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Hypocretin-1 Potentiates NMDA Receptor-Mediated
Somatodendritic Secretion from Locus Ceruleus Neurons
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Our previous observations showed that several stimuli, including high-K � solution, glutamate, and voltage pulses, induce somatic
noradrenaline (NA) secretion from locus ceruleus (LC) neurons. Hypocretin (orexin), a hypothalamic peptide critical for normal wake-
fulness, has been shown to evoke NA release from the axon terminals of LC neurons. Here, we used amperometry to test the effect of
hypocretin-1 (HCRT) on NMDA receptor-mediated somatodendritic release in LC neurons. Either HCRT or NMDA applied alone dose-
dependently induced somatodendritic secretion. Bath application of HCRT notably potentiated NMDA receptor-mediated somatoden-
dritic NA release. This potentiation was blocked by SB 334867, a selective HCRT receptor (Hcrtr 1) antagonist, or bisindolylmaleimide, a
specific protein kinase C (PKC) inhibitor, indicating the involvement of Hcrtr 1 and PKC. Consistent with this, phorbol 12-myristate
13-acetate, a PKC activator, mimicked the HCRT-induced potentiation. Furthermore, HCRT enhanced NMDA-induced intracellular
Ca 2� elevation via activation of Hcrtr 1 and PKC, which may contribute to HCRT-potentiated somatodendritic secretion. These results
suggest that HCRT modulates LC activity not only by regulating noradrenergic input to its targets, but also by affecting noradrenergic
communication in the soma and dendrites.
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Introduction
Hypocretins (orexins) have been implicated in feeding, neuroen-
docrine homeostasis, autonomic functions, drug addiction, and
sleep/wakefulness (Sakurai, 2007). They act on two G-protein-
coupled receptors, hypocretin receptors 1 and 2 (Hcrtr 1 and 2),
which are differentially expressed throughout the CNS (Sakurai
et al., 1998; Marcus et al., 2001). Locus ceruleus (LC) neurons are
densely innervated by hypocretinergic-immunoreactive fibers
and mainly express Hcrtr 1 but less Hcrtr 2 (Horvath et al., 1999;
Marcus et al., 2001). Application of hypocretins has a direct ex-
citatory effect on LC neurons and increases their activity (Hagan
et al., 1999; Horvath et al., 1999; Soffin et al., 2002; van den Pol et
al., 2002). Furthermore, hypocretins evoke noradrenaline (NA)
release from the axonal terminals of LC neurons in the dentate
gyrus and cerebral cortex (Hirota et al., 2001; Walling et al.,
2004). Vesicles are generally released not only from axon termi-
nals, but also from cell bodies in various cell types. We recently

measured NA secretion from the somata of LC neurons (Huang
et al., 2007). Because of these results, combined with the findings
that the main typical responses to hypocretin receptor activation
include elevation of intracellular calcium concentration
([Ca 2�]i) (Sakurai et al., 1998; van den Pol et al., 1998; Smart et
al., 1999), an event essential for somatic release (Jaffe et al., 1998;
Huang et al., 2007), we sought to investigate whether hypocretins
modulate somatodendritic secretion in LC neurons.

Glutamate, which activates NMDA receptor (NMDAR)-
mediated neurotransmission, provide the major excitatory input
to LC neurons and are involved in many physiological functions
(Rasmussen, 1995; Mendiguren and Pineda, 2004). Interactions
between hypocretins and glutamate/NMDA have been repeat-
edly reported. Hypocretins reduce postsynaptic NMDA-induced
currents in nucleus accumbens neurons (Martin et al., 2002). In
contrast, our earlier data showed that hypocretin-1 (HCRT) and
glutamate have a synergistic effect on the excitability of prefrontal
cortical neurons (Song et al., 2006). Importantly, in the ventral
tegmental area, HCRT potentiates NMDAR-mediated transmis-
sion, which is critical for synaptic plasticity (Borgland et al.,
2006). Nonetheless, little is known about HCRT–NMDA inter-
actions in LC neurons. In the present study, using amperometry
and whole-cell patch-clamp recordings in rat brain slices, we first
determined whether HCRT or NMDA induced somatodendritic
secretion from LC neurons. Subsequently, we investigated
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whether HCRT affected NMDAR-mediated somatodendritic
secretion.

