
Cellular/Molecular

The Orexin OX1 Receptor Regulates Ca2� Entry via
Diacylglycerol-Activated Channels in Differentiated
Neuroblastoma Cells
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We studied the cellular response to orexin type 1 receptor (OX1R) stimulation in differentiated IMR-32 neuroblastoma cells. In vitro
differentiation of IMR-32 cells with 5-bromo-2�-deoxyuridine leads to a neuronal phenotype with long neurite extensions and an upregu-
lation of mainly N-type voltage-gated calcium channels. Transduction of differentiated IMR-32 cells with baculovirus harboring an
OX1R– green fluorescent protein cDNA fusion construct resulted in appearance of fluorescence that was confined mainly to the plasma
membrane in the cell body and to neurites. Application of orexin-A to fluorescent cells led to an increase in intracellular free Ca 2�

concentration, [Ca 2�]i. At low nanomolar concentrations of orexin-A, the response was reversibly attenuated by removal of extracellular
Ca 2�, by application of a high concentration (10 mM) of Mg 2�, and by the pharmacological channel blocker dextromethorphan. A
diacylglycerol, dioctanoylglycerol, but not thapsigargin or depolarization with potassium, mimicked the OX1R response with regard to
Mg 2� sensitivity. A reverse transcription-PCR screening identified mRNAs for all transient receptor potential canonical (TRPC) chan-
nels, including TRPC3, TRPC6, and TRPC7, which are known to be activated by diacylglycerol. Expression of a dominant-negative TRPC6
channel subunit blunted the responses to both dioctanoylglycerol and OX1R stimulation. The results suggest that the OX1R activates a
Ca 2� entry pathway that involves diacylglycerol-activated TRPC channels in neuronal cells.
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Introduction
Orexins/hypocretins are peptide transmitters synthesized by
neurons in lateral hypothalamus (de Lecea et al., 1998; Sakurai et
al., 1998). These neurons project to multiple other brain loci and
to the spinal cord (Peyron et al., 1998; van den Pol et al., 1998),
with particularly dense innervation of areas involved in arousal,
such as locus ceruleus (Horvath et al., 1999), raphe nucleus (Date
et al., 1999; Liu et al., 2002), and tuberomammillary nucleus
(Peyron et al., 1998; Eriksson et al., 2001). Evidence for orexin
involvement in arousal and sleep/wake regulation has come from
studies on animals with disrupted or modified orexin signaling
system (Chemelli et al., 1999; Lin et al., 1999; Hara et al., 2001),
which in some cases leads to the sleeping disorder narcolepsy.
Orexins are also implicated in other physiological functions, such
as regulation of food intake and metabolic processes and neu-
roendocrine functions (for review, see Kukkonen et al., 2002).

A central question is how orexins exert their actions at the

cellular and molecular level. Orexins excite neurons by activating
either or both of two identified G-protein-coupled orexin recep-
tors, OX1R and OX2R (Sakurai et al., 1998). Investigations of the
intracellular mechanisms for excitation have generated several
plausible signaling pathways (for review, see Kukkonen et al.,
2002; Ferguson and Samson, 2003). A useful indicator for OXR
activation is an increase in intracellular Ca 2� concentration,
[Ca 2�]i. The [Ca 2�]i can increase in cells by a variety of mecha-
nisms, including depolarization-induced opening of voltage-
gated calcium channels (VGCCs), opening of nonselective cat-
ion channels, release from intracellular stores, as well as
reversal of electrogenic Na �/Ca 2� exchanger. An increase in
[Ca 2�]i during OXR stimulation is evident in neurons (van
den Pol et al., 1998; Uramura et al., 2001; Kohlmeier et al.,
2004), and it is also observable in different cell types used for
heterologous expression (Sakurai et al., 1998; Smart et al.,
1999; Holmqvist et al., 2002).

[Ca 2�]i measurements combined with patch-clamp record-
ings have demonstrated that the OX1R activates a pathway for
Ca 2� entry, which closely follows an inward current and depo-
larization, in Chinese hamster ovary (CHO) cells (Lund et al.,
2000; Larsson et al., 2005). This Ca 2� entry pathway is well sep-
arated from store release at subnanomolar to low nanomolar
concentrations of orexin-A. Inactivation of transient receptor
potential canonical (TRPC) 1 and TRPC3 channels with
dominant-negative (DN) constructs indicates involvement of
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these channels in the Ca 2� entry pathway in nonexcitable cells
(Larsson et al., 2005).

Most TRP ion channels are Ca 2�-permeable, nonselective
cation channels (for review, see Minke and Cook, 2002). The
TRPC subfamily, TRPC1–TRPC7, has mostly been implicated in
regulation by G-proteins and metabolites of phosphoinositide
hydrolysis. TRPC channels are widely expressed in different tis-
sues, including brain, and single cell reverse transcription (RT)-
PCR in different brain loci has demonstrated that TRPC channels
and OXRs are coexpressed in neurons (Sergeeva et al., 2003).

To characterize the OX1R-induced Ca 2� entry in excitable
cells, we have in this study used an in vitro differentiated neuro-
blastoma cell line, IMR-32, and a calcium imaging approach.

