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BACKGROUND AND PURPOSE
Orexin receptors potently signal to lipid messenger systems, and our previous studies have suggested that PLD would be one
of these. We thus wanted to verify this by direct measurements and clarify the molecular mechanism of the coupling.

EXPERIMENTAL APPROACH
Orexin receptor-mediated PLD activation was investigated in CHO cells stably expressing human OX; orexin receptors using
['“C]-oleic acid-prelabelling and the transphosphatidylation assay.

KEY RESULTS

Orexin stimulation strongly increased PLD activity — even more so than the phorbol ester TPA (12-O-tetradecanoyl-phorbol-
13-acetate), a highly potent activator of PLD. Both orexin and TPA responses were mediated by PLD1. Orexin-A and -B
showed approximately 10-fold difference in potency, and the concentration-response curves were biphasic. Using
pharmacological inhibitors and activators, both orexin and TPA were shown to signal to PLD1 via the novel PKC isoform,
PKCS. In contrast, pharmacological or molecular biological inhibitors of Rho family proteins RhoA/B/C, cdc42 and Rac did not
inhibit the orexin (or the TPA) response, nor did the molecular biological inhibitors of PKD. In addition, neither cAMP
elevation, Goi, nor GBy seemed to play an important role in the orexin response.

CONCLUSIONS AND IMPLICATIONS

Stimulation of OX; receptors potently activates PLD (probably PLD1) in CHO cells and this is mediated by PKCS but not other
PKC isoforms, PKDs or Rho family G-proteins. At present, the physiological significance of orexin-induced PLD activation is
unknown, but this is not the first time we have identified PKCS in orexin signalling, and thus some specific signalling cascade
may exist between orexin receptors and PKC3.

Abbreviations

BARK1, B-adrenoceptor kinase 1; c- and nPKC, conventional and novel PKC, respectively; GF109203X
(bisindolylmaleimide I, G66850), 2-(1-[3-dimethylaminopropyl]-1H-indol-3-yl)-3-(1H-indol-3-yl)-maleimide; GGTI-2133,
N-([4-(imidazol-4-yl)methylamino]-2-[1-naphthyl]benzoyl)leucine trifluoroacetate salt; G66976, 5,6,7,13-tetrahydro-
13-methyl-5-0x0-12H-indolo(2,3-a)pyrrolo(3,4-c)carbazole-12-propanenitrile; HBM, HEPES-buffered medium; KAC1-1, a
peptide cPKC activator; KIC1-1, a peptide cPKC inhibitor; KAD1-1, a peptide PKC$ activator; KAE1-1, a peptide PKCe
activator, KIE1-1, a peptide PKCe inhibitor; MAFP, methyl arachidonyl fluorophosphonate; PA, phosphatidic acid; pECso,
-1ogECso; PIP,, phosphatidylinositol-4,5-bisphosphate; PIPSK, type I phosphatidylinositol-4-phosphate 5-kinase; PLD1i,
PLD1 inhibitor (N-[2-[4-(5-chloro-2,3-dihydro-2-oxo-1H-benzimidazol-1-yl)-1-piperidinyl]-1-methylethyl]-2-
naphthalenecarboxamide), PLD2i, PLD2 inhibitor (N-[2-(4-ox0-1-phenyl-1,3,8-triazaspiro[4,5]dec-8-yl)ethyl]-2-
naphthalenecarboxamide); PtdBut, phosphatidylbutanol; probenecid, p-(dipropylsulphamoyl) benzoic acid; PTx, Pertussis
toxin; RACK, receptor for activated C-kinase; rottlerin, 3’-([8-cinnamoyl-5,7-dihydroxy-2,2-dimethyl-2H-1-benzopyran-6-
yllmethyl)-2’,4’,6’-trihydroxy-5’-methylacetophenone]; SB-334867, 1-(2-methylbenzoxazol-6-yl)-3-(1,5)naphthyridin-4-
yl-urea HCl; TPA, 12-O-tetradecanoyl-phorbol-13-acetate; U-73122, 1-(6-[([17b]-3-methoxyestra-1,3,5[10]-trien-17-
yl)amino]hexyl)-1H-pyrrole-2,5-dione
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Introduction

Orexin receptors OX; and OX, (nomenclature follows the BJP
Guide to Receptors and Channels, Alexander et al., 2011) are
typical class A GPCRs. Their native ligands orexin-A and -B
are neuropeptides that were classically proposed to control
appetite and sleep/wakefulness, but have since also been
found to influence many other aspects of neurophysiology
such as hormone release, stress and drug-seeking behaviour
(Boutrel et al., 2005; Harris et al., 2005; reviewed in Kukkonen
et al., 2002). Orexins were first discovered in the hypothala-
mus but were subsequently observed outside the CNS, includ-
ing the gastrointestinal tract, kidney, lung and heart
(reviewed in Kukkonen et al., 2002; Heinonen et al., 2008).
However, their physiological action outside the CNS is not
well understood yet.

Orexin receptors appear promiscuous in their signalling.
Orexins often depolarize CNS neurons via inhibition of K*
channels or activation of some non-selective cation chan-
nels (reviewed in Kukkonen and Akerman, 2005). Activation
of similar receptor-operated channels has been investigated
extensively in cultured cells but neither the channels nor
the activating signals have thus far been unequivocally
identified (Lund et al., 2000; Larsson et al.,, 2003; Ndsman
etal.,, 2006; Peltonen etal.,, 2009; Turunen etal., 2010;
reviewed in Kukkonen and Akerman, 2005). Ca?* influx,
both in primary cells and in cell lines, is potently activated
by orexin receptors, probably through these channels (Lund
et al.,, 2000; Nasman et al., 2006; Ekholm et al., 2007; Pel-
tonen et al., 2009; reviewed in Kukkonen and Akerman,
2005). Ca*" elevation is also induced by PLC-triggered Ca*"
release (Lund et al., 2000; Holmqvist et al., 2002; Karteris
et al., 2005; Johansson etal., 2008). In addition, orexins
very potently activate arachidonic acid release via PLA, or
other (phospho)lipases (Turunen et al., 2010). Indirect evi-
dence has also implicated PLD as a target for orexin signal-
ling (Johansson et al., 2008). Other, probably less potent
responses include positive or negative regulation of AC and
ERK and p38 MAPK pathways and cell death (Malendowicz
etal.,, 1999; Hilairet etal., 2003; Rouet-Benzineb etal.,
2004; Holmgqvist et al., 2005; Karteris et al., 2005; Spinazzi
etal.,, 2005; Ammoun etal.,, 2006a,b; Voisin et al., 2008;
Ramanjaneya et al., 2009).