Materials and Methods
Electrophysiological recordings. Brain slices (300 �m) that included LC
neurons were obtained from 7- to 14-d-old Sprague Dawley rats as de-
scribed previously (Huang et al., 2007). LC slices were incubated, and
recordings were made at room temperature in artificial CSF (ACSF),
which contained the following (in mM): 125 NaCl, 2.5 KCl, 1.3 MgCl2, 2.5
CaCl2, 1.25 NaH2PO4, 12.5 glucose, and 25 NaHCO3, pH 7.4 when
gassed with 95% O2–5% CO2. High-K stimulation solution was similar
to ACSF, except that 80 mM NaCl was replaced by 80 mM KCl. For
whole-cell recordings, the intracellular pipette solution contained the
following (in mM): 140 K-gluconate, 0.1 CaCl2, 2 MgCl2, 1.1 EGTA, 10
HEPES, and 2 Na2ATP, pH 7.25.

Amperometry. Amperometric recordings in LC slices were performed
as we previously described (Huang et al., 2007). Carbon fiber electrodes
(CFEs; 5 �m; ProCFE; Dagan, Minneapolis, MN) were used to measure
catecholamine release from LC neurons. Amperometry was performed
using an EPC9/2 amplifier and Pulse software (HEKA Elektronik, Lam-
brecht/Pfalz, Germany). Amperometric signals were low-pass filtered at
0.3 kHz and digitized at 1 kHz. The CFE surface was positioned in contact
with the membrane of a LC neuron, and the close proximity of the

electrode surface to the cell surface was con-
firmed by a slight deformation in the outline of
the cell. For comparison of the relative amounts
of secretion, baseline corrections were applied
to all amperometric currents. We used the in-
tegral of amperometric current (�Iampdt) to
quantify the total amount of secretion.

[Ca2�]i imaging. For intracellular Ca 2� im-
aging, LC neurons in brain slices were loaded
with 15 �M fura-2 AM (Invitrogen, Carlsbad,
CA) and measured (Kohlmeier et al., 2004;
Chen XK et al., 2005). Individual neurons were
imaged using a 60� water-immersion lens with
the differential interference contrast (DIC) op-
tics of a fixed-stage upright microscope (BX51
WI; Olympus Optical, Tokyo, Japan). Ca 2�

imaging was performed using the TILLvisION
Imaging System (TILL Photonics, Martinsried,
Germany). We used a ratiometric measure
(F340/F380) by alternating wavelengths of 340
and 380 nm. [Ca 2�]i was measured by F340/
F380 (Chen XK et al., 2005). Baseline correction
was not applied to the fluorescence. All values
are presented as mean � SEM. Student’s t test
was used to compare means when appropriate.
Differences of p � 0.05 were considered
significant.

Results
HCRT induces somatodendritic
secretion from LC neurons
LC neurons are easily identified by their
distinct typical morphological features
and electrophysiological properties
(Huang et al., 2007). To characterize the
effects of hypocretins on somatodendritic
secretion, we performed electrochemical
recordings with CFEs on the surface of LC
neurons in brain slices (supplemental Fig.
1A, available at www.jneurosci.org as sup-
plemental material). Local application of
high-K solution reliably resulted in an am-
perometric current (Iamp) at a holding po-
tential of 780 mV, sufficiently high to oxi-
dize catecholamines, but not at 0 mV, at