Materials and Methods
Materials. Orexin-A was from Bachem (St. Helens, UK). 5-Bromo-2�-
deoxyuridine (BrdU), D-3-methoxy-N-methylmorphine (dextrometho-
rphan), 1,2-dioctanoyl-sn-glycerol (DOG), and 12-O-tetradecanoyl
phorbol-13-acetate (TPA) were from Sigma-Aldrich (Helsinki, Finland).
Fura-2 AM was from Invitrogen (Paisley, UK). �-Conotoxin GVIA
(�CTx) and 2-[2-[4-(4-nitrobenzyloxy)phenyl]ethyl]isothiourea meth-
anesulfonate (KB-R7943) were from Tocris Cookson (Bristol, UK).
Thapsigargin and N, N,N,-trimethyl-4-(2-oxo-1-pyrrolidinyl)-2-butyn-
1-ammonium iodide (oxotremorine-M) was from Research Biochemi-
cals International (Natick, MA) and bisindolylmaleimide I (GF109203X)
was from Calbiochem (San Diego, CA).

Cell cultures. The human neuroblastoma IMR-32 cell line (Tumilowicz
et al., 1970) was obtained from American Type Culture Collection
(Manassas, VA) and grown in 80 cm 2 cell culture flasks (Nunc, Roskilde,
Denmark) at 37°C in a humidified atmosphere (95% air/5% CO2). The
cells were cultured in standard MEM culture medium (Invitrogen) sup-
plemented with 10% heat-inactivated fetal bovine serum (Invitrogen)
and 100 U/ml penicillin–streptomycin (Invitrogen). The continuous cell
culture (passages 53– 63) was grown until a confluent monolayer ap-
peared, then divided 1:8, and reseeded in new flasks. Cells for experi-
ments were divided 1:3 or 1:4 and seeded onto coverslips kept in tissue
culture dishes (35 mm diameter; Nunc). The following day, 5 �M BrdU
was added, and thereafter the medium was exchanged with fresh medium
containing BrdU every 2 or 3 d. After 5– 8 d, the cells were transduced
with baculovirus, and experiments were performed 1 or 2 d later.

Baculovirus and cell transduction. For mammalian cell transduction,
we first designed a baculovirus construct to drive the expression of en-
hanced green fluorescent protein (EGFP). An AseI (blunted)–NotI frag-
ment from pEGFP–N1 (BD Biosciences Clontech, Palo Alto, CA), in-
cluding the cytomegalovirus (CMV) promoter and the gene for GFP, was
subcloned into an SnaBI–NotI gap in pFastBac1 (Invitrogen), removing
the polyhedrin promoter. The resultant vector was called pFastBac–
CMV–GFP. The human OX1R cDNA in pcDNA3 (Invitrogen) was a gift
from Dr. M. Detheux (Euroscreen SA, Bruxelles, Belgium). The OX1R
cDNA was processed by PCR to remove the stop codon and subsequently
subcloned into pEGFP–N3 (BD Biosciences Clontech). The OX1R cDNA
fused to the cDNA for GFP was then transferred to pFastBac–CMV–GFP
as an EcoRI–NotI fragment. An untagged OX1R construct was generated
by subcloning the whole coding sequence of OX1R cDNA into pFastBac–
CMV–GFP, the GFP from vector being cut out. For plasma membrane
localization of the red fluorescent protein (RFP) Discosoma red
(DsRed)-Monomer, a CAAX motif from K-ras, KKKKKSKTKCVIM,
was added to the EcoRI–BamHI gap of pDsRed-Monomer-C1 (BD Bio-
sciences Clontech) by ligation of two complementary oligonucleotides,
and subsequently the RFP fused to CAAX was transferred to pFastBac–
CMV–GFP (GFP cut out) with BshTI and SphI. The enhanced yellow
fluorescent protein (EYFP)-tagged TRPC3DN was constructed by sub-
cloning a 1620 bp BamHI-StuI (partial digest) fragment of hTRPC3
cDNA (Hofmann et al., 1999) (gift from C. Harteneck, Institute for
Pharmacology, Freie Universität Berlin, Berlin, Germany) into
pEYFP–C1 (BD Biosciences Clontech). The fused YFP–TRPC3DN was
then transferred to pFastBac—CMV–GFP, and the GFP cDNA was re-

placed by complementary oligonucleotides encoding a V5 epitope, fol-
lowed by a STOP codon. The hTRPC6DN fused to YFP in pcDNA3
(Hofmann et al., 2002) (gift from T. Gudermann, Institute for Pharma-
cology and Toxicology, Phillips Universität, Marburg, Germany) was
subcloned into pFastBac–CMV–GFP with BamHI and XbaI (GFP re-
moved). All recombinant baculoviruses were obtained using the Bac-to-
Bac expression system (Invitrogen).

For transient expression in IMR-32 cells, 0.5 ml of a high titer virus
stock (10 7 pfu/ml), originating from Sf9 cell infection, was spun down in
a microcentrifuge 12,000 rpm for 30 min. The pelleted viruses were re-
suspended in IMR-32 cell culture medium, added back to dishes with
coverslips, and incubated until experimental use.

Confocal microscopy. Transduced cells were washed once with PBS and
fixed for 30 min in 4% paraformaldehyde containing PBS. After removal
of fixative, cells were washed four times with PBS, and then coverslips
were mounted on glass slides. Confocal images were obtained using a
Nikon (Tokyo, Japan) 100� (1.30 numerical aperture) Plan Fluor oil
immersion objective with an Eclipse TE300 inverted microscope (Nikon)
equipped with a Radiance 2100 confocal scanner (Bio-Rad, Hertford-
shire, UK) under the control of LaserSharp 2000 software (Bio-Rad).
GFP was excited at 488 nm with an argon laser, and RFP was excited at
543 nm with a green helium–neon laser. Images were acquired using a
Kalman filter (n � 8).