PLD hydrolyzes phosphatidylcholine (PC) to generate
choline and the intracellular messenger phosphatidic
acid (PA). PA activates type [ phosphatidylinositol-4-
phosphate S5-kinases (PIPSK), which are primarily needed
for PIP, (phosphatidylinositol-4,5-bisphosphate) production
(reviewed in van den Bout and Divecha, 2009). PIP, is
required for membrane binding of PLD as well as for PLD
activity, and thus PA-stimulated PIP, production may con-
stitute a feed-forward loop for PLD activation. Many other
proteins possess PA-binding domains, including the kinases
mTOR and Raf-1 (reviewed in Jenkins and Frohman, 200S5;
Wang et al., 2006). PA can be converted to another second
messenger, DAG, in a single step by the PA phosphohydro-
lase activity displayed by lipin isoforms and lipid phosphate
phosphatases (Huang et al., 2011; reviewed in Brindley and
Pilquil, 2009; Khalil etal., 2010). DAG activates, among
other proteins, classical and novel PKC isoforms (c- and
nPKC, respectively), PKD isoforms, RasGRPs, munc13, chi-

1110 British Journal of Pharmacology (2012) 165 1109-1123

maerins and TRPC channels (reviewed in Carrasco and
Merida, 2007; Venkatachalam and Montell, 2007). An alter-
native pathway from PA leads to an extracellular messenger
(GPCR ligand), lysophosphatidic acid, catalysed by PA-PLA,
or -PLA, activity.

There are two classical mammalian isoforms of PLD, PLD1
and PLD2, which exhibit differences in subcellular localiza-
tion and regulation (see, e.g. Hammond et al., 1995; Colley
etal., 1997). PLD1 is activated by PKC (both by phosphory-
lation and by direct interaction) (Hammond et al., 1997; Sung
etal., 1999; Zhang et al., 1999; reviewed in Exton, 1998). In
addition, the members of the monomeric G-protein families
of Rho (Rho, Rac, cdc42) and Arf (Arfl-6) are thought to be
the major stimulants of PLD1 (Hammond etfal., 1997;
reviewed in Jenkins and Frohman, 2005); some studies also
implicate the Ras family protein RalA (see, e.g. Jiang et al.,
1995). Regulation of PLD2 is less clear, but may involve some
of the same stimuli as PLD1 (reviewed in Jenkins and
Frohman, 2005). The known regulation of PLD includes
many possible ways of signalling from GPCRs, most obvi-
ously via PKC and guanine nucleotide exchange factors for
Rho family G-proteins (reviewed in Oude Weernink et al.,
2007; Aittaleb et al., 2010).

We have previously reported indirect potential evidence
for the involvement of PLD in orexin signalling by measuring
orexin receptor-stimulated production of DAG (Johansson
et al., 2008). DAG may be one of the major signal substances
produced in orexin receptor signalling, with possible action
on, for example, the receptor-operated channels (reviewed in
Kukkonen and Akerman, 2005). We therefore sought, in this
study, to directly examine PLD activation and determine the
underlying mechanisms. We report that orexin receptors
potently activate PLD with an absolute dependence on nPKC,
probably PKCS. In contrast, no evidence was obtained for the
involvement of the Rho family G-proteins or PKD.

Methods

Test system used

CHO-hOX; cells, expressing human OX,; receptors (Lund
et al., 2000), were cultured in Ham’s F12 medium (Gibco,
Paisley, UK) supplemented with 100 U-mL™ penicillin G
(Sigma Chemical Co., St Louis, MO, USA), 80 U-mL! strepto-
mycin (Sigma), 400 ug-mL™" geneticin (G418; Gibco) and 10%
(v/v) fetal calf serum (Gibco) at 37°C in 5% CO; in an air-
ventilated humidified incubator on plastic culture dishes
(56 cm? bottom area; Greiner Bio-One GmbH, Frickenhausen,
Germany). For the PLD experiments, the cells were cultured
on six-well plates (9.6 cm? well bottom area; Greiner) and for
the PLC and cAMP assays, on 24-well plates (Greiner). CHO
cells were chosen for the studies due to previously performed
systematic characterization of OX; receptor signal transduc-
tion in these cells (see Introduction) and the easy manipula-
tion of these cells.

Plasmids and transfection

CHO-hOX; cells were transiently transfected to introduce
inhibitors of the Rho family members Rho, Rac and cdc42
and PKD. The Rho family inhibitor plasmids used were:



pCMV-Myc J3 RhoA(T19N) (dominant-negative RhoA;
inhibits RhoA, -B and -C), pEGFP-C1 Rhotekin-RBD (Rho-
binding domain of Rhotekin; inhibits RhoA, -B and -C),
pEF-C3 (Clostridium botulinum C3-exoenzyme; inactivates
RhoA, -B and -C), pCMV-Myc J3 Racl(T17N) (dominant-
negative Racl; inhibits Racl, -2 and -3), pEGFP-C1 POSH
RBD (Rac-binding domain of POSH; inhibits Racl, -2 and
-3), pPCMV-Myc J3 Cdc42(T17N) (dominant-negative cdc42;
inhibits cdc42) and pEGFP-C1 Pakl PBD (p21-binding
domain of Pakl; inhibits Racl, -2 and -3 and cdc42). All
dominant-negative Rho, Rac and cdc42 plasmids, pEGFP-C1
POSH RBD and pEGFP-C1 Rhotekin-RBD were from Dr
Krister Wennerberg [Institute for Molecular Medicine
Finland (FIMM), Helsinki, Finland], pEF-C3 from Alan Hall
(Memorial Sloan-Kettering Cancer Center, New York, NY,
USA) and pEGFP-C1 Pakl PBD from Jonathan Chernoff (Fox
Chase Cancer Center, Philadelphia, PA, USA). PKD was
inhibited in the same manner by dominant-negative (ATP-
site. mutant) plasmids pEGFP-PKD1-KD (K618N), pEGFP-
PKD2-KD (K580A) and pEGFP-PKD3-K605A, of which the
two first were from Dr Vivek Malhotra (Center for Genomic
Regulation, Barcelona, Spain) and the last one from Dr
Osvaldo Rey (University of California at Los Angeles, USA)
(Liljedahl et al., 2001; Yeaman et al., 2004; Rey et al., 2006).
The free G-protein Gpy-subunits were sequestered using
expression of pcDNA Ggu-0o (o-subunit of rod transducin;
referred here as Go,) or pcDNAIII T8-BARK [a fusion of the
extracellular and transmembrane part of CD8 and the
C-terminus of the human BARK1 (B-adrenoceptor kinase 1)]
(Crespo etal.,, 1995), which were from Guthrie cDNA
Resource Center (currently Missouri S&T cDNA Resource
Center; http://www.cdna.org) and Dr ]. Silvio Gutkind
(National Institutes of Health, Bethesda, MD USA), respec-
tively. pcDNA Gf; and pcDNA Gy, were from Guthrie cDNA
Resource Center.

CHO cells on six-well plates were grown to 40-50% con-
fluence and transfected in Ham’s F12 with 100 pL of OPTI-
MEM (Gibco), FuGeneHD (Roche, Mannheim, Germany) and
DNA mixture [with 0.208 ug-cm?> DNA and 0.52 pL-cm?
FuGeneHD (optimized conditions)]. pEGFP-C1 (Clontech,
Palo Alto, CA, USA; 10% of the total DNA) was used as a
marker to follow transfection efficacy if the construct itself
did not contain GFP. Transfection efficacy was calculated to
be approximately 60-80%. Control cells were mock-
transfected with empty plasmids. Transfection time was 24 or
48 h; 24 h transfection was used to avoid the apparent detri-
mental effect of some constructs on cell viability.

