neuronal
populations (Van Den Pol et al., 1998; Uramura et al., 2001).
Some of these effects such as the K� channel inhibition are typ-
ical for Gq-coupled receptors (Wickman and Clapham, 1995;
Hamilton et al., 1997; Mark and Herlitze, 2000; Hill and Peralta,
2001). Therefore, our working model is that the stimulation of Gq

by the binding of ORX-A to the orexin receptor(s) on NTS neu-
rons induces the activation of PLC, which triggers the activation
of PKC. PKC activation subsequently leads to the enhancement
of an NSCC and inhibition of IK via phosphorylation. The acti-
vation of an NSCC and inhibition of IK then mediate the depo-
larization and broadening of the action potentials caused by
ORX-A in NTS neurons, which may underlie the functional roles

Figure 5. PKC mediates the activation of NSCC induced by ORX-A. A, Mean whole-cell cur-
rents evoked by slow depolarizing (10 mV/sec) voltage ramps were recorded before and during
exposure to ORX-A (10 �8

M) in the absence and presence of BIS II (1 �M). The difference
currents induced by ORX-A (10 �8

M) in the absence (left panel) and presence of BIS II (1 �M)
(right panel) are shown. B, This graph illustrates the mean 	 SEM. ORX-A (10 �8

M) evoked
current in the presence (filled squares; n 
 6) and absence (open squares; n 
 18) of BIS II (1
�M). The mean reversal potential and conductance of the ORX-A (10 �8

M)-sensitive current in
the absence of BIS II are �42.4 	 2.8 mV and 0.36 	 0.02 nS (n 
 18). Vm , Holding mem-
brane potential. Error bars indicate SE.
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of orexin in the central autonomic control at the NTS as sug-
gested by our previous study (Smith et al., 2002).

In conclusion, this study provides evidence that the excitatory
effects of ORX-A on NTS neurons are mediated through activa-
tion of the PLC–PKC–NSCC and �IK signaling cascades, which
probably result from OXR-coupled activation of Gq-protein. Un-
derstanding the cellular mechanisms of action of the ORXs in the
NTS is an important step in gaining insight into the physiologic
role of ORX in the CNS regulation of a variety of homeostatic
events triggered by activation of NTS neurons.
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