Fura-2 imaging. Fura-2 AM was dissolved in dimethylsulfoxide to a
concentration of 4 mM. Cells on coverslips were loaded with 4 �M fura-2
AM for 20 min and subsequently transferred to a perfusion chamber. The
imaging experiments were performed using an InCyt2 fluorescence im-
aging system (Intracellular Imaging, Cincinnati, OH) essentially as de-
scribed previously (Larsson et al., 2005). The perfusion HEPES-buffered
Na � medium (HBM) consisted of the following (in mM): 137 NaCl, 5
KCl, 1 CaCl2, 0.44 KH2PO4, 4.2 NaHCO3, 10 glucose, 20 HEPES, and 1.2
MgCl2, pH adjusted to 7.4 with NaOH. In the nominally Ca 2�-free
HBM, no CaCl2 was added. In the high K � HBM, NaCl was replaced by
KCl, and the medium was diluted with HBM to achieve the desired K �

concentration. The cells were perfused in HBM at 37°C and excited by
alternating wavelengths of 340 and 380 nm using narrow band excitation
filters. Fluorescence was measured through a 430 nm dichroic mirror and
a 510 nm barrier filter with a Cohu (San Diego, CA) CCD camera. One
ratioed image was acquired per second.

Identification of TRP channel mRNA. Total RNA was extracted from
differentiated cells using TRIzol (Invitrogen). Cells differentiated for 6, 8,
and 10 d were used. Total RNA (5 �g) was used to make cDNA using
SuperscriptII and oligo-dT (Invitrogen). An aliquot of the first-strand
cDNA template (approximately the equivalent of 250 ng total RNA) was
amplified with an annealing temperature of 55°C for 30 cycles with Dy-
nazyme II (Finnzymes, Espoo, Finland) using specific primers (Table 1).
The PCR reactions were electrophoretically analyzed on 2% agarose gels
and stained with ethidium bromide, and images were collected using a
GelDoc imaging system (Bio-Rad). Amplified DNA fragments were gel

Table 1. Primer pairs used for detection of TRPC channel transcripts

Channel
subtype Primer sequence

Expected
size

Intron in
amplicon

Gene
location

TRPC1–5� GGGTCCATTACAGATTTCAA 207 bp 1 chr 3
TRPC1–3� AAGCAGGTGCCAATGAACGA
TRPC3–5� GTATGTGGACAGTTACGTC 553 bp 2 chr 4
TRPC3–3� CTACATCACTGTCATCCTC
TRPC4 –5� TGGGATGGCGGACTTCAG 391 bp 1 chr 13
TRPC4 –3� ATGCCTTTGCAGGTTAACCC
TRPC5–5� GTGGAGAAGGGGGACTATGC 525 bp 1 chr X
TRPC5–3� CCTCACTTGATAAGGCAATG
TRPC6 –5� CTCTGAAGGTCTTTATGC 428 bp 1 chr 11
TRPC6 –3� TCATCCTCAATTTCCTGG
TRPC7–5� AACCCAGCGTTTACAACG 361 bp 1 chr 5
TRPC7–3� ATGAGGCACATCTTGATTC

Primers were designed according to sequences available from the European Molecular Biology Laboratory database.
At least one intron region was included in the amplicons to avoid amplification of genomic DNA and unprocessed
RNA. Both 5� primers and 3� primers are written in 5� to 3� direction. chr, Chromosome.
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purified and ligated into pGemTeasy (Promega, Madison, WI) and se-
quenced. Sequences were identified using the BLAST (basic local align-
ment search tool) program (Altschul et al., 1997).

Data analysis. Fura-2 imaging data were analyzed with Microcal Soft-
ware (Northampton, MA) Origin 6.0 and given as absolute [Ca 2�] levels,
([Ca2�]i), or as changes in [Ca 2�] levels (�[Ca 2�]i). Traces show re-
cordings from imaging of multiple cells simultaneously, and vertical lines
indicate SDs. Every third or fifth SD is shown. Statistical significance
between groups was determined with the unpaired Student’s t test. Sig-
nificance is depicted as *p � 0.05 or **p � 0.01 [not significant (ns), p �
0.05].

Results
Baculovirally expressed OX1 receptors in differentiated
IMR-32 cells
For this study, we sought a cell line that would resemble mature
neurons and that would be prone to take up foreign DNA for
OX1R expression. The neuroblastoma cell line IMR-32 is an ad-
renergic human cell line that can be differentiated in vitro to
extend long axon-like processes with numerous growth cones
(Clementi et al., 1986; Carbone et al., 1990). After �1 week of
treatment of IMR-32 cell cultures with BrdU, the cell prolifera-
tion had ceased and an extensive network of processes was visible
(data not shown). We found that the differentiated cells were very
susceptible to baculovirus transduction. When transduced with
the OX1R–GFP baculovirus, the receptor colocalized with the
CAAX motif fused to red fluorescent protein in the plasma mem-
brane (Fig. 1a– c). Some GFP fluorescence was found in submem-
branous vesicle-like compartments, likely representing receptors
being transported to or from the plasma membrane. The receptor
fusion protein was also localized in cellular processes (Fig. 1a).
The fluorescence observed when GFP was expressed alone was
confined to the cytosol (data not shown).

Intracellular [Ca 2�] elevation in response to
OX1R stimulation
Orexin-A application to transduced cells resulted in an elevation
of [Ca 2�]i as determined with fura-2 (Fig. 1d,e). The [Ca 2�]i

increase was dose dependent and consisted of store release as well
as Ca 2� influx at orexin-A concentrations �3 nM (Fig. 1e,f). At 1
nM orexin-A, mainly an extracellular Ca 2�-dependent elevation
was seen (Fig. 1d,f). The viral transduction efficiency was esti-
mated by counting how many cells responded with a [Ca 2�]i

elevation to orexin-A application. The efficiency reached �80%
when tested with 100 nM (Fig. 1g). Of nontransduced or GFP-
transduced cells, �2% (6 of 303 cells) responded with a [Ca 2�]i

elevation to 100 nM orexin-A. None responded to 10 nM (80 cells)
or lower (220 cells).