which catecholamines cannot be oxidized (supplemental Fig. 1B,
available at www.jneurosci.org as supplemental material). Be-
cause LC neurons mainly express Hcrtr 1, which has a high affin-
ity for HCRT (Sakurai et al., 1998; Marcus et al., 2001), we used
only HCRT (orexin A; from Sigma, St. Louis, MO) in all further
experiments. Application of 100 nM HCRT for 20 s did not induce
an amperometric response, whereas a higher concentration (1
�M) elicited significant catecholamine release (Fig. 1A,B). The
variation of NA release signals evoked by 1 �M HCRT was prob-
ably caused by different recording conditions in different cells
[i.e., probe and cell conditions (Kawa, 2004; Huang et al., 2007)].
Meanwhile, whole-cell recordings showed that the excitatory ac-
tion of HCRT on the membrane of LC neurons was also concen-
tration dependent; namely, 1 �M but not 100 nM HCRT induced
a detectable response (Fig. 1B, left inset; supplemental Fig. 2,
available at www.jneurosci.org as supplemental material). In ad-
dition, HCRT-induced Iamp signal was reversibly inhibited by the
selective Hcrtr 1 antagonist SB 334867 (1 �M) (Fig. 1C), confirm-
ing the role of Hcrtr 1.

The slow amperometric signals presumably reflect vesicles

Figure 1. HCRT induces somatodendritic release from LC neurons. A, One hundred nanomolar HCRT did not evoke a significant
amperometric signal (Iamp). Normal or high-K ACSF was applied as a negative (Control) or positive control, respectively (n � 6). B,
In contrast to 100 nM HCRT, 1 �M HCRT markedly elicited secretion ( p � 0.01; n � 9). The inset shows that 1 �M, but not 100 nM

HCRT, increased the action potential firing frequency and induced depolarization (11.6 � 1.8 mV; n � 5). C, One micromolar HCRT
did not induce an amperometric response in the presence of SB 334867 (1 �M). Inset, Statistical data of the integral of ampero-
metric current (HCRT, 4.7 � 0.9 pC; HCRT�SB, 0.31 � 0.06 pC; Recovery, 3.0 � 1.1 pC; n � 5). D, After clearing the extracellular
matrix from the soma surface using a cleaning pipette, amperometric spikes induced by high-K or 1 �M HCRT were detected (n �
5). Asterisks indicate single typical amperometric spikes as expanded in insets. *p � 0.05 and ***p � 0.0001 in this and the
following figures. Error bars indicate SEM.
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from somata or/and processes slightly fur-
ther away from the electrode, whereas the
fast amperometric spikes (quantal events)
arise from vesicles released nearby (Koh
and Hille, 1997; Huang et al., 2007). Thus,
when the CFE surface was positioned in
contact with the membrane of a clean cell
or when we used a glass pipette to clean off
extracellular material overlying the soma
before recording (Jaffe et al., 1998; Huang
et al., 2007), a barrage of amperometric
spikes was detected during 1 �M HCRT
application and sometimes lasted for 5–10
s after puffer termination (Fig. 1D; sup-
plemental Fig. 3, available at www.
jneurosci.org as supplemental material).
Occasionally, spontaneous amperometric
events occurred before stimulation (Fig.
1D; supplemental Fig. 3, available at
www.jneurosci.org as supplemental mate-
rial). Statistically, 1 �M HCRT signifi-
cantly increased the frequency of events
from 0.014 � 0.002 events/s to 0.192 �
0.034 events/s ( p � 0.001; n � 5). High-K
solution was applied as a positive control
(Huang et al., 2007). These results implied
that HCRT evoked quantal release de-
tected by the sensor tip on the LC soma.
Altogether, we conclude that HCRT
evoked catecholamine release within the
LC somatodendritic region.

NMDA induces somatodendritic
secretion from LC neurons
We next determined whether activation of
NMDA receptors triggered catecholamine
release within the LC somatodendritic re-
gion. Local application of 100 �M NMDA
significantly induced Iamp ranging in amplitude from 0.05 to 2.5
pA (0.69 � 0.21 pA; n � 10). In contrast, LC neurons did not
show a secretory response to normal ACSF (Fig. 2A). In addition,
both 20 and 1 �M NMDA had weaker effects on amperometric
responses than that of 100 �M, suggesting a dose-dependent re-
sponse (Fig. 2B). Furthermore, pretreatment with the NMDA
receptor antagonist APV (50 �M) blocked the NMDA-induced
secretion from 6.2 � 2.8 pC to 0.32 � 0.11 pC ( p � 0.0001; n �
5) (Fig. 2B, inset), confirming the specific action of NMDA re-
ceptor activation. These results reveal that NMDA evokes cate-
cholamine secretion within the LC somatodendritic region in a
dose-dependent manner.