PLD assay

Phosphatidic acid can be produced not only by PLD but
also by phosphorylation of DAG by DAG kinase or through
acylation of lysophosphatidic acid (reviewed in Wang et al.,
2006). To address this issue, we utilized the transphosphati-
dylation assay, which measures only PLD activity (reviewed
in Morris etal., 1997). PLDs normally utilize water in the
hydrolysis reaction; however, primary alcohols, when
present, are preferred substrates, by 1000-fold. In this reac-
tion, a phosphatidylalcohol [here phosphatidylbutanol
(PtdBut)], instead of PA, is produced. The phosphatidylalco-
hol generated is a dead-end product and can therefore be
measured in a cumulative manner (reviewed in Morris et al.,

OX; activates PLD

1997). For this assay, the cells were labelled with [**C]-oleic
acid ([1-*C]-oleic acid) in cell culture medium (Ham’s F12)
16 h before the experiments. ["“C]-oleic acid loading
medium was removed from the cells and normal Ham's F12
added 1 h before the experiment. When inhibitors of sig-
nalling were used, the cells were pre-incubated in Ham's
F12 containing the inhibitor for an additional 30 min
before being stimulated. In the case of GGTI-2133 (a gera-
nylgeranyl transferase I inhibitor), the cells were incubated
with the inhibitor (together with the [“C]-oleic acid) for
16 h before the experiment (to reduce the mature activat-
able pool of the geranylgeranylated G-proteins). The cells
were activated by removing the medium from the cells and
replacing it with activation solution (Ham’s F12 medium
containing 0.3% 1-butanol), and the inhibitors (in experi-
ments where they were used) and stimulators [orexin,
TPA (12-O-tetradecanoyl-phorbol-13-acetate), KAC1-1 (cPKC
peptide activator), KAD1-1 (PKC3 peptide activator), KAE1-1
(PKCe peptide activator), thapsigargin or ionomycin or
vehicle only]. In the experiments shown in Figure 104,
HBM (HEPES-buffered medium; 137 mM NaCl, 5 mM KClI,
1mM CaCl,, 1.2mM MgCl,, 0.44 mM KH,PO4;, 4.2 mM
NaHCO;, 10 mM glucose and 20 mM HEPES adjusted to
pH 7.4 with NaOH) was used instead, as this allows easier
control of the Ca®* concentrations. 3 uM Ca*" indicates
nominally Ca*-free HBM (no CaCl, added, free Ca* con-
centration 2.5-3.3 uM) whereas =140 nM Ca*" was achieved
by adding 1.5 mM EGTA to the regular HBM (Johansson
et al., 2007; Turunen et al., 2010). After a 30 min incuba-
tion, the activation solution was removed and rapidly
replaced with 300 pL of ice-cold methanol, and the plates
placed on ice. The cells were scraped off and collected in
Eppendorf tubes, and each dish washed with another 300
uL of methanol, which was pooled together with the first
sample.

Lipid extraction and TLC

Chloroform (500 uL) was added to the Eppendorf tubes. The
tubes were vortex-mixed and incubated at room temperature
for 15 min. Then 400 uL. of water was added, tubes were
vortex-mixed again and centrifuged (S min at 13 500x g). The
upper phase was removed and the lower phase containing
lipids dried under a stream of nitrogen. Lipids were then
dissolved in chloroform : methanol (19:1) and 5 ug of ‘cold’
standard PtdBut (in chloroform) was added to each sample.
The samples were applied to TLC plates (Silicagel 60, Merck,
Darmstadt, Germany), which had been pretreated with 1%
K*-oxalate in [2:3 (v/v) methanol : water| and dried at 110°C
for 1 h. Plates were developed in the organic phase of ethy-
lacetate : isooctane : acetic acid : water (11:5:2:10) in an
unlined chromatography tank.

Lipid quantification

TLC plates were quantified by two methods, ‘direct reading’
of the radioactivity from the imaging plate exposed with the
TLC plate, and conventional scraping of the TLC plate and
scintillation counting. Both methods gave similar results.
Briefly, after the development, the plates were vacuum-dried
and placed overnight with an imaging plate (BAS-MS, Fujif-
ilm, Tokyo, Japan). The imaging plate was scanned with FLA
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5100 scanner (Fujifilm) and the band areas and intensities
were measured with Nikon NIS-Elements AR. The background
was subtracted from the intensity; PtdBut level = (intensitysana
— intensitypackgouna) X areapana. The plates were then placed in
an iodine vapour tank to visualize the lipid bands. The bands
were humidified with water, the PtdBut bands scraped into
scintillation vials, and the radioactivity extracted with scin-
tillation cocktail (HiSafe 3, Wallac-PerkinElmer, Turku,
Finland) and determined with a Wallac 1414 liquid scintilla-
tion counter.

PLC assays

Total inositol phosphate release was measured essentially as
described by Johansson et al. (2008). Briefly, membrane phos-
phoinositides were prelabelled with 3 uCi-mL™" [*H]-inositol
([*H]-myo-inositol) for 20 h, after which the cells were washed
and incubated at 37°C containing 10 mM LiCl (to inhibit
inositol monophosphatase) for 10 min. The cells were then
stimulated with orexin-A for 20-30 min. The reactions were
stopped by rapid removal of the medium, addition of 200 puL
of 0.4M ice-cold perchloric acid and freezing. Thawed
samples were neutralized with 100 uL of 0.36 M KOH + 0.3 M
KHCO;, the insoluble fragments spun down (10 min,
1100x g, +4°C), and the total inositol phosphate fraction iso-
lated by anion-exchange chromatography. The radioactivity
of the inositol phosphate fraction was determined by scintil-
lation counting as above.

AC assay

Cellular ATP was prelabelled with 5 uCi-mL™ [*H]-adenine for
2 h in culture medium, after which the cells were washed
with PBS and incubated at 37°C in culture medium contain-
ing 500 uM IBMX (a cyclic nucleotide PDE inhibitor) for
10 min. The cells were then stimulated for 30 min at 37°C -
that is, the same time as in the PLD assay — after which the
reactions were stopped by rapid removal of the medium,
addition of 300 pL of 0.33 M perchloric acid and freezing.
The insoluble fragments of the thawed samples were spun
down (10 min, 1100x g, room temperature) and the [*H]-ATP
+ [*H]-ADP and [*H]-cAMP fractions of the cell extracts iso-
lated by sequential Dowex/alumina chromatography (see,
e.g. Holmgqvist ef al.,, 2005). Radioactivity was determined
using scintillation counting; the conversion of [*H]-ATP to
[*'H]-cAMP was calculated as a percentage of the total eluted
[*H]-ATP + [*H]-ADP.