Because our main interest lies on the Ca 2� entry activated by
OXRs, we chose to use 1 nM orexin-A in subsequent experiments
unless otherwise stated. Stimulation with 1 nM orexin-A resulted
in most cells in a stable elevation of [Ca 2�]i (Fig. 2a). In some
cells, this was preceded by a transient spike, indicating that some
store release may occur also at this concentration. It should be
taken into account that, whereas few cells showed an initial spik-
ing at this agonist concentration, the absolute [Ca 2�]i increase in
these cells was high enough to produce a spike in the average
response in many experiments. The sustained [Ca 2�]i elevation
lasted for �10 min. In some experiments, a decline of the sus-
tained response over time was seen.

Previous studies on the OX1R expressed in nonexcitable cells
have shown that the activated Ca 2� entry and the inward Ca 2�-
dependent current are significantly inhibited by high extracellu-
lar [Mg 2�] and by dextromethorphan, a rather nonspecific cal-

cium channel blocker (Larsson et al., 2005). To investigate
whether the [Ca 2�]i elevation observed in IMR-32 cells was sim-
ilar to that seen in CHO cells, cells were challenged with orexin-A
in the presence of 10 mM Mg 2� (Fig. 2b). Only a small and tran-
sient response was observed under these conditions. Reduction
of extracellular Mg 2� to 1.2 mM in the continued presence of
orexin-A caused a sustained elevation of [Ca 2�]i. This [Ca 2�]i

elevation was reversibly blocked by 10 mM Mg 2� and by 100 �M

dextromethorphan, as well as by removal of extracellular Ca 2�

(Fig. 2b). Statistical analysis of experiments similar to Figure 2b
shows that high [Mg 2�] and dextromethorphan almost com-
pletely block the sustained response to orexin-A (Fig. 2c). Similar
types of experiments performed with higher doses of orexin-A
indicated that the influx phase is partially Mg 2� sensitive at con-
centrations leading to store release as well (Fig. 2d) (see also Fig.
7c). Because the OX1R–GFP receptor also was detected in neu-
rites, it was of interest to test the response to orexin-A in these

Figure 1. Expression of the OX1R–GFP fusion protein in IMR-32 cells. a– c, Confocal images
of fusion proteins in IMR-32 cells. Cells were treated with BrdU and then transduced with
recombinant baculovirus. One day after transduction, the cells were fixed and mounted for
confocal imaging. a, OX1R–GFP fluorescence in differentiated cells with associated neurites. b,
Image of a cell that is not fully differentiated and thereby better illustrates the plasma mem-
brane localization of OX1R–GFP fluorescence. c, The same cell as in b showing RFP fluorescence
from RFP–CAAX. d, e, [Ca 2�]i increases in response to activation of the OX1R 2 d after trans-
duction. IMR-32 cells were perfused at 37°C with HBM. Where indicated, the cells were chal-
lenged with 1 nM (d) or 3 nM (e) orexin-A (Ox-A) in a nominally Ca 2�-free (	Ca 2�) or Ca 2�-
containing HBM. The Ca 2� was removed simultaneously with application of orexin-A. The data
represent averaged 
 SD responses from 18 (d) and 36 (e) cells from single experiments. f,
Dose–response curves in normal conditions (filled triangles) and in nominally Ca 2�-free con-
ditions (open triangles). The data represent averaged 
 SEM responses from four experiments.
g, The percentages 
 SD of fura-2-loaded cells responding to orexin-A applications in three to
eight batches of cells.
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structures. Figure 2e shows a fura-2 recording from varicose-like
structures on neurites. An Mg2�- and dextromethorphan-sensitive
[Ca2�]i elevation was also apparent here.

Role of VGCCs in orexin-A-stimulated Ca 2� elevation
Orexins have been reported to depolarize cells via several differ-
ent mechanisms (for review, see Kukkonen et al., 2002; Ferguson
and Samson, 2003). Depolarization and a subsequent opening of
VGCCs could potentially account for the OX1R-mediated Ca 2�

entry in IMR-32 cells. We thus performed a series of experiments
that ought to reveal whether such mechanisms were involved. It is
known that dextromethorphan also acts on VGCCs (Shariat-
madari et al., 2001). We tested the effect of high [Mg 2�] on the
depolarization-induced Ca 2� influx (Fig. 3a). We could not de-
tect any difference in the magnitude of [Ca 2�]i elevation when
compared with control. It is of course possible that a minor com-
ponent of VGCCs, which would not be detectable because of the
robust [Ca 2�]i increase, could be blocked by high [Mg 2�]. Dif-
ferentiation of IMR-32 cells leads to an upregulation of mainly
N-type VGCCs, which can be blocked with �CTx (Carbone et al.,
1990). The depolarization-induced Ca 2� influx was to a large
extent abolished in the presence of 0.5 �M �CTx (Fig. 3b). �CTx
had no effect on the OX1R-mediated Ca 2� influx (Fig. 3c,d). The
residual depolarization-induced Ca 2� influx in the presence of
�CTx was partially attributable to nimodipine-sensitive VGCCs
(presumably of L-type). Because nimodipine block of this resid-

ual Ca 2� influx was inconsistent and ap-
peared to decrease with increased differen-
tiation times, we chose to study the effect
of orexin-A in �CTx-treated cells that also
received a depolarizing buffer before and
during orexin-A application (Fig. 3c). The
OX1R response was still present and not
apparently different from control, sug-
gesting that the OX1R response is not at-
tributable to depolarization-induced
opening of VGCCs.