HCRT potentiates NMDAR-mediated somatodendritic
release from LC neurons
As described above, HCRT resulted in a concentration-
dependent somatodendritic secretion from LC neurons. Next we
tested whether HCRT potentiates NMDA-induced secretion. We
applied a low dose (100 nM) of HCRT that does not lead to secre-
tion by itself to pretreat the cells before NMDA induction. Puff
application of 100 �M NMDA evoked a pronounced Iamp. This
response to NMDA was subsequently enhanced by treatment
with 100 nM HCRT for 5 min. After washout of HCRT with
normal ACSF for 5 min, the secretory response returned to the
control level (Fig. 3A). The temporal effect of HCRT on NMDA-

induced amperometric current is clearly shown in Figure 3B.
After a stable recording was established, an amperometric re-
sponse was evoked by a 20 s NMDA application every 5 min for at
least 45 min. Treatment with 100 nM HCRT for 5 min resulted in
�40% potentiation of NMDAR-mediated secretion. This poten-
tiation disappeared after 5 min washout [but see Borgland et al.
(2006), where the HCRT effect on NMDA currents lasts for 40
min]. As a control, application of ACSF did not affect the
NMDA-induced amperometric response, and compared with the
first set of NMDA stimuli, the following stimuli during the 45
min period did not show significant rundown (Fig. 3B, Control).
In addition, SB 334867 (1 �M) completely abolished HCRT-
enhanced NMDA-evoked secretion (Fig. 3C,F), confirming the
prerequisite role of Hcrtr 1. Even in the presence of TTX (1 �M),
100 nM HCRT still enhanced the NMDA-induced amperometric
response (supplemental Fig. 4, available at www.jneurosci.org as
supplemental material), indicating that action potential-
independent release is involved. Moreover, 100 nM HCRT had no
effect on the high-K�-evoked release (supplemental Fig. 5, avail-
able at www.jneurosci.org as supplemental material). HCRT (100
nM) increased somatic NMDA currents by 30 – 43% (supplemen-
tal Fig. 6, available at www.jneurosci.org as supplemental mate-
rial). The NMDA currents were either induced as EPSCs (supple-
mental Fig. 6A, available at www.jneurosci.org as supplemental
material) or measured as somatic whole-cell currents after direct

Figure 2. NMDA evokes somatodendritic catecholamine release in LC neurons. A, One hundred micromolar NMDA elicited a
notable Iamp. Right, The normalized amount of secretion caused by high K (24.9�7.3 pC), ACSF (Control; 2.4�0.9 pC), or 100 �M

NMDA (9.4 � 2.3 pC) (n � 10). B, NMDA dose-dependently evoked secretory responses. Right, The normalized secretion induced
by NMDA applied at concentrations of 1 (3.9 � 1.0 pC), 20 (5.7 � 1.2 pC), and 100 �M (7.1 � 1.8 pC) (n � 14). Inset, Treatment
with the NMDA receptor antagonist APV (50 �M) blocked the 100 �M NMDA-induced secretion (n � 5).

3204 • J. Neurosci., March 19, 2008 • 28(12):3202–3208 Chen et al. • HCRT Potentiates NMDA-Mediated LC Secretion



NMDA application (supplemental Fig. 6B, available at www.
jneurosci.org as supplemental material). This is consistent with
the findings for dopamine neurons of the ventral tegmental area
(Borgland et al., 2006). Thus, NMDA receptors were modulated
by HCRT in LC neurons.

The frequency of spontaneous action po-
tentials is 3–5 Hz, which is not sufficient to
trigger NA release from LC somata (Huang
et al., 2007). However, increasing the AP fre-
quency to 20 Hz (or higher) triggers NA re-
lease. After application of NMDA (5–100
�M), AP frequency increased up to 20 Hz
(supplemental Fig. 7, available at www.
jneurosci.org as supplemental material),
sufficient to trigger somatic NA release
(Huang et al., 2007). Therefore, the modu-
lation of NMDA currents by HCRT can also
modulate NA release from LC soma via
NMDA channels.