Data analysis and statistical procedures

All the data are presented as mean * SE; n refers to the
number of batches of cells. Each experiment was performed
in duplicate (PtdBut generation), triplicate (CAMP genera-
tion) or quadruplicate (inositol phosphate release) at least
three times. All the data presented are summarized from at
least three batches of cells unless specifically indicated to be
representative data from a single experiment. Student’s two-
tailed t-test with Bonferroni correction for multiple correc-
tions was used in all pairwise comparisons. Significances are
as follows: ns (not significant), P > 0.05; *P < 0.05; **P <
0.01; ***P < 0.001. Microsoft Excel was used for the nonlin-
ear curve-fitting. The equations used were
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[agonist]" X T@SPONSCmax

response =
p [agonist]” + ECsy" (eq. 1)
and
responise = [agonist] >< T€SPONSE max.-1
[agonist]+ ECso4
. (eq. 2)
[agonist] x responsemay.»
[agonist]+ ECso.»

Fits obtained with these models were compared using the
F-test individually for each batch of cells. The effects of
inhibitors on the OX; receptor or TPA-induced PLD activity
were calculated from the formula: PtdBut generation [as % of
the ctrl (non-inhibited)] = (stimulantimnpitor — basalinnibitor)/
(stimulanty, — basalg) x 100% (Turunen etal., 2010).
However, the basal values were often essentially 0. In this
manner, the untreated stimulant controls (basal, 1 nM
orexin-A, 100 nM orexin-A, 1 uM TPA, 200 nM KAE-1) were
set to 100% and complete inhibition to 0%.

Drugs and chemical reagents

Human orexin-A and -B were from NeoMPS (Strasbourg,
France), MAFP (methyl arachidonyl fluorophosphonate),
PLD1i (PLD1 inhibitor; CAY10593; compound 69
of (Scott etal, 2009); N-[2-[4-(5-chloro-2,3-dihydro-
2-ox0-1H-benzimidazol-1-yl)-1-piperidinyl]-1-methylethyl]-

2-naphthalenecarboxamide) and PLD2i (PLD2 inhibitor;
CAY 10594; compound 72 of (Scott etal, 2009);
N-[2-(4-ox0-1-phenyl-1,3,8-triazaspiro[4,5]dec-8-yl)ethyl]-2-
naphthalenecarboxamide) were from Cayman Europe
(Tallinn,  Estonia) and rottlerin  (3’-[(8-cinnamoyl-
5,7-dihydroxy-2,2-dimethyl-2H-1-benzopyran-6-yl)methyl]-
2’,4’,6’-trihydroxy-5’-methylacetophenone), SB-334867
(1-[2-methylbenzoxazol-6-yl]-3-[1,5]naphthyridin-4-yl-urea

HCI), thapsigargin and U-73122 (1-(6-[([17b]-3-
methoxyestra-1,3,5[10]-trien-17-yl)amino]hexyl)-1H-pyrrole-
2,5-dione) from Tocris Cookson Ltd (Avonmouth, UK).
Ionomycin, GF109203X (=bisindolylmaleimide I = G66850
= 2-[1-(3-dimethylaminopropyl)-1H-indol-3-yl]-3-(1H-indol-
3-yl)-maleimide) and Go66976 (5,6,7,13-tetrahydro-13-
methyl-5-oxo0-12H-indolo[2,3-a]pyrrolo[3,4-c]carbazole-12-

propanenitrile) were from Calbiochem (La Jolla, CA, USA)
and GGTI-2133 (N-[[4-(imidazol-4-yl)methylamino]-2-(1-
naphthyl)benzoyl]leucine trifluoroacetate salt), forskolin,
IBMX, Pertussis toxin (PTx), TPA and EGTA from Sigma-
Aldrich (St. Louis, MO, USA). Cell-permeant PKC peptide
inhibitors and activators KAC1-1 (cPKC activator), KIC1-1
(cPKC inhibitor), KAD1-1 (PKC$ activator), KAE1-1 (PKCe
activator), KIE1-1 (PKCe inhibitor) were from KAI Pharma-
ceuticals (South San Francisco, CA, USA). PtdBut was from
BIOMOL (Enzo Life Sciences, Plymouth Meeting, PA, USA),
["*C]-oleic acid and [*H]-myo-inositol (PT6-271) from Perki-
nElmer (Boston, MA, USA) and [*H]-adenine from Amer-
sham Biosciences (Buckinghamshire, UK).

Results

OX; stimulation potently and efficaciously
activates PLD1

In resting cells, very little PtdBut was detected when
viewing the imaging plates; thus, the basal PLD activity was



very low (Figure 1A). However, when the cells were stimu-
lated with orexin-A (Figure 1A,B) or TPA (as shown in
Figure 4C) a robust PtdBut production was observed. A weak
production of PtdBut was sometimes detected even with
0.01 nM orexin-A. Orexin-A was approximately 10-fold
more potent than orexin-B, as would be expected for
the OX; receptor (Figure 1B; see Discussion). The
concentration-response curves in each experiment with
both orexin-A and -B were very shallow, and could therefore
be fitted with a single-site equations only with a slope factor
(Hill coefficient) <1 [Methods, eq. (1)] or with a two-site
equation without slope factor [Methods, eq. (2)]. For
orexin-A, in all four experiments performed, the two-site fit
was significantly better than the single-site fit with slope
factor (P < 0.05 or P < 0.01; F-test). For orexin-B, in three
of six experiments, the two-site fit was significantly better
than the single-site fit with slope factor (P < 0.01 or P <
0.001; F-test) and in three resting ones it was not. With this
result, we considered the two-site fit to be generally
favoured. The averaged analysis data are presented in
Table 1. Figure 1B presents data from a single representative
experiment in order to demonstrate that the biphasic shape
of the curve is not an artefact resulting from averaging
of data from different experiments. In contrast, the
concentration-response curves for PLC activation with
orexin-A or orexin-B were not biphasic, although sometimes
slightly shallow (Figure 1C).

Due to the apparent presence of two components in the
orexin-A response, we decided to further study the molecular
mechanism of the orexin-A response utilizing 1 and 100 nM
orexin-A. The OX;-selective antagonist SB-334867
concentration-dependently inhibited the response (not
shown) and full inhibition of the response to both 1 and
100 nM orexin-A was obtained with 10 uM SB-334867
(Figure 2). This confirmed that the response was mediated by
the OX; receptors.

We next tested whether the response was mediated by
PLD1 or PLD2 using pharmacological inhibitors of each
isoform (here referred as PLD1i and PLD2i, respectively).
Neither inhibitor shows absolute selectivity for either
isoform, but PLD1i has been suggested to exhibit higher
selectivity (20- to 160-fold for PLD1 over PLD2) as compared
with PLD2i (10- to 40-fold for PLD2 over PLD1) (Scott et al.,
2009). PLD2i is less potent than PLD1i (Scott et al., 2009), and
was therefore applied at 3.3-fold higher concentrations to
compensate for this. Still, PLD1i was much more potent as an
inhibitor for both orexin and TPA responses (Figure 3), sug-
gesting that PLD1 is the sole isoform mediating orexin- and
TPA-induced PtdBut generation. PLD2i modestly inhibited
the orexin response at 1 uM, but this was probably a result of
its partial inhibition of PLD1 at this concentration (Scott
et al., 2009).