Role of store release and Na �/Ca 2�

exchange in the
OX1R response
Ca 2� entry in response to depletion of in-
tracellular Ca 2� stores occurs via the
store-operated channels (for review, see
Parekh and Putney, 2005). To test whether
this type of channel is involved in Ca 2�

elevation caused by orexin-A, cells were
treated with thapsigargin to discharge
Ca 2� from intracellular stores. Applica-
tion of 100 nM thapsigargin caused a
slowly developing, sustained elevation of
[Ca 2�]i (Fig. 4a). Application of high
[Mg 2�] had no effect on the [Ca 2�]i, sug-
gesting an entirely different Ca 2� entry
channel for capacitative store refilling
compared with the OX1R-activated chan-
nel. Dextromethorphan had a small inhib-
itory effect on the thapsigargin signal, and,
as expected, removal of extracellular Ca 2�

reversibly lowered the [Ca 2�]i (Fig. 4a,b).
The electrogenic Na�/Ca 2� exchanger

has been implicated in OXR-mediated
neuronal excitation (Eriksson et al., 2001;

Burdakov et al., 2003; Wu et al., 2004). It has also been shown to
associate with TRPC3, a putative effector channel of OX1R (Lars-
son et al., 2005), and to increase [Ca 2�]i as a consequence of
TRPC3 activation attributable to the reverse mode of action
(Rosker et al., 2004). A potent blocker of the reverse operation
mode of Na�/Ca 2� exchange, KB-R7943 (Iwamoto et al., 1996),
did not significantly alter the response to orexin-A in IMR-32
cells when averages of cells were plotted and compared (Fig. 4c,d).
It should be noted, however, that when analyzed on a single-cell
level, there appeared to be three populations of responding cells:
one (�10%) that showed a decrease in [Ca 2�]i when KB-R7943
was applied during the stable phase of OX1R activation, a second
population with unaltered response, and a third population
(�15%) that showed an increase in [Ca 2�]i with KB-R7943 (data
not shown). The reason for this variability is unknown at present,
but, based on the average effect of KB-R7943, we do not consider
the exchange mechanism as a main contributor to the Ca 2� in-
flux pathway under investigation in the present study.

Diacylgycerol-activated [Ca 2�]i elevation and protein
kinase C
Because TRPC channels were implicated in the OX1R response in
a previous study (Larsson et al., 2005), we turned our focus to
these. Messenger RNAs for all human TRPC-type channels were
detected in these cells as determined using RT-PCR (Fig. 5). The
TRPC3/6/7 subfamily can be activated with DAG (Hofmann et

Figure 2. Effect of Mg 2� and dextromethorphan on the orexin-A-stimulated Ca 2� influx. Experimental conditions were as in
Figure 1. a, Cells (average
SD of 32 cells) were continuously challenged with 1 nM orexin-A (Ox-A) to illustrate the stable [Ca 2�]i

elevation. b, A trace (average 
 SD of 23 cells) of cells stimulated with 1 nM orexin-A and the effect of 10 mM Mg 2�, 100 �M

dextromethorphan (Dex), or a nominally Ca 2�-free HBM (	Ca 2�). c, The averages 
 SEM from six experiments measured
under similar conditions as in b. d, The dose–response relationships in the presence (open triangles) or absence (filled triangles)
of high [Mg 2�]. The �[Ca 2�]i increase after removal of 10 mM Mg 2� is additionally plotted (open squares). Data represent
averages 
 SEM from three to five experiments. e, Areas containing only processes were monitored under similar conditions as in
b with a subsequent depolarization with 70 mM K �. Note that the regions of interest were larger than the areas of the processes
and therefore the magnitude of the response is underestimated.
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al., 1999; Tesfai et al., 2001; Jung et al., 2002). Application of 30
�M DOG, a membrane-permeant DAG analog, caused a small
irregular [Ca 2�]i elevation in a large proportion of the differen-
tiated cells (Fig. 6a). In many of the cells, transient spiky [Ca 2�]i

elevations were also seen (data not shown). The DOG-induced
[Ca 2�]i elevation was sensitive to high [Mg 2�] (Fig. 6b) and to
dextromethorphan (Fig. 6c). Because DAGs also activate protein
kinase C (PKC), which is known to inhibit several TRPC channel
subtypes (Trebak et al., 2003; Venkatachalam et al., 2003), the
effect of a PKC inhibitor, GF109203X, was tested. The inhibitor
significantly enhanced the response to DOG. Data for DOG ef-
fects is compiled in Figure 6d.

Stimulation of the OX1R during DOG application caused only
a small, additional elevation of [Ca 2�]i (Fig. 7a,b) or, in a signif-
icant number of cells, no additional elevation at all (data not
shown). In the presence of GF109203X, the OX1R response was
restored and even enhanced when compared with control condi-
tions (Fig. 7a,b).

The results above suggested that the OX1R response is linked
to the DOG-activated channels and that these channels are inhib-
ited by activated PKC. To activate PKC, without a concurrent
[Ca 2�]i elevation, we used TPA, a mimic of DAG in activation of
PKC. The OX1R-activated Ca 2� entry was considerably reduced
by TPA application, and the reduction was partially reversed by
GF109203X (Fig. 7c,d).