Activation of protein kinase C (PKC)
mediates the action of HCRT in different
cells (van den Pol et al., 1998; Uramura et al.,
2001; Xu et al., 2003; Yang et al., 2003;
Kohlmeier et al., 2004; Xia et al., 2005).
Thus, we next sought to investigate whether
PKC is involved in HCRT-potentiated
NMDA-induced somatodendritic secre-
tion. In the presence of the PKC inhibitor
BIS II (1 �M), the potentiation of the
NMDA-induced secretory response by 100
nM HCRT was completely blocked (Fig.
3D,F, available at www.jneurosci.org as
supplemental material). Furthermore, 5
min treatment with 1 �M phorbol 12-
myristate 13-acetate (PMA), a membrane-
permeable agonist of PKC, significantly en-
hanced the NMDA-evoked amperometric
response (Fig. 3E,F, available at www.
jneurosci.org as supplemental material),
thereby mimicking the effect of HCRT. To-
gether, these results confirm that HCRT po-
tentiates NMDAR-mediated somatoden-
dritic secretion through a PKC-dependent
pathway in LC neurons.

HCRT enhances NMDAR-mediated
[Ca 2�]i increases in LC neurons
Evidence has accumulated that somatoden-
dritic secretion is Ca 2� dependent in differ-
ent cells, including LC neurons, substantia
nigra neurons, isolated snail neurons, cul-
tured mammalian neurons, astrocytes, and
endocrine cells (Dan et al., 1994; Chen et al.,
1995; Huang and Neher, 1996; Jaffe et al.,
1998; Chen X et al., 2005; Huang et
al., 2007). In this study, when we replaced
the bath solution with Ca 2�-free ACSF con-
taining 1 mM EGTA and 200 �M Cd 2� for 30
min, neither 100 �M NMDA nor 1 �M

HCRT induced any amperometric signals
(Fig. 4A), confirming that NMDA- or
HCRT-evoked somatodendritic secretion is
Ca 2� dependent in LC neurons.

We next performed Ca 2� imaging ex-
periments to directly detect changes in the [Ca 2�]i of LC neurons
loaded with fura-2 AM in brain slices. As shown in Figure 4B, the
same neuron was imaged by bright-field DIC or fura-2 fluores-
cence. HCRT at the lower concentration (100 nM) caused barely

Figure 3. HCRT potentiates NMDAR-mediated somatic secretion through activation of Hcrtr 1 and PKC in LC neurons. A,
Examples of Iamp (top traces) and integrated current signals (�Iampdt) evoked by 100 �M NMDA before and after application of
100 nM HCRT for 5 min. B, Time course of 100 nM HCRT or ACSF (Control) action on NMDA-induced secretion. Amperometric
signals were elicited every 5 min by 100 �M NMDA before and after HCRT treatment (n � 9). C, In the presence of SB 334867 (1
�M), 100 nM HCRT did not increase the NMDA-induced secretion. D, HCRT-mediated increase in NMDA-induced secretion was
blocked by pretreatment with the PKC inhibitor BIS II (1 �M) for 45 min. E, One micromolar PMA significantly increased
NMDA-induced secretion in a manner similar to HCRT. F, Bar graph summarizes the statistical data of the normalized amount of
secretion in C [control (Con), 8.2 � 2.1 pC; HCRT�SB, 7.8 � 1.9 pC; p � 0.05; n � 5], D (Con, 9.8 � 2.7 pC; HCRT�BIS, 9.3 �
2.9 pC; p � 0.05; n � 5), and E (Con, 18.0 � 6.1 pC; PMA, 27.3 � 9.5 pC; p � 0.05; n � 4).
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detectable fluorescence changes. In con-
trast, 1 �M HCRT evoked somatoden-
dritic Ca 2� transients, which is in agree-
ment with previous imaging data from
dorsal raphe neurons (Kohlmeier et al.,
2004). Subsequently, application of 100
�M NMDA induced a [Ca 2�]i increase.
After adding 100 nM HCRT to the bath
solution for 5 min, the second puff of the
same NMDA solution resulted in a larger
[Ca 2�]i response, suggesting that HCRT
potentiates NMDAR-mediated [Ca 2�]i