PLD1 activation by OX; and TPA is

mediated by PKC

GF109203X potently inhibits both the conventional PKCs
(cPKC; PKCao, -BI, -BII, -y) and novel PKCs (nPKC; PKCs, -¢, -,
-0) whereas G66976 should only inhibit the cPKC subfamily
(Martiny-Baron et al., 1993; Zang et al., 1994). GF109203X
and G66976 were used to determine which subtypes might be
involved in the activating signal from OX; to PLD
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Orexins strongly stimulate PLD and PLC activation. (A) PtdBut gen-
eration as viewed on the radioactivity image of a TLC plate read from
the imaging plate. The results are from a representative experiment.
(B) Concentration-response curves of PLD activation for orexin-A and
-B. The parameters for the two-site fit (eq. 2): orexin-A: pECso.; =10.3
(24%), pECsor = 7.7 = 0.2 (76%); orexin-B: pECso.q = 9.0 (25%),
PECso., = 6.8 (75%). Data from a single representative experiment
are presented in order to demonstrate that the biphasic shape of the
curve is not an artefact resulting from averaging of data from differ-
ent experiments. (C) Concentration-response curves of PLC activa-
tion for orexin-A and -B (n = 4). The parameters for the single-site fit
with slope factor (eq. 1): orexin-A: pECso = 8.7, ny = 0.69; orexin-B:
pECSO = 72, Ny = 1.0.
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Table 1

Results from the analysis of the concentration-response data for orexin-A and orexin-B

2-site
PECso. Fraction (%) Fraction (%)
Orexin-A 7.65 £ 0.25 0.62 = 0.15 10.5 = 0.1 21 £ 6 7.2 +0.2 79 = 6
Orexin-B 6.65 = 0.21 0.81 = 0.17 9.2 +0.2 18 = 6 6.3 £0.2 82 + 6
n is 4 for orexin-A and 6 for orexin-B.
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Figure 2 Figure 3

The OX; orexin receptor antagonist SB-334867 effectively blocks the
orexin-A-induced PLD activity. The comparisons are to the corre-
sponding controls (same stimuli in the absence of the inhibitor).
**P < 0.01; ***P < 0.001.

(Figure 4A). GF109203X inhibited both orexin- and TPA-
induced PLD activity very potently: 1 uM resulted in more
than half-maximal inhibition and 10 uM produced essen-
tially complete inhibition (Figure 4A). In contrast, G66976
was weaker, with some inhibition seen only at 10 uM
(Figure 4A).

G06976, unlike GF109203X, is also able to inhibit PKD
enzymes (at least PKD1 and PKD3) (Gschwendt et al., 1996;
Chen etal., 2005), and it has been suggested that orexin
receptors stimulate PKD1 and -3 (Peltonen et al., 2010). We
transfected CHO cells with dominant-negative constructs of
PKD1, -2 and -3 to examine if the inhibitory effect of
G06976 on PLD activation (Figure 4A) results from PKD
inhibition. The PKD constructs, alone or together, did not
inhibit orexin-A-mediated PLD activation (Figure 4B).

These results suggest that nPKCs play a major part in the
response but cPKCs may also be involved. We have previ-
ously shown that CHO-hOX; cells express only the §- and
e-isoforms of nPKCs; PKC9, specifically, is suggested to be
activated very potently in OX; receptor signalling to AC
(Holmgqyvist et al., 2005). To more selectively evaluate the
role of specific PKC isoforms in orexin receptor signalling
to PLD, we turned to RACKs (receptors for activated
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The effect of the PLD isoform-selective inhibitors, PLD1i and PLD2i,
on orexin- and TPA-induced PLD activities. The comparisons are to
the corresponding controls (same stimuli in the absence of the
inhibitor). ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001.

C-kinase)-based PKC activator and inhibitor peptides
(reviewed in Churchill et al., 2009). Activators of PKCS and
PKCe (KAD1-1 and KAE1-1 respectively) produced small but
significant PLD activation (Figure 4C). KAC1-1, activator of
cPKCs, produced still a smaller stimulation of PLD activity.
This suggests that both of the nPKC isoforms expressed,
PKCs and -¢, and also cPKCs, are able to induce PLD activity
in CHO cells. However, inhibitors of PKCe and cPKCs,
KIE1-1 and KIC1-1, respectively, did not inhibit orexin- or
TPA-induced PLD activation (Figure 4D). As a control to
this, KIE1-1 inhibited KAEl-1-induced PLD activation
(Figure 4D). Thus, orexin receptor stimulation (or TPA)-
mediated signalling to PLD does not seem to be mediated
via PKCe or any cPKC.

As neither PKCe, ¢PKCs nor PKDs appear to play any
part in the orexin-induced PLD response, it seems likely
that the other nPKC isoform expressed in CHO-hOX; cells,
PKC3, underlies the orexin (and TPA) response. Unfortu-
nately, the selective peptide inhibitor of PKC§, KID1-1 (KAI-
9803; also from KAI Pharmaceuticals), is not available. We
therefore turned to another small-molecular PKC8 inhibitor,
rottlerin. Rottlerin produced a concentration-dependent
inhibition of the orexin and TPA responses (Figure 5), with
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Figure 4

The role of PKC and PKD in PLD stimulation. (A) The effect of the nPKC inhibitor, GF109203X, and the cPKC and PKD inhibitor, G66076, on orexin-
and TPA-induced PLD activities. (B) The effect of dominant-negative PKD constructs on orexin- and TPA-induced PLD activities. (C) PLD activity
in response to the peptide PKC activators of PKCS (KAD1-1), PKCe (KAET-1) and cPKC (KAC1-1) as compared with orexin-A and TPA. (D) The effect
of the peptide PKC inhibitors of PKCe (KIE1-1) and cPKC (KIC1-1) on orexin-, TPA- and KAE1-1-induced PLD activity. Please note that the effect
of KIC1-1 on KAE1-1 was not tested, and thus that column is altogether missing. The comparisons are to the corresponding controls (same stimuli

in the absence of the inhibitor) (A, B, D) or to the basal (C). ns, not significant; *P < 0.05; **P < 0.01; ***P < 0.001.

a potency similar to its reported ICs, for PKCS (Gschwendt
etal., 1994).

PKC$é activation by OX,; does not occur via
PLC or arachidonic acid

We next investigated the mechanism through which PKC$
activation stimulates PLD via OX; receptors. The most likely
translocating and activating stimulus for nPKC is DAG as we

previously showed this to occur in CHO cells with high
potency upon OX; receptor stimulation (Ammoun etal.,
2006a; Johansson et al., 2008). Both PLC (directly) and PLD
(via PA) activities are able to generate DAG (see Introduction)
and both appear to drive membrane translocation of PKC in
CHO cells (Johansson et al., 2008). PLC is activated very much
in the same orexin concentration range as PLD (Johansson
et al., 2008), which was also verified in this study (Figure 1C).
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The PKCS inhibitor, rottlerin, produces a concentration-dependent
inhibition of the PLD responses to orexin-A and TPA. The compari-
sons are to the corresponding control (same stimulus in the absence
of the inhibitor). **P < 0.01.
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Investigations on the activation mechanisms for the PKC in PLD
activation utilizing the PLC inhibitor U-73122 and the PLA; inhibitor
MAFP. Neither treatment produced significant inhibition as com-
pared with the corresponding controls.