Dominant-negative inhibition of the OX1R response
To get additional evidence for TRPC channel involvement in the
OX1R response, we coexpressed a truncated dominant-negative
TRPC3 (C3DN) construct, shown previously to inhibit OX1R-
mediated Ca 2� entry in CHO cells (Larsson et al., 2005). Because
we found it more important to have a tagged C3DN construct
rather than the receptor, we expressed an untagged OX1R for
these experiments. There was no observable difference between

Figure 3. VGCCs in differentiated IMR-32 cells. Cells treated with BrdU were perfused at 37°C
with HBM. Depolarization-induced [Ca 2�]i elevation with 70 mM K � (using an isotonic K �-
based HBM) in the presence or absence of 10 mM Mg 2� (a) and in the presence or absence of 0.5
�M �CTx (b). Cells were pretreated with �CTx for 20 min before the experiment. c, Transduced
cells were challenged with 1 nM orexin-A (Ox-A) in the presence or absence of 0.5 �M �CTx. In
the presence of �CTx, the depolarizing buffer was used to activate residual VGCCs with a
subsequent 1 nM orexin-A application. The data in a– c represent averaged 
 SD responses
from single representative experiments (10 –24 cells). d, Bar graph (averages 
 SEM; n � 4)
on the effect of �CTx on orexin-A response.

Figure 4. Ca 2� store release and Na �/Ca 2� exchange in relation to orexin-A responses.
Experimental conditions were as in Figure 1. a, Cells (average 
 SD of 40 cells) were challenged
with 100 nM thapsigargin (TG), 10 mM Mg 2�, a nominally Ca 2�-free HBM (	Ca 2�), and 100
�M dextromethorphan (Dex) where indicated. b, The averages 
 SEM from four experiments
treated under similar conditions as in a. c, Cells (average 
 SD of 23 cells) were challenged with
1 nM Ox-A and 10 �M KB-R7943 (KB-R) transiently added as indicated. d, Bar graph presentation
of the average 
 SEM effect of KB-R from three experiments.

Figure 5. Identification of TRPC1–TRPC7 channel mRNAs in differentiated IMR-32 cells. The
PCR-amplified DNA was separated on a 2% agarose gel and stained with ethidium bromide.
Bands were visualized by UV transillumination and imaged using Bio-Rad Gel Doc 2000. The 200
and 500 bp bands of the 100 bp DNA size ladder are indicated.
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the tagged and untagged receptor at the Ca 2� signaling level (data
not shown). Quantitative determination of the effects of DN con-
structs on [Ca 2�]i elevation in differentiated IMR-32 cells was
complicated by several factors. First, in coexpression experi-

ments, only a proportion of the cells that responded to orexin-A
expressed sufficient amount of the DN construct as determined
by YFP fluorescence. Second, during differentiation, the cells
tend to form aggregates whereupon the responses of neighboring
cells, not expressing DN constructs, contaminated the observed
response (as seen from the response profile). For that reason, we
performed measurements only from areas containing individual
cells. We also chose an experimental approach enabling measure-
ment of the Ca 2� response sensitive to 10 mM Mg 2� to exclude
signals attributable to Ca 2� discharge or capacitative entry. In
addition, we set up two criteria to be fulfilled in the data process-
ing: (1) the response to oxotremorine-M, acting on endogenous
muscarinic receptors (Kukkonen et al., 1992), should exceed 300
nM [Ca 2�]i as a measure of healthy, viable cells, and (2) the peak
response, arising from store release and not influenced by DN
constructs, to 10 nM orexin-A should exceed 250 nM [Ca 2�]i as a
measure of sufficiently high receptor expression to yield a “nor-
mal” response to 1 nM orexin-A. When these criteria were met,
the C3DN had only a minor inhibitory effect on the response to 1
nM orexin-A (�[Ca 2�]i of 68 
 8 nM in control versus 48 
 9 nM

with C3DN; p � 0.05).
The dominant-negative strategy is based on incorporation of

nonfunctional channel subunits into either homomeric or het-
eromeric channel complexes. This is governed, at least chemi-
cally, by the affinity between subunits and the availability of pro-
teins. Given that the DAG-activated TRPC3/6/7 subfamily are
able to form heteromeric complexes with each other (Hofmann
et al., 2002), one would expect a DN construct from this subfam-
ily to distort all DAG-activated channel complexes. Because the
C3DN had so small an effect on the OX1R response, we reasoned
that this could be attributable to too low expression level or the
inability of this truncated construct to interact sufficiently well
with the endogenous related channel subunits. We therefore
tested a full-length, triple-mutated TRPC6 dominant-negative
construct (C6DN) (Hofmann et al., 2002). Using the same crite-
ria as above, we found that the C6DN almost totally abolished the
response to DOG (Fig. 8a,b,e). When tested with orexin-A appli-
cations, the response to 1 nM was significantly inhibited, whereas
the 10 nM peak response was unaltered (Fig. 8c,d,f). The 10 nM

steady-state response was also slightly inhibited, indicating, as
shown previously, that the Mg 2�-sensitive Ca 2� entry is inherent
to the OX1R response regardless of agonist concentration.

Discussion
The IMR-32 neuroblastoma cells used in this study undergo a
striking functional and morphological differentiation to mature
neuron-like cells when treated with BrdU (Carbone et al., 1990).
We found that the differentiated cells were surprisingly suscepti-
ble to baculovirus-mediated gene expression. It has been re-
ported previously that baculovirus can enter mammalian cells,
including undifferentiated neuroblastoma cells (Shoji et al., 1997;
Sarkis et al., 2000; Tani et al., 2003), to drive expression of recom-
binant proteins (for review, see Kost and Condreay, 2002). It has
also been demonstrated that baculovirus enters mature neurons
in vivo, albeit with low efficiency (Sarkis et al., 2000). To our
knowledge, this is the first report on baculovirus-transduced dif-
ferentiated neuroblastoma cells. Although we did not perform a
systematic study on the transduction efficiency, it was evident
that, with an estimated 5–10 plaque forming units per cell, a large
proportion of cells (�80%) expressed the recombinant OX1R–
GFP protein as determined by counting of fluorescent cells and
by counting of cells responding to orexin-A application.