increases (Fig. 4C,F). SB 334867 (1 �M)
(Fig. 4D,F) or BIS II (1 �M) (Fig. 4E,F)
blocked the HCRT potentiation of
NMDAR-mediated [Ca 2�]i increase, in-
dicating that activation of the Hcrtr 1 re-
ceptor and PKC plays a role. These results
suggest that the HCRT potentiation of
NMDAR-mediated [Ca 2�]i elevation
contributes to the enhanced somatoden-
dritic secretion in LC neurons. Finally, we
assessed the temperature effect on NA re-
lease. High-K-induced secretion was
larger at 32°C versus 22°C. Comparing
high-K-, HCRT-, or NMDA-induced
secretion at near-physiological tempera-
tures was qualitatively similar to measure-
ments at room temperature (supplemen-
tal Fig. 8, available at www.jneurosci.
org as supplemental material).

Discussion
We recently reported that LC neurons re-
lease NA from their somata (Huang et al.,
2007). Here, we further found that both
HCRT (0.1–1 �M) and NMDA (1–100
�M) evoked somatodendritic NA secre-
tion from these neurons. HCRT, a neu-
ropeptide secreted by specific neurons in
the lateral hypothalamus, is crucial for the
regulation of wakefulness (de Lecea et al.,
1998; Sakurai et al., 1998; Sakurai, 2007).
HCRT-immunoreactive fibers and Hcrtr
1 are present in the LC (Marcus et al.,
2001). Several lines of evidence have
shown that HCRT excites LC neurons
(Hagan et al., 1999; Horvath et al., 1999;
Soffin et al., 2002; van den Pol et al., 2002) and induces NA release
from their axonal terminals in the cerebral cortex and hippocam-
pus (Hirota et al., 2001; Walling et al., 2004). Our present data
demonstrated that HCRT at high concentration (1 �M) is a trig-
ger for NA secretion from the somatodendritic region. These
results imply that the projection from HCRT neurons to the LC
may provide a pathway for HCRT modulation of LC functions,
not only by regulating noradrenergic input to its targets (Hirota
et al., 2001; Walling et al., 2004), but also by regulating noradren-
ergic transmission in its somatodendritic region. On the other
hand, NMDA-type glutamate receptors are one of the major ex-
citatory regulators of activity in LC neurons (Rasmussen, 1995).
The current data demonstrated that NMDA (5–100 �M) induced
a dose-dependent somatodendritic secretion, which might also
represent a pathway for the modulation of LC functions.

HCRT has been shown to affect glutamate/NMDA receptor-
mediated actions in various cell populations (Martin et al., 2002;
Borgland et al., 2006; Song et al., 2006). Further, in the present
work, we demonstrated that NMDA-mediated secretion in LC
neurons was potentiated by a lower concentration of HCRT (100
nM). This may result from HCRT modulation of NMDA recep-
tors rather than the direct effect of HCRT on membrane depo-
larization, as supported by the following findings: (1) 100 nM

HCRT itself had no effect on firing rate, membrane voltage, or
[Ca 2�]i (Figs. 1B, 4B). (2) 100 nM HCRT had no effect on high-
K�-evoked secretion (supplemental Fig. 5, available at www.
jneurosci.
org as supplemental material). (3) Like the results from dopa-
mine neurons of the ventral tegmental area (Borgland et al.,
2006), we found that 100 nM HCRT significantly potentiated
somatic NMDAR currents (supplemental Fig. 6, available at

Figure 4. HCRT potentiates NMDAR-mediated [Ca 2�]i elevation via activation of Hcrtr 1 and PKC in LC neurons. A, NMDA- or
HCRT-induced secretion was dependent on extracellular Ca 2�. Application of Ca 2�-free ACSF containing 1 mM EGTA and 200 �M