To evaluate the role of PLC in PLD activation, we exposed the
cells to the PLC inhibitor U-73122. No inhibition of PLD was
seen (Figure 6) although PLC was fully inhibited (not shown).
Arachidonic acid has also been suggested to facilitate PKC
activation (Shirai et al., 1998; Cho and Stahelin, 2006), so,
next we treated CHO cells with the PLA, inhibitor MAFP,
which fully blocks orexin-A-induced arachidonic acid release
(Turunen et al., 2010). Similar to U-73122, MAFP did not
inhibit PLD activation in response to orexin-A (Figure 6).
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Rho family GTP-binding proteins are not
involved in PLD1 activation by OX;

There is extensive evidence implicating involvement of Rho
family proteins in PLD activation. Geranylgeranyl transferase
I inhibitors inhibit membrane localization of all geranylgera-
nylated proteins and therefore activation of all geranylgera-
nylated (but not farnesylated) monomeric G-proteins. Rho
family proteins are exclusively geranylgeranylated, and we
tested their involvement in the orexin signalling to PLD
using GGTI-2133 (Vasudevan et al., 1999). Isoprenylation is a
part of the protein maturation and we therefore incubated
the cells for 24 h with GGTI-2133 to inhibit this in the early
phase. Cell shape changes observed during this time indi-
cated that the inhibitor was effective (not shown); a longer
incubation time was not performed due to concerns regard-
ing toxicity. GGTI-2133 (100 nM) did not decrease the ability
of orexin-A or TPA to activate PLD (Figure 7A). However, a
non-significant effect was observed at 1 uM (Figure 7A). We
therefore further focused on the Rho family using more selec-
tive inhibitors. Inhibition of the classical Rho family
members, Rac1/2/3 or cdc42, with dominant-negative con-
structs did not have significant effect (Figure 7B). However,
inhibition of RhoA/B/C with dominant-negative RhoA had a
small effect (Figure 7B). Nonetheless, inhibitors considered to
be even more selective, such as C. botulinum C3-exoenzyme
(RhoA/B/C), Rhotekin-RBD (RhoA/B/C), POSH-PBD (Racl/
2/3) and Pak1-PBD (Rac1/2/3 and cdc42), did not inhibit
orexin-A- or TPA-mediated PLD activation (Figure 7C).

AC activation is not involved in

PLD1 stimulation

AC is activated by orexin receptor stimulation in CHO cells
(Holmgqvist etal., 2005). However, as previously shown
(Holmgyvist et al., 2005), the response occurs with very low
potency in non-Ggstimulated cells and essentially no
response was seen with 10 nM orexin-A (Figure 8A; see Dis-
cussion), which potently activates PLD (compare with
Figure 1B). The strong AC stimulator, forskolin, did not acti-
vate PLD (Figure 8B). We therefore conclude that cAMP eleva-
tion is not involved in the activation of PLD by orexin
receptor stimulation, which is consistent with the finding
that PKCS lies upstream of AC activation in orexin receptor
signalling.

Gi,-protein signalling is not involved in

PLD1 stimulation

It has been suggested that orexin receptors also engage Gy,-
proteins in their signalling (Holmgqvist et al., 2005; Karteris
etal.,, 2005). The Gje-inactivator, PTx (100 ng-mL™, 24 h),
only very weakly inhibited the PLD response to 100 nM
orexin-A, strongly suggesting that Gj,.-proteins are not sig-
nificantly involved in this signalling pathway (Figure 9A).
Gy-proteins usually underlie GBy-signalling, but GBy may
also be derived from other G-proteins. We thus evaluated this
possibility by overexpressing both Gfy-subunits and GBy-
scavengers. Overexpressed Gf;y, alone did not stimulate PLD
(Figure 9B). The well-known Gpy-scavengers Go. and
T8-BARK only weakly affected orexin (and TPA) activation of
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Investigations on the involvement of the Rho family monomeric
G-proteins in the PLD response to orexin and TPA. (A) The effect of
the geranylgeranyl transferase | inhibitor GGTI-2133. The cells were
incubated with GGTI-2133 for 24 h before the assay. (B) The effect of
the dominant-negative (dn) Rho, Rac and cdc42 constructs. The cells
were transfected with the constructs 24 h before the assay. (C) The
effect of C3-exoenzyme (C3; inhibitor of Rho), Rhotekin-RBD (inhibi-
tor of Rho), POSH-PBD (inhibitor of Rac) and Pak1-PBD (inhibitor of
Rac and Cdc42). The cells were transfected with the constructs 24 h
before the assay. No treatment/transfection produced significant
inhibition as compared with the corresponding controls.
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PLD (Figure 9B). We thus consider it unlikely that Gpy-
signalling significantly contributes to PLD activation via
orexin receptors.

The role of Ca?* signalling in the

PLD1 activation

OX, receptor stimulation induces a marked rise in intracellu-
lar Ca* concentration via both Ca* influx and Ca?** release;
especially significant seems to be the receptor-operated Ca®*
influx (see Introduction). Reduction of the extracellular Ca**
concentration to 2-3 uM essentially abolished orexin-A-
induced PLD stimulation, but had no effect on the TPA
response (Figure 10A). Ca** influx, especially via the receptor-
operated pathway, has previously been shown to be an
obligatory requirement for coupling of orexin receptors to
many responses including PLC (Lund et al., 2000; Johansson
etal., 2007), ERK (Ammoun et al., 2006a) and arachidonic
acid release (Turunen et al., 2010). In contrast, Ca*" elevation
as such, as induced by ionomycin or thapsigargin, was a
much poorer stimulant of PLD than orexin receptor stimula-
tion (or TPA) (Figure 10B).

Discussion and conclusions

In the present study, we showed that the OX, receptor is a
potent and strong activator of PLD, more potent than the
regular strong stimulator phorbol ester (TPA). Thus PA joins
the lipid messengers previously shown to be produced by
orexin receptor stimulation, DAG and arachidonic acid
(Johansson et al., 2008; Turunen et al., 2010). PA also reveals
a new way for DAG to be produced in the setting of orexin
stimulation (Johansson et al., 2008). All of the lipid messen-
gers were produced at very low orexin receptor activation
levels, suggesting that they may have major significance for
orexin responses in the physiological context.