When challenged with orexin-A, the OX1R–GFP-transduced

Figure 6. DOG-stimulated [Ca 2�]i elevation. Experimental conditions were as in Figure 1. a,
Cells (average 
 SD of 33 cells) were challenged with 30 �M DOG, and, in b and c, the effect of
10 mM Mg 2� and 100 �M dextromethorphan (Dex) is shown, respectively. d, Statistical anal-
ysis (averages 
 SEM; n � 3– 4) of similar experiments as in a– c. The DOG response varied
somewhat between cell batches and was therefore always analyzed separately for each batch.

Figure 7. PKC-mediated inhibition of OX1R response. Experimental conditions were as in
Figure 1. a, b, The effect of DOG and GF109203X on orexin-A (1 nM) response. b, Bar graph
presentation of average 
 SEM responses from three to four experiments. The �[Ca 2�]i

denotes changes from basal level or from the DOG response level when DOG was included. c, TPA
at 100 nM was used to test the effect of PKC activation on the sustained response to 1 nM orexin-A
(average 
 SD of 15 cells). d, Statistical analysis was performed on data from three
experiments.
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cells responded with an increase in [Ca 2�]i. At low agonist con-
centrations, a measurable Ca 2� release from intracellular stores
was essentially absent. This is in agreement with previous studies
(van den Pol et al., 1998; van den Pol, 1999; Lund et al., 2000;
Uramura et al., 2001; Holmqvist et al., 2002; Willie et al., 2003;
Kohlmeier et al., 2004) and indicates Ca 2� entry as a primary
OX1R response. In neuronal cells, a Ca 2� elevation in response to
G-protein-coupled receptors could be the consequence of several
different mechanisms, including activation of VGCC, reversal of
electrogenic Na�/Ca 2� exchange, or phospholipase C-linked
Ca 2� store discharge with a consequent activation of store-
operated channels. We excluded the involvement of N-type
VGCC by the lack of an effect of �CTx on the OX1R response. An
effect on the residual non-N-type VGCC seems unlikely because
orexin-A still activated Ca 2� entry during depolarization in the
presence of �CTx. Conversely, elevated [Mg 2�], which strongly
blocked the response to orexin-A, did not affect the response to
elevated [K�]. OX1R-activated Ca 2� entry was also apparent in

the presence of 10 �M KB-R7943, a concentration at which this
compound should selectively block the reverse mode of Na�/
Ca 2� exchange (Iwamoto et al., 1996). Ca 2� entry has been
shown previously to be separated from release-induced Ca 2�

entry at low agonist concentrations in CHO cells (Lund et al.,
2000; Larsson et al., 2005). High Mg 2� concentrations or dextro-
methorphan inhibited the OX1R-mediated Ca 2� entry in
IMR-32 cells, whereas there was no or only a weak effect on
thapsigargin-stimulated Ca 2� entry. This indicates that Ca 2� is
entering through separate entities in the two cases.

The TRP channel family, in particular the TRPC channels,
represents the most likely candidate as entities for Ca 2� entry
activated by G-protein-coupled receptors (for review, see Minke
and Cook, 2002; Clapham, 2003). In differentiated IMR-32 cells,
we found transcripts of all members of the TRPC subfamily. An
involvement of TRPC channels in the OX1R response was indi-
cated by the reduced Mg 2�-sensitive Ca 2� entry at low orexin-A
concentrations on expression of the C6DN construct. In the same
cells, the Mg 2�-insensitive [Ca 2�]i elevation (mainly Ca 2� re-
lease from stores) as well as [Ca 2�]i elevation by muscarinic re-
ceptor stimulation were essentially unaffected. Several other fea-
tures of the Ca 2� response to orexin-A observed in this study
suggest an involvement of TRP channels. The sensitivity to block
by high [Mg 2�] has been demonstrated for several TRPC chan-
nels (Schaefer et al., 2000; Larsson et al., 2005). Dextromethor-
phan, an NMDA receptor channel blocker, which also blocks a
variety of other Ca 2�-permeable channels (Shariatmadari et al.,
2001), including overexpressed TRPC3 channels (Larsson et al.,
2005), also blocked the response to orexin-A in IMR-32 cells.
DAG is a known activator of the TRPC3, TRPC6, and TRPC7
channel subunits (Hofmann et al., 1999; Tesfai et al., 2001; Jung
et al., 2002). Functional evidence for the presence of these chan-
nels in differentiated IMR-32 cells comes from the DOG-induced
[Ca 2�]i elevation, which was nearly abolished in C6DN-
expressing cells. The DOG-induced [Ca 2�]i elevation was also
sensitive to high [Mg 2�] and to dextromethorphan in a manner
similar to the response to low concentrations of orexin-A. The
TRPC channels have been suggested to form both homotet-
rameric and heterotetrameric channel complexes, and the het-
eromeric complexes would be confined within certain subfami-
lies, such as TRPC3/6/7 (Hofmann et al., 2002). In agreement
with this, the C6DN has been demonstrated to inhibit ion fluxes
through both TRPC6 and TRPC3 channels (Hofmann et al.,
2002). It thus appears likely that the TRPC3/6/7 subfamily makes
up channel complexes engaged in the OX1R-mediated Ca 2� in-
flux in IMR-32 cells.