CdCl2 for at least 30 min significantly blocked secretion induced by 100 �M NMDA (top traces; n � 4) or 1 �M HCRT (bottom traces;
n � 5). After adding normal ACSF containing 2.5 mM Ca 2� to the perfusion solution, the evoked amperometric signals recovered.
B, Left, Representative image of a fura-2-loaded LC neuron under bright-field DIC (left) or fluorescence (F380; right) conditions. A
black box over the soma of this neuron indicates the region of interest. Right, One micromolar, but not 100 nM, HCRT significantly
increased [Ca 2�]i (n � 4). C, Application of 100 nM HCRT for 5 min increased the 100 �M NMDA-induced calcium response. D, E,
The HCRT-mediated increase in NMDA-elevated [Ca 2�]i was blocked by SB 334867 (1 �M) or BIS II (1 �M). F, Bar graph summa-
rizes the statistical data of normalized changes in F340/F380 ratios in C [control (Con), 0.026 � 0.007 arbitrary units; HCRT, 0.039 �
0.009; p�0.05; n�9), D (Con, 0.04�0.01; HCRT�SB, 0.033�0.009; p�0.05; n�5) and E (Con, 0.02�0.007; HCRT�BIS,
0.017 � 0.007; p � 0.05; n � 6).
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www.jneurosci.org as supplemental material). (4) This hypothe-
sis is consistent with a report that HCRT induces potentiation of
NMDA receptor-mediated neurotransmission via a PLC/PKC-
dependent insertion of NMDA receptors in dopaminergic syn-
apses of the ventral tegmental area (Borgland et al., 2006). Col-
lectively, considering that LC somatodendritic secretion provides
a negative feedback via autoreceptors to inhibit LC activity
(Huang et al., 2007), HCRT modulation of NMDAR-mediated
somatodendritic secretion may reflect a novel pathway for de-
pressing LC hyperactivity-associated opioid withdrawal (Ras-
mussen, 1995; Mendiguren and Pineda, 2004). Note that al-
though the HCRT-potentiated catecholamine release was
measured at CFE sensor touching the soma, it remained possible
that some of the evoked signals came from local terminals or
dendrites.

Somatic exocytosis is Ca 2� dependent in various cells (Dan et
al., 1994; Chen et al., 1995; Huang and Neher, 1996; Chen X et al.,
2005; Chen XK et al., 2005). More recently, we found that NA
release from the somata of LC neurons is also dependent on Ca 2�

entry (Huang et al., 2007). In the present study, Ca 2� imaging
data provided evidence that HCRT enhances NMDAR-mediated
[Ca 2�]i elevation, which may underlie the HCRT potentiation of
somatodendritic release. We further revealed a role of Hcrtr 1 and
PKC in the enhanced Ca 2� response. It is well established that
PKC is crucial for the action of HCRT (van den Pol et al., 1998;
Uramura et al., 2001; Xu et al., 2003; Yang et al., 2003; Kohlmeier
et al., 2004; Xia et al., 2005). PKC increases the NMDA channel
opening probability and induces delivery of new NMDA recep-
tors to the plasma membrane (Lan et al., 2001). Consistent with
this, recent data from ventral tegmental neurons confirm that
HCRT stimulates the movement of NMDA receptors to synaptic
sites (Borgland et al., 2006). Therefore, these results lead to the
hypothesis that the binding of HCRT to Hcrtr 1 on LC neurons
activates PKC, thereby enhancing NMDA channel activity either
by increasing channel opening probability or by affecting NMDA
receptor trafficking. Enhancement of NMDA channel activity
subsequently leads to the potentiation of Ca 2� entry through the
channels themselves and/or voltage-gated Ca 2� channels acti-
vated by the depolarization caused by NMDA (Miyakawa et al.,
1992), which may contribute to the relevant augmentation of
somatodendritic secretion in LC neurons. However, we cannot
exclude the existence of other mechanisms underlying HCRT
modulation of the NMDA response, such as a direct Hcrtr
1–NMDA receptor interaction independent of PKC
involvement.
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