The pharmacological inhibitors used to determine the
identity of the PLD isoform involved in orexin and TPA
signalling are not absolutely selective (Scott et al., 2009), there-
fore the concentration used was of utmost importance. The
most selective inhibitor, PLD1i, in the concentration range
shown to be essentially PLD1-specific (Scott et al., 2009), pro-
duced a concentration-dependent — and at a higher concen-
tration full - inhibition of the orexin and TPA responses. In
contrast, the less selective inhibitor, PLD2i, produced weak but
significant inhibition of the stimulated PLD responses only at
a high concentration, 3 uM, where significant inhibition of
PLD1 is likely to have occurred (Scott et al., 2009). The results
with the pharmacological inhibitors thus suggest that PLD1 is
the enzyme activated by stimulation of orexin receptors, and
also by TPA. However, because of the relatively weak selectivity
of the inhibitors, it is impossible to completely rule out a
minor contribution by PLD2. Interestingly, orexin-A at
100 nM was clearly more inhibited by PLD2i than orexin at
1 nM or TPA. Thus, it is possible that PLD2 is activated at
higher orexin concentrations and contributes to the response
to some extent, but this is difficult to reconcile with the
finding that PLD1i produced more than half-maximal inhibi-
tion at 100 nM and almost full inhibition at 1 uM. One possi-
bility is that PLD1 and PLD2 work in concert and that PLD1
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Investigations on the involvement of cAMP in the PLD response to orexin. (A) Orexin receptor stimulation of AC. The results are from a
representative experiment. In the lack of apparent saturation in the concentration range used, the data are normalized to the response with 3 uM
orexin-A. (B) Basal PLD activity in response to the AC activator forskolin. *P < 0.05.

activation is required for PLD2 activation. This could occur via
PLD1-enhanced PIP, production (PA — PIPSK), which might
counteract the PLC-induced PIP, breakdown.

The concentration-response curves for PLD activation by
orexin-A and -B were shallow, and determined to be, in most
cases, significantly biphasic. Similar biphasic concentration—
response curves have been seen with respect to arachidonic
acid release (Turunen et al., 2010), whereas other orexin recep-
tor responses, like Ca?* elevation and AC and PLC activation in
CHO cells do not show this (Lund et al., 2000; Ammoun et al.,
2003; Holmqyvist et al., 2005; Johansson et al., 2008). Biphasic
concentration-response curves could originate from heteroge-
neity of the receptor population or from the signalling level.
However, the receptor population in CHO cells should be
homogeneous as the human OX, receptors are recombinantly
expressed in these cells and this was confirmed by the inhibi-
tory potency of the OX; receptor antagonist, SB-334867, and
the finding that orexin-A and -B showed similar biphasic
responses. Therefore, it is more likely that the biphasic
response occurs at the level of intracellular signalling. Hence,
we measured the signal pathway in each phase of the PLD
activation response using 1 nM orexin-A (high potency com-
ponent) and 100 nM (high + low potency component).
However, in contrast to orexin-stimulated arachidonic acid
release where different signal pathways appear to be active in
the different phases (Turunen et al., 2010), we did not observe
major differences in the molecular mechanism behind the
PLD response at different orexin concentrations (see below).
The only notable difference was the stronger inhibition of the
response to 100 nM orexin-A than 1 nM orexin-A by PLD2i as
discussed above. Regulation of PLD2 is less clear than that of
PLD1, but PLD2, unlike PLD1, has been shown to be activated
by mono- and polyunsaturated fatty acids (Kim et al., 1999;
Sarri et al., 2003). Stimulation of OX; receptors in CHO cells
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efficiently activates arachidonic acid release (Turunen et al.,
2010), and higher concentrations of arachidonic acid (at
higher orexin concentrations) could enhance PLD2 activity.
However, we found that complete inhibition of arachidonic
acid release by MAFP did not inhibit the orexin receptor-
induced PLD activity. Although PLD2 probably is involved in
the response to high orexin concentrations, the response at
the low end of the orexin response curve is more physiologi-
cally relevant, and there is little doubt that this would not be
solely mediated by PLD1.

PKC is the signal transduction component required for
orexin-induced PLD activity. Potent inhibition with
GF109203X and only a weak inhibition with high concen-
tration of G66976 indicates that nPKC is responsible for this
orexin response. It is likely that the small inhibition seen
with 10 uM G66976 is due to reduced specificity for cPKC at
this high concentration, as the pharmacological analysis with
peptide PKC activators showed that in CHO cells, nPKC iso-
forms are able to activate PLD, while the cPKCs do not seem
to do this. Also the general c- and nPKC activator, TPA, only
induced nPKC activity and not cPKC activity towards PLD.
Similarly, in these cells Holmqvist et al. (2005) found that in
the presence of active Go,, TPA stimulated AC solely in an
nPKC (specifically PKC§)-dependent manner and only if TPA
stimulation was combined with an elevated Ca*" (thapsigar-
gin), did cPKC become involved. Interestingly, orexin-A,
although inducing a strong Ca® influx, only relies on nPKC
with respect to both AC (Holmgqvist et al., 2005) and PLD
stimulation (present study). We have previously shown that,
of nPKCs, only PKCS and -e are expressed in CHO cells
(Holmgyvist et al., 2005). KIE1-1, the peptide inhibitor for
PKCe, is active against PKCe in CHO cells; it completely
inhibits orexin-induced PKCe translocation to the membrane
at 1 uM (Holmgqvist et al., 2005) and it also fully blocked the
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KAE1-1-induced, but not orexin- or TPA-induced, PLD activa-
tion. The PKCS inhibitor, rottlerin, blocked the cAMP
response to orexin-A [in the presence of activated Go; (Holm-
qvist et al., 2005)] as well as the PLD response to orexin-A and
TPA. Therefore, it is likely that PKC3 mediates the orexin and
TPA responses in CHO cells. Rottlerin has previously been
suggested to be an unreliable inhibitor of PKC$ and also to
inhibit other targets (reviewed in Soltoff, 2007). However, our
data obtained with different peptide PKC activators and
inhibitors, as presented above, and the fact that we have
previously shown that rottlerin does not display non-specific
actions on the AC signalling in CHO cells (Holmqvist et al.,
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The effect of Ca?* on PLD activation. (A) The effect of reduction of the
extracellular Ca?* concentration to 3 uM or 140 nM from the regular
1 mM. The comparisons are to the corresponding control (same
stimulus in the presence of 1 mM Ca®"). The experiments were
performed in HBM instead of cell culture medium. (B) The ability of
the Ca*"-elevating compounds, the Ca?* ionophore, ionomycin and
the SERCA (sarco-/endoplasmic reticulum Ca?* ATPase) inhibitor,
thapsigargin, to activate PLD. The comparisons are to basal. ns, not
significant; *P < 0.05; **P < 0.01; ***P < 0.001.

2005), makes us confident about the identification of PKCS as
the isoform responsible for PLD activation in the current
study.