If the DAG-activated channels were the target for the OX1R,
one would expect DAG to modify the response to orexin-A.
DAGs are, in addition to their ability to activate TRP channels,
endogenous activators of PKC. TRP channels, in particular
TRPC3, TRPC5, TRPC6, and TRPC7, are inhibited by activation
of PKC (Trebak et al., 2003, 2005; Venkatachalam et al., 2003).
This is considered to represent a feedback mechanism to fine tune
the magnitude of the Ca 2� elevation and to prevent Ca 2� over-
load (Trebak et al., 2003). The reduced responsiveness to
orexin-A in the presence of DOG and the enhanced response of
DOG in the presence of the PKC inhibitor GF109203X are in
agreement with this. A similar enhancement of DAG-stimulated
TRPC3 channels with GF109203X has been demonstrated previ-
ously (Venkatachalam et al., 2003). In addition, TPA, an activator
of PKC, which does not activate TRPC3/6/7 nor by itself increase
[Ca 2�]i in IMR-32 cells, inhibited the response to 1 nM orexin-A,
and this inhibition was partially reversed by GF109203X. Surpris-

Figure 8. Effect of dominant-negative TRPC6 channel subunit expression. Experimental
conditions were as in Figure 1 except that 10 �M GF109203X was included in HBM in all exper-
iments. a, b, Representative traces of the effect of 60 �M DOG and 10 mM Mg 2� in control cells
(a, average 
 SD of 24 cells) and cells transduced with C6DN (b, average 
 SD of 14 cells). e,
Compiled data from three experiments. c, d, Representative traces of cells challenged with
orexin-A (Ox-A) and oxotremorine M (Oxo-M) in batches transduced with the OX1R (c, aver-
age 
 SD of 21 cells) or with the OX1R and C6DN (d, average 
 SD of 14 cells). f, Bar graph
presentation of data from 10 –12 experiments. Data for 1 nM orexin-A (Ox-A 1) was collected
from peak responses after removal of high [Mg 2�]. Data for 10 nM orexin-A was collected from
both peak response in the presence of high [Mg 2�] (Ox-A 10 peak) and steady-state responses
after removal of high [Mg 2�] (Ox-A 10 ss). Peak responses were collected for 30 �M Oxo-M.
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ingly, the magnitude of the response to orexin-A in the presence
of DOG and GF109203X was actually larger than that seen under
control conditions, indicating that DOG potentiates the receptor
response. This suggests that DAG is not necessarily the sole signal
for channel activation but may rather function as a coactivator in
addition to other more specific receptor-generated signals.

How does our finding relate to other studies performed on
neurons? A [Ca 2�]i elevation in response to orexins has been
described in several instances (van den Pol et al., 1998; van den
Pol, 1999; Uramura et al., 2001; Kohlmeier et al., 2004; Muroya et
al., 2004). One of the first reports on orexin action, which was
performed on hypothalamic neurons, described an activated
Ca 2� entry with no measurable membrane current (van den Pol
et al., 1998). A difference between the Ca 2� entry in hypotha-
lamic neurons and the Ca 2� entry evoked in IMR-32 cells is the
apparent opposite regulation by PKC. van den Pol et al. (1998)
found that the same inhibitor of PKC that we used totally blocked
the [Ca 2�]i increase. In several other studies, PKC has been sug-
gested to be a crucial intermediate effector in orexin action, often
with downstream effects linked to specific ion channels (Ura-
mura et al., 2001; Xu et al., 2002; Kohlmeier et al., 2004) or less
well defined ion conductances (Yang et al., 2003). PKC has long
been known to modulate VGCCs (Yang and Tsien, 1993) and K�

conductances (Henry et al., 1996). In our current study, the phar-
macological tools used to probe for PKC action all appeared to
indicate a blocking role for PKC on the OX1R-mediated Ca 2�

entry. The PKC- and Mg 2�-sensitive Ca 2� entry shown here and
previously in nonexcitable cells precedes other actions of orexin
from a dose–response point of view and is thus expected to be a
primary response (Kukkonen et al., 2002). It is possible that this
signaling pathway is activated in parallel with VGCCs in native
neurons as well but may be masked because of its sensitivity to
PKC activity.

At orexin-A concentrations �3 nM, there was a clear release of
Ca 2� from internal stores in IMR-32 cells. This is frequently
observed in heterologous expression systems with both OX1R
and OX2R (Smart et al., 1999; Holmqvist et al., 2002; Ammoun et
al., 2003) and is likely to be a consequence of activation of phos-
pholipase C (PLC) and the generation of IP3. Some studies on
native receptors in neurons have demonstrated sensitivity to in-
hibitors of phosphatidylinositol-specific PLC (Zhu et al., 2003;
Muroya et al., 2004), suggesting that some store release may take
place. Conversely, a Ca 2� release from intracellular stores has not
been demonstrated in native neurons although explicitly tested
for (van den Pol et al., 1998; Kohlmeier et al., 2004). It is possible
that the OXRs are highly compartmentalized in native neurons
and therefore the Ca 2� release may occur only in localized sparks,
as would be the case also with the release-independent Ca 2�

entry.
In conclusion, the primary response of the OX1R at low con-

centrations of orexin-A in differentiated IMR-32 cells is depen-
dent on the activation of a Ca 2�-permeable channel with many
properties such as those described for defined TRPC channel
subtypes, including block by Mg 2�, potentiation by DAG, and
regulation by PKC. Higher agonist concentrations additionally
activate Ca 2� store release with a subsequent pharmacologically
different store-operated Ca 2� entry.
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