It has been suggested that PLD is activated by PKC
either by phosphorylation or a direct, phosphorylation-
independent, interaction (Hammond et al., 1997; Sung et al.,
1999; Zhang etal., 1999; reviewed in Exton, 1998).
GF109203X is an ATP-site inhibitor and, therefore, probably
only inhibits kinase activity-dependent functions. Therefore,
we assume that the action of TPA and orexin receptor activa-
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tion on PLD requires the protein kinase activity of nPKC. TPA
is a DAG analogue and is therefore likely to induce direct
DAGe-like activation of PKC, whereas the orexins could act
by inducing either the production of DAG, phosphorylation
or arachidonic acid release, the latter of which could also
contribute to the TPA response. However, inhibitors of PLC
activity, U-73122, and arachidonic acid release, MAFP
(Turunen et al., 2010), did not inhibit the response to orexin
(or TPA). Although U-73122 has been shown to be an unre-
liable inhibitor of PLC and also toxic to, among other cells,
CHO (reviewed in Taylor and Broad, 1998, also own unpub-
lished findings), we demonstrated that it was able to inhibit
orexin-induced PLC activity in CHO, but not TPA- or orexin-
induced PLD activity. It therefore seems likely that PLC is not
involved in PKCS activation. However, PLD itself also pro-
duces DAG, and thus PLD could constitute a positive feed-
back loop for its own activation. The other external signal
regulating nPKC activation (and PKCS$ in particular) is
tyrosine phosphorylation by, for example, Src family kinases
or c-Abl (reviewed in Yoshida, 2007). OX, receptors have been
suggested to activate Src (Ammoun et al., 2006a; Voisin et al.,
2008). Further studies are required to elucidate the activation
mechanism of PKCS. If both PA-derived DAG-mediated posi-
tive feedback cycle and tyrosine phosphorylation were
driving the PKCS activity but in different orexin concentra-
tion ranges, this could explain the two phases of the
concentration-response curves. Interestingly, Thr505 phos-
phorylation of PKC3 has recently been found to increase
upon OX; receptor stimulation in HEK-293 cells (Peltonen
et al., 2010), probably corresponding to autophosphorylation
occurring secondary to some primary activation cue.
It is also possible that PKC-PLD signalling occurs by a
phosphorylation-independent mechanism, as TPA was
shown to induce PKC signalling to PLD without the require-
ment of kinase activity, and binding of GF109203X might
also affect the conformation of PKC occluding kinase activity-
independent signalling.

The Rho family of G-proteins have been shown to be
important activators of PLD (at least PLD1). This may occur
via direct binding to PLD1 (Yamazaki et al., 1999) or indi-
rectly via some Rho-dependent kinase-mediated phosphory-
lation (Schmidt et al., 1999). GPCRs differ in their signalling
mechanisms to PLD. Both fully Rho- or PKC-dominated sig-
nalling as well as mixtures of these have been seen (Du et al.,
2000; Servitja et al., 2003; reviewed in Powner and Wakelam,
2002). In the present study we unequivocally showed that the
Rho family members RhoA/B/C, Rac1/2/3 or cdc42 are not
required for PLD activation by orexin-A or TPA in CHO cells.
However, the data were obtained by using different selective
inhibitors expressed in CHO cells and several isoforms may
have to be inhibited simultaneously if the Rho family iso-
forms have overlapping roles in the process. Also the
response to 100 nM orexin-A was slightly, but not signifi-
cantly, inhibited by 1 uM GGTI-2133. Therefore, it is possible
that the Rho family proteins, although not primarily acti-
vated by orexin receptors, become engaged in the replenish-
ment of PIP, levels, reduced by PLC activity in orexin
signalling; Rho proteins are known to activate PIP5K (van den
Bout and Divecha, 2009). It has even been suggested that the
major effect of Rho proteins on PLD occurs through PIPSK
(Oude Weernink et al., 2007).

1120 British Journal of Pharmacology (2012) 165 1109-1123

The results of the present study showing that OX; recep-
tors activate PLD was anticipated from previous indirect evi-
dence indicating that PLD inhibition blocks the high potency
component of DAG generation (Johansson etal., 2008).
However, whereas Johansson et al. (2008) found that inhib-
iting PLD blocked only a minor component of the DAG
generation, the present results indicate that PLD activity is
operative in a very wide orexin concentration range. PLC is
also activated in the same orexin concentration range as PLD
(see Johansson et al., 2008, see also Figure 1C), and, therefore,
PLC may work as a major DAG producer in this system. It is
also possible that the protein domain probes used as fluores-
cent DAG sensors by Johansson et al. (2008) saturate in their
maximum response and therefore the absolute magnitudes of
the DAG responses cannot be measured. Nevertheless, orexin
receptors produced significant amounts of DAG even at low
levels of receptor activity; therefore, DAG constitutes a prom-
ising candidate for transduction of physiological orexin
responses to, for instance, non-selective cation channels
(Kukkonen and Akerman, 2005). It should be noted that the
composition of the DAG produced from PLC and PLD activi-
ties is different, and may have different signalling profiles.
However, DAG is not the only signal transducer derived from
PLD activity. PA should also be considered, and both PLD1
and -2 have been shown to enhance choline availability and
incorporation into ACh in a neuronal cell line (Zhao et al.,
2001). Orexinergic neurons innervate cholinergic neurons of
the basal forebrain and increase cortical ACh release (Egger-
mann et al., 2001; Fadel et al., 2005). The same is seen in
other CNS loci (Wu et al., 2004; Kim et al., 2009; Cid-Pellitero
and Garzon, 2011; reviewed in Arrigoni et al., 2010; Okumura
and Nozu, 2011). Therefore, orexins, in addition to their
more immediate excitatory effects on cholinergic neurons,
may also stimulate ACh synthesis.

Orexin signalling to PLD1 distinguishes itself from the
TPA signalling only by its requirement for extracellular Ca?;
this is probably due to the previously discovered requisite
receptor-operated Ca®" influx for coupling of orexin receptors
to a number of intracellular signal pathways (Holmgqvist et al.,
2005; Ammoun et al., 2006a; Johansson et al., 2007; Turunen
et al., 2010). As these pathways, for example, PLC, PKC3, ERK
and AC, are not directly stimulated by Ca* influx, or only to
a very weak extent, we have suggested that the action of Ca*
influx takes place at the proximal level of orexin receptor
signalling. However, the extracellular Ca*" could affect both
the intracellular signalling pathways and orexin binding and
we are in process of developing an intact-cell real-time
binding assay for orexin receptors to elucidate this.

In conclusion, we have shown that OX; receptors
potently activate PLD (probably PLD1) in CHO cells and this
is mediated by PKC8 but not other PKC isoforms, PKDs or
Rho family G-proteins. Direct stimulation of PKC isoforms
with the phorbol ester TPA apparently signals to PLD1 via the
same effector, PKC3. As the PLD activation occurs very
potently, it is likely to occur in native systems and PLD may
thus be a significant producer of the signalling molecules
DAG and PA that serve as effectors for intracellular orexin
responses. One of the most interesting tissue responses to
orexin receptor activation to be examined with respect to
DAG and PA is the activation of the non-selective cation
channels, central for the orexin-induced neuronal excitation.



Orexinergic neurons also innervate many types of cholinergic
neurons, and the choline liberated by PLD activity may
enhance the function of these. However, the current study
was performed in a recombinant system where the receptor
expression level is high and the cell type significantly differ-
ent from CNS neurons. Thus, the physiological significance
of orexin-induced PLD activation is as yet unresolved, but the
recently developed potent and selective PLD inhibitors will
find much use in future studies. Unfortunately, no similar
potent, selective and non-toxic inhibitor for PLC is available,
hampering comparison of these signalling systems